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Foreword

The 4th International Symposium on High Per
formance Capillary Electrophoresis (HPCE '92) was
held in Amsterdam, February 9-13,1992. It was the
firs.t in the successful series ofHPCE symposia to be
held outside the USA. The meeting was extended
from three to four days, in order to accomodate
more adequately the greatly increased number of
oral and poster presentations.

Progress in the development of the theory, in
strumentation and applications is still growing and
this fact was testified by the papers in this volume.
Approximately 450 participants were present from
all over the world; 180 presentations were given and
exhibits of instruments and supplies were shown by
13 companies.

We would like to express our gratitude to the re
search workers who contributed to the success of
the symposium. The efforts of the Scientific Com
mittee formed by Frans Everaerts, Stellan Hjerten,

James Jorgenson, Barry Karger and Shigeru Terabe
is gratefully acknowledged. We also like to thank
Shirley Schlessinger (symposium manager) and
Tom Gilbert for their excellent cooperation; with
out them the symposium would have been difficult
to realize. Zdenek Deyl is thanked for his editorial
efforts in organizing this volume. Finally, the San
Francisco Bay Area Chromatography Colloquium
is acknowledged for its assistance in providing trav
el grants for students to enable them to attend this
meeting.

We look forward to HPCE '93, the 5th meeting in
the rapidly expanding field of capillary electropho
resis, which will be held in Orlando, Florida, USA
from January 25-28, 1993, under the chairmanship
of Barry Karger.

Th. P. E. M. Verheggen
Eindhoven (Netherlands)
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On-column transient and coupled column
isotachophoretic preconcentration of protein samples in
capillary zone electrophoresis

Frantisek Foret*, Eva Szoko and Barry L. Karger
Northeastern University, Barnett Institute, Boston, MA 02I15 (USA)

ABSTRACT

Two strategies for the isotachophoretic preconcentration of samples were evaluated using a standard protein mixture as an example.
In the first, on-column transient isotachophoretic migration permits the injection of relatively large volumes of sample into a commer
cial instrument. Depending on the composition, 30-50% of the column length can be filled with the sample while maintaining good
resolution of the sample components. When proper electrolyte compositions are selected, the conventional single-column instrument
can be used for an isotachophoretic sample preconcentration of 50-fold or more without any modification. In the second strategy, a
coupled-column system was examined which, in principle, provides a higher degree of freedom in the selection of capillary zone
electrophoretic running conditions and the possibility of injection of higher sample volumes. The gain in detection level is at least a
factor of 1000 in the coupled-column arrangement; however, the instrumentation is more complicated.

INTRODUCTION

A main limitation of the current methodology for
capillary electrophoresis is the relatively low sample
detection level, i.e., the minimum concentration of
an analyte in a sample that can be detected. Espe
cially when UV detection is used, the low detection
level may exclude the use of capillary zone electro
phoresis (CZE) for analyses of sample components
in low concentrations. Several strategies to improve
the detection limit in CZE have been described, in
cluding injection from low-conductivity sample ma
trices where the diluted sample components are pre
concentrated during the stacking across the station
ary concentration boundary between the sample
and the background electrolyte [1-3], the use of an

Correspondence to: Professor B. L. Karger, Barnett Institute,
Northeastern University, Boston, MA 02115, USA.

." On leave from the Institute of Analytical Chemistry, Veveri
97, Brno, Czechoslovakia.

on-line packed precolumn [4], the variation of pH
and the use of sample-induced stacking [5-7], and
the use of on-line coupled column isotachophoresis
(ITP)-CZE [8-13].

The use of ITP preconcentration would appear to
be very promising especially when the sample is not
dissolved in pure water or diluted buffer but also
contains other ions which increase its conductivity.
Moreover, at very dilute buffer concentrations, bio
polymers may not be stable and such low-conduc
tivity media also generate excess heat within the in
jected sample which can degrade thermally unstable
species [14]. During the ITP step, the concentrations
of all ionic components of the sample are rear
ranged according to the concentration and electro
phoretic mobility of the leading electrolyte [15], i.e.,
the highly concentrated components are diluted and
trace components concentrated. Generally, the re
sulting concentration of the preconcentrated zone is
in the millimolar range. From the instrumental
point of view, on-line ITP preconcentration can be
performed either on-column or in a coupled-col
umn arrangement. Because in the on-column proce-

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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as NH4 +, K + or Na + for cationic solutes) to main
tain transient ITP migration (Fig. lB). The co-ion,
C, of the BGE then serves as a terminating ion. This
option was recently confirmed by mathematical

Fig.!. Illustration of transient ITP preconcentration in a single
column arrangement. (A) The co-ion of the background electro
lyte C has a mobility higher than those of the sample compo
nents S and can thus serve as the leading ion. The analysis starts
with the sample injection at time 10 , When a suitable terminating
electrolyte T is used, the sample can be isotachophoretically pre
concentrated during the time I,. Next, the terminating electrolyte
is replaced with the background electrolyte C, and separation
proceeds in the zone electrophoretic mode from time 12 , (B)
When the mobility of the co-ion of the background electrolyte C
is lower than that of the sample ions, a suitable leading ion L
must be added to the sample. The separation starts in the iso
tachophoretic mode during I,. As the concentration of the lead
ing zone gradually decreases owing to its electromigration dis
persion [14], the migration mode converts into zone electropho
resis. After the transient ITP preconcentration, the bands contin
ue to move in a zone electrophoretic mode, 12 , (C) Both previous
modes can be combined and this situation will always occur
when method A is applied to a sample containing salts of highly
mobile ions.
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On-column transient arrangement
In this method, the analysis is conducted such

that both ITP preconcentration and CZE separa
tion proceed in the same capillary. Two basic elec
trolyte systems can be envisioned (see Fig. 1), as
follows.

Method Ai. If the background electrolyte (BGE)
is selected with the co-ion having a higher effective
mobility than the sample ions, i.e., Uc > us, ITP
migration is achieved by using a suitable terminat
ing electrolyte behind the sample zone (us> UT) (see
Fig. lA). The sample is injected by pressure or grav
ity at time to and, after adding the terminating elec
trolyte, ITP stacking of the sample takes place dur
ing time t 1 • After on-column ITP preconcentration,
the terminating electrolyte in the electrode vessel is
replaced with the background electrolyte, and sep
aration in the zone electrophoretic mode during
time t 2 , including the migration of a zone of termi
nating ions behind the sample zones, results.

Method A2. If, on the other hand, the capillary
contains a background electrolyte with a lower ef
fective mobility co-ion C, i.e., Us > uc, the sample
itself must be supplemented by a leading ion (such

CLASSIFICATION OF ITP PRECONCENTRATION

METHODS

dure the migration mode gradually changes from
isotachophoresis to zone electrophoresis, we sug
gest the term on-column transient ITP preconcen
tration.

There are several basic arrangements of electro
lytes for both on-column transient and coupled-col
umn ITP-CZE for the preconcentration of species.
The classification can be based on the relationship
between the effective electrophoretic mobilities of
the co-ion of the background electrolyte C, the sam
ple constituents S, the leading ion L and the termi
nating ion T, where the co-ion represents the con
stituents of the background electrolyte with the
same charge sign as the species to be separated.

In this paper, the feasibility of the ITP precon
centration method is demonstrated with protein
samples; however, this approach is general and can
be applied to the analysis of most ions. The basic
instrumental approaches and electrolyte arrange
ments are described in the following section.
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modeling [16,17]. Real samples often contain such
high-mobility ions in sufficient amounts to permit
ITP preconcentration. Alternatively, appropriate
amounts of salt can be added, and this may addi
tionally aid in the stabilization of protein sample
components. Of course, both basic arrangements
can be combined, as depicted in Fig. IC, and this
situation will always occur when method IA is ap
plied to a sample containing salts of highly mobile
ions.

Method B: coupled column arrangement
In this instance the sample migrates isotachopho

retically in the preconcentration capillary between
the leading L and terminating T ions. The analytical

capillary is connected on-line at the end of the pre
concentration capillary, as described previously
[II]. The overall instrument is shown in Fig. 2 and is
described in the Experimental section. The expand
ed view of the interface of the coupled capillary col
umns shown schematically in Fig. 2 depicts the mo
ment when the ITP preseparated zones arrive at the
conductivity detector located in front of the en
trance to the analytical capillary. This latter capil
lary is filled with a background electrolyte whose
actual composition (concentration, pH) influences
the effective electrophoretic mobilities of both the
separating species and the terminating ion. After
the sample zones have entered the analytical capil
lary, the separ~tion continues in either the ITP or

HVPS
Background
electrolyte

leading
electrolyte '-r-----'

Terminating
electrolyte

Small volume
injection
(3,u1)

-C=E--!

I
~ \ Sample loop (12 ,ul)

~ S,plum I';'''',

P"'" Comparator

ITP preseparation
capillary

/
1:P=i:rQ:l

Capillary joint

l preconcentration

fused-sllica capillary

C s T

Migration direction

Conductivity
detector

Fig. 2. Schematic diagram of the coupled column system with an expanded view of the capillary column corinection. U, = Reference
voltage; P = potentiometer; C = co-ion of the background electrolyte; L = leading ion; S = sample bands; T = terminating
electrolyte. Specific components are detailed in the Experimental section.
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TABLE I

RELATIONSHIP BETWEEN THE MOBILITIES OF IONS IN THE COUPLED-COLUMN SYSTEM WITH ITP PRECONCEN
TRATION (METHOD 2) AND RESULTING MODES OF MIGRATION IN THE ANALYTICAL CAPILLARY

Co-ion C Sample S Terminator T Mode of migration

Uc > Us > uT ITP
Uc > Us < ~ CZE in T
Uc < Us < ~ CZE in C
Uc < Us > uT CZE in C

CZE mode. The most important cases are depicted
in the Table I. In addition, the terminating electro
lyte in the preconcentration capillary can be re
placed after ITP and migration continued in the
analytical capillary without restriction on the elec
trophoretic mobilities [11].

EXPERIMENTAL

Instrumentation
A PlACE 2100 capillary electrophoresis instru

ment controlled by System Gold software (Beck
man, Fullerton, CA, USA) was used for experi
ments in the on-column transient ITP arrangement.
Fused-silica capillaries, 27 cm (20 cm to the detec
tor) x 75 J.l.m I.D. and 47 cm (40 cm to detector) x
75 J.l.m I.D., with the inner wall coated with linear
polyacrylamide [18], were used as analytical separa
tion columns.

For the ITP preconcentration approach ofmeth
od B, a laboratory-made coupled column system,
shown schematically in Fig. 2, was used. The ITP
system consisted of 20 cm x 0.4 mm I.D. PTFE
tubing as a preconcentration capillary connected to
a 39 cm (30 cm to detector) x 75 J.l.m fused-silica
analytical capillary with the inside wall coated with
linear polyacrylamide. All connection blocks and
electrode chambers were made from Plexiglas. The
electrode chambers were separated from the con
nection blocks by a semipermeable Cellophane
membrane in order to prevent any liquid flow. As
the apparatus was designed for the future coupling
to a mass spectrometer, the capillaries were opened
at both ends. When necessary, the system can be
closed at both the injection and detector ends. A
laboratory-made conductivity detector [19],
equipped with a conductivity detection cell [20]
molded from an acrylic resin (Castolite-AP; Casto-

lite, Woodstock, IL, USA), was used to identify the
front of the ITP migrating zone and to control the
high-voltage power supply. The output voltage of
the conductivity detector (proportional to the re
sistance of the isotachophoretic zones) was com
pared with a reference voltage Ur by means of an
operational amplifier connected as an electronic
comparator, and the resulting signal was used for
the remote control of the high-voltage power sup
ply. The actual level of the reference voltage could
be set by a potentiometer P. Thus, the high-voltage
power supply was automatically turned off exactly
at the moment of the arrival of a selected ITP zone
to the detection cell. At this point the high driving
current (85 J.l.A) used to speed up the ITP step was
decreased to 12 J.l.A, and the grounded electrode of
the high-voltage power supply was connected to the
electrode vessel close to the UV detector. The sep
aration then proceeded in the fused-silica analytical
capillary. A similar system was described for use in
column switching isotachophoresis [21].

The sample was injected into a variable-volume
sample loop. In the present experiments, the loop
was formed by a piece of PTFE capillary (10 cm x
0.4 mm I.D.) which corresponds to a sample vol
ume of ca. 12 J.l.l. A Spectra 100 spectrophotometer
(Spectra Physics, San Jose, CA, USA) was used for
UV detection at 214 nm, and the driving current
was supplied by a Series EH high-voltage power
supply (Glassman High Voltage, Whitehouse Sta
tion, NJ, USA).

Chemicals
All chemicals used for the preparation of running

buffers were of analytical-reagent grade and were
supplied by Sigma (St. Louis, MO, USA). Lyso
zyme (chicken egg white), cytochrome c (bovine
heart), ribonuclease A (bovine pancreas), trypsin
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(bovine pancreas) and trypsinogen (bovine pan
creas), also supplied by Sigma, were used as re
ceived. Doubly distilled water was employed for the
preparation of all solutions. The running buffers
were prepared by dissolving the appropriate
amount of triethylamine or e-aminocaproic acid in
distilled water with the pH being set by the addition
of the glacial acetic acid. When refrigerated, the
electrolytes could be used for several weeks~

RESULTS AND DISCUSSION

Method A: on-column transient ITP preconcentra
tion

As described in the introduction, samples dis
solved in water can be effectively preconcentrated
during migration across the stationary concentra
tion boundary between the sample and background
electrolyte [1,2]. In such cases no sample pretreat
ment is necessary and, owing to the initial sharp
ening of the sample zone, relatively high sample vol
umes can be injected. An example of such a sep
aration is shown in Fig. 3, where 38 nl of a model

mixture of basic proteins dissolved in water were
electrophoresed in capillary free zone electrophore
sis. However, as the conductivity of the sample plug
is much lower than that of the background electro
lyte, the initial voltage distribution along the capil
lary will not be uniform but will be mainly spread
over the sample plug. This can result in excessive
Joule heating of the injected sample and, as was
shown recently, degradation of thermally labile
sample components may occur.

When the above sample was diluted fourfold with
the background electrolyte, the focusing effect was
lost, and neither pressure nor electrokinetic injec
tion permitted satisfactory separation (see Fig. 4).
This situation always occurs when the sample is not
dissolved in distilled water ions but also contains
other or dilute electrolyte in sufficient amount. In
these realistic cases, ITP may represent an optimum
on-line preconcentration technique.

In the above example, triethylamine, the co-ion
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;:>
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Fig. 4. CZE separ\ltion of the protein mixture used in Fig. 3
diluted fourfold with the running buffer. Injection: (A) pressure;
(B) electrokinetic, 8 kV, 20 s. Other conditions as in Fig. 3.
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Fig. 3. CZE separation of proteins in the single capillary column
system. The sample was dissolved in water. Background electro
lyte 0.02 M triethylamine-acetic acid (pH = 4.4). Injection: pres
sure 3 s, 38 nl. The estimate of this volume is based on the mea
sured time of the sample flow from the injection to detection end
of the capillary when applying a constant sampling pressure dif
ference (Llp = 50 kPa). Capillary: 27 em (20 em to detector) x 75
J1m J.D. Current: 22 J1A, 8.2 kV; UV detection at 214 nm. Con
centration of the sample: I = lysozyme, 72 J1g/ml (5 . 10- 6 M);
2=cytothrome c, 40 J1g/ml (3.3· 10- 6 M); 3=trypsin, 56 J1g/ml
(2.3.10- 6 M; 4= ribonuclease A, 54 J1g/m1 (4.10- 6 M); 5=0:
chymotrypsinogen A, 56 J1g/ml (2.4 . 10- 6 M).
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Fig. 6. CZE separation with transient ITP sample preconcentra
tion in the column. After 90 s of ITP preconcentration in the
electrolyte system from Fig. 5, the terminating electrolyte (acetic
acid) was replaced with the leading electrolyte, serving now as
the background electrolyte for CZE migration. Injected volume:
(A) 127 nl; (B) 380 nl. Other conditions as in Fig. 3.0.02 ,..--------------~--,

in the background electrolyte, had an electropho
reticmobility of33· 10- 5 cm2 jV. s [22]. Measured
mobilities of separated proteins were in the range 18

10- 5-25 . 10- 5 cm2jV . s. Hence in this instance
triethylamine can act as a leading ion for ITP mi
gration. At the same time, for stable ITP migration,
a terminating ion must be selected with an effective
electrophoretic mobility lower than that of any
sample component. When the counter ion of the
leading electrolyte is a weak acid, the migrating
front of hydrogen ions can be always used as a uni
versal· terminator for the ITP separation of cations
[15]. In such a case, the extremely high electropho
retic mobility of H+ ions (360 . 10- 5 cm2 jV . s) is
slowed by a recombination reaction with the coun
ter ion, and therefore a solution of any weak acid
can be used as the terminating electrolyte. The mo
bility of terminating H+ ions can be influenced by
the concentration of the counter ion, its pK value
and the pH of the leading electrolyte.

Ari example of the ITP separation of protein
zones with UV detection is shown in Fig. 5. Here
the proteins from an identical sample as in Fig. 4
migrate between the leading electrolyte (triethyl
amine) and the H+ front forming the terminator.
As all the proteins are focused into a very narrow
zone, they could not be resolved by ITP. However,

0.01

0.015

~
~
1l 0.005

-0.005 L- ---'- ---L ""-- -'

o 5 10 15 20
time ( min )

Fig. 5. ITP migration of the protein mixture diluted with the
background electrolyte. Leading electrolyte, 0.02 M triethyl
amine-acetic acid (pH 4.4); terminating electrolyte, 0.01 M ace
tic acid. Injection: pressure, 30 s, 380 nl, i.e., 42% of the volume
of the separation capillary (injection-detection). Other condi
tions as in Fig. 3.

such a narrow zone represents an ideal starting
point for the CZE analysis.

The use of an on-column transient ITP sample
preconcentration step with CZE separation is
shown in Fig. 6. In this example, the starting condi
tions were the same as in Fig. 5; however, after 90 s
of the ITP migration, the terminating electrolyte in
the electrode vessel was automatically replaced by
the background electrolyte, and the separation was
continued in the zone electrophoretic mode (see
Fig. lA). In Fig. 6A, the sample volume injected
was 127 nl, i.e. 15% (3 cm) of the capillary was filled
with the sample, and good resolution of protein
zones was obtained. The separation is slightly com
pressed relative to that shown in Fig. 3 because a
shorter length of the capillary was available for
CZE, following the ITP step. When the injected
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Fig. 7. CZE separation with transient ITP preconcentration in
the column. Leading electrolyte, 0.02 M triethylamine-acetic
acid (pH 4.4); terminating electrolyte, 0.01 M acetic acid. Capil
lary: 47 cm (40 cm to detector) x 75 11m. Concentration of the
sample: I = lysozyme, 13.5llg/ml (I . 10- 6 M); 2=cytochrome c,
151lg/m1 (1.2.10- 6 M); 3=trypsin, 7 Ilg/ml (3.10- 7 M); 4=ri
bonuclease A, 7 Ilg/ml (5.2 . 10- 7 M); 5=a-chymotrypsinogen
A, 7 Ilg/ml (3 . 10- 7 M); dissolved in the leading electrolyte.
Injection: I III (57% of the effective length of the separation
capillary). Current: 22 IlA, 20 kV.

sample occupied 42% of the length of the capillary,
as shown in Fig. 6B, the migration distance remain
ing after preconcentration was too short to com
plete the separation.

In order to increase the injection volume beyond
that in Fig. 6 without a decrease in resolution, it is
necessary to increase column length. This is demon
strated in Fig. 7 where the effective capillary length
(length from injection to detection point) was dou
bled. The volume of the sample injected is now 1 J.lI,
which represents 57% of the total effective volume
of the capillary; however, the remaining migration
distance is still sufficient for good resolution of pro
tein zones. Although the migration distance left for
the CZE separation after the transient ITP precon
centration was shorter than that without the ITP
step, the resolution was still better as the proteins
were focused into a very sharp zone during the ITP
step. The reproducibilities of migration times when
the separation column was thermostated at room
temperature was better than 0.5% (relative stan
dard deviation).

It is interesting to compare Figs. 7 with Fig. 3,
where a typical CZE analysis was performed using a
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dilute buffer sample matrix. The injection volume in
Fig. 3 was 38 nl, which is relatively high for this type
of injection. As 1 J.lI was used in Fig. 7, the increase
is 30-fold in volume with on-column ITP precon
centration. Further, the average signal-to-noise ra
tio for peaks 3-5 in Fig. 7 is ca. 30, which suggests
that the concentration of proteins (ca. 3 . 10- 7 M)
can in principle be further reduced by a factor of 10.
Also, it can be noted that the separation time, i.e.,
the time from the point at which the leading electro
lyte enters the injection side of the capillary) for the
longer column in Fig. 7 is similar to that in Fig. 3.
The additional ITP focusing time of 2.5 min does
not significantly increase this analysis time. This re
sult means that in principle even higher volumes of
the sample can be injected using longer capillaries
with good resolution.

As has already been noted, if the co-ion of the
background electrolyte posseses a lower electropho
retic mobility than the sample components, the co
ion can then serve as a terminating electrolyte dur
ing the transient ITP separation with leading elec
trolyte ions added to the sample itself. Fig. 8A
shows a separation of the protein mixture in the
background electrolyte containing s-aminocaproic
acid as the co-ion, with the effective mobility at this
pH of ca. 15 . 10- 5 cm2 jV . s [22]. As the sample was
dissolved in the background electrolyte, no sample
preconcentration is evident. When the sample was
dissolved in ammonium acetate, ammonium served
as a leading ion (effective mobility ca. 79 . 10 - 5

cm2 jV· s) during the transient ITP migration, and
the separation dramatically improved, as shown in
Fig.8B.

From the above examples, it is clear that on-col
umn transient ITP migration can greatly improve
concentration detection limits in the typical column
system. The extent of enhancement is limited main
ly by the volume of the sample which can be in
jected into the separation capillary. Depending on
the length of the capillary, up to several microliters
can in principle be injected with corresponding con
centration detection limits in the nanomolar region.

Method B: coupled-column ITP preconcentration
The sample concentration detection level can be

further increased with the aid of the coupled-col
umn system where sample volumes in the 1O-J.lI
range or higher can effectively be preconcentrated
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in the ITP step. Moreover, the bulk amounts of ions
present in the sample can be preseparated and,
when desired, automatically directed out from the.
system prior to the subsequent CZE analysis, i.e.,
column switching [9]. An example of the analysis
performed with the coupled-column system is
shown in Fig. 9. Here the concentrations ofindivid
ual proteins were at the level of 10 -8 M dissolved
in the background electrolyte. Although the con
centration of the background electrolyte in the sam-

8 min

3

642o

2

pIe is 106 higher than the concentration of the sam
ple proteins, the rTP preconcentration step permits
the detection of sample proteins with a signal-to
noise ratio of > 50. A main advantage of the cou
pled-column system stems from the possibility of
injecting extremely large sample volumes which ex
ceed the volume of the analytical separation capil
lary itself. The corresponding detection limit is then
in the subnanomolar region. In the present case the
injected volume was nine times higher than the ef
fective volume of the analytical separation capillary
itself.

The actual concentration of proteins in their ITP
zones can be determined by calibration of the detec
tor response with standard protein solutions. As

lo,ooo5AU

4

imp.

Fig. 9. CZE, Separation of the protein mixture with ITP pre
concentration in the coupled column apparatus. Electrolytes:
(A) preseparation capillary, L = 0.0 I M ammonium acetate-ace
tic acid (pH 4.8) containing I% Triton X-IOO, T=0.02 M 6-ami
nocaproic acid-acetic acid (pH 4.4); (B) analytical capillary, 0.02
M 6-aminocaproic acid-acetic acid (pH 4.4). Sample: I = lyso
zyme, 0.4 /lg/ml (2.9' 10- 8 M); 2= cytochrome c, 0.5 /lg/ml (4'
10- 8 M); 3=trypsin, I /lg/ml (4.2' 10- 8 M); 4= ribonuclease A,
0.6 /lg/ml (4.4 . 10 - 8 M); 5= a-chymotrypsinogen A, 1.0 /lg/ml
(4.2' 10- 8 M); dissolved in BGE. Volume: 12 /ll. Current: ITP,
85 /lA, 3-10 kV; CZE, 12 /lA, 15 kV. Imp. = impurities accumu
lated from the terminating electrolyte during the ITP step.
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Fig. 8. CZE separation ofthe protein mixture in the background
electrolyte with the co-ion possessing a low electrophoretic mo
bility. Background electrolyte: 0.02 M 8-aminocaproic acid-ace
tic acid (pH 4.4). (A) Without ITP preconcentration. Pressure
injection, 10 s, 127 nl. Current: 22 /lA, 13.9 kV. Sample: lyso
zyme, 22 /lg/ml. (1.6 . 10- 6 M); cytochrome c, 12.5 /lg/ml (I .
10- 6 M); trypsin, 16.7 /lg/ml (0.7' 10- 6 M); ribonuclease A, 16.7
/lg/ml (1.2 . 10- 6 M); a-chymotrypsinogen A, 16.7 /lg/ml (0.7 .
10- 6 M); dissolved in 0.0075 M 6-aminocaproic acid-acetic acid
(pH 4.4). (B) With on-column transient ITP sample preconcen
tration. Conditions. as in Fig. 6A except that sample was dis
solved in 0.003 M ammonium acetate. Ammonium served as the
leading ion in the transient ITP migration.
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confirmed by separate experiments (data not
shown), the sample proteins were preconcentrated
from the level of 1 flg/ml to ca. 20 mg/ml during the
ITP step. At this concentration the possibility of
precipitation of proteins must be kept in mind. In
our experiments we did not observe precipitation,
probably due in part to the high positive charge of
basic proteins which were separated at a pH well
below their isoelectric points. This high charge can
minimize aggregation due to coulombic repulsion.
In cases where precipitation is an issue, the use of
additives to the running buffer electrolytes, such as
non-ionic detergents or carrier ampholytes, may re
duce the problem [19]. In the present example, Tri
ton X-IOO at a level of 1% was added to the leading
electrolyte, and this detergent may have helped re
duce precipitation. The addition of a non-ionic de
tergent usually also suppresses the sorption of pro
teins on the wall of the Teflon. preconcentration
capillary, in addition to minimizing electroosmotic
flow.

CONCLUSIONS

The use of ITP sample preconcentration is a use
ful approach to improve the detection of proteins in
CZE analysis. This method will work well not only
for small molecules but also, as shown in this work,
for proteins. In the single-column arrangement, 1-2
orders of magnitude higher sample volumes can be
injected than in the normal mode of CZE with little
if any preconcentration. Furthermore, the sample
need not to be dissolved in distilled water or dilute
buffer and may contain an excess of other ions
which may be useful for stabilization. The main pre
requisite for successful ITP preconcentration is a
knowledge of the range of solute mobilities in the
sample. This can be estimated by a preliminary
CZE run of the sample mixture. The appropriate
leadingL, terminating T and running C buffer ions
can be chosen with the aid of tabulated data [22].

Method AI, which involves the change of the ter
minating electrolyte in the electrode vessel to the
leading electrolyte after ITP preconcentration, is
the most universal approach, as no sample pretreat
ment is necessary. Disadvantages from electrolyte
change are minor when an automated instrument is
used, where the change can easily be programmed.
The duration of the ITP step depends on the sample
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composItIOn and usually ITP will be completed
within 1-5 min.

Method A2, where the background electrolyte it
self serves as the terminating electrolyte for the
transient ITP preconcentration, is useful mainly for
samples containing salts of highly mobile ions
which can serve as a source of leading ions. More
over, the addition of a salt can be also expected to
narrow the differences in conductivity and ionic
strength between various samples. The optimum
concentration of the leading electrolyte in the sam
ple should generally be around 0.01 M.

The coupled-column approach (method 2) has
several advantages, including the possibility of in
jecting large volumes of the sample, effective sample
clean-up, and, with controlled current switching, se
lected ion analysis. Detection levels in the subnano
molar range can easily be achieved, and quantita
tive trace analysis is feasible, providing that pos
sible sample losses during the preconcentration step
are minimized [23]. Here especially, the sorption of
the separating species on the wall of the ITP pre
concentration capillary must be eliminated, because
at protein concentrations below 10-7 M even resid
ual adsorption can cause a significant loss of mate
rial during migration.

The electrolyte systems used here are suitable for
cationic analyses; however, the basic rules for elec
trolyte selection are applicable also for the analysis
of anions. Compositions of many suitable electro
lytes for ITP separation can be found in the litera
ture [15,19,22].
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Conversion of capillary zone electrophoresis to free-flow
zone electrophoresis using a simple model of their
correlation

Application to synthetic enkephalin-type peptide analysis
and preparation

Vaclay Kasicka, Zdenek Prusik and Jan PospiSek
Institute of Organic Chemistry and Biochemistry, Czechoslovak Academy of Sciences, Flemingovo 2, 166 10 Prague 6
(Czechoslovakia)

ABSTRACT

A simple mathematical model of the correlation between capillary zone electrophoresis (CZE) and continuous free-flow zone
electrophoresis (FFZE) was developed. The model results from the fact that both methods are based on the same separation principle
(zone electrophoresis) and both are performed in a free solution of the same composition. Based on this model, a procedure for the
conversion of an analytical microscale CZE separation into a preparative FFZE separation was developed. The applicability of this
procedure is demonstrated by CZE analysis at the picomole level and FFZE preparative fractionation (60 mg/h throughput) of crude
synthetic biologically active peptide [D-Tle2.5]-dalargin. The combination ofCZE and FFZE provides an efficient and economical tool
for synthetic peptide analysis and preparation.

INTRODUCTiON

Capillary electromigration methods, generally
called high-performance capillary electrophoresis
(HPCE), have undergone a period of rapid devel
opment [1-5] and they are becoming a powerful tool
for the separation of both low- and high-molecular
mass charged and, in the case of electrokinetic
chromatography, also uncharged substances and
particles. Nowadays HPCE is mostly used for
analytical purposes. However, attempts to use
HPCE in a micropreparative mode have been re
ported and this trend will probably become more
pronounced in the future especially in cases where

Correspondence to: Dr. Z. Prusik, Institute ofOrganic Chemistry
and Biochemistry, Czechoslovak Academy of Sciences, Flemin
govo 2, 166 10 Prague 6, Czechoslovakia.

separation problems are better solved by HPCE
than by other, e.g., chromatographic, methods.

The reason for the less frequent application of the
micropreparative mode of HPCE is not only an
inevitable compromise between capacity and sepa
rability but also the more complicated conversion
from an analytical HPCE mode to a microprepara
tive mode than in chromatography. This is due to
the fact that in HPCE both ends of the capillary are
dipped into the electrode vessels and an electric field
is applied for the whole duration of the experiment.
Although several devices have been developed [6-9]
and some micropreparations were succesfully
achieved, one substantial disadvantage remains:
because of the miniature dimensions of the capillary
separation compartment, the capacity of the prep
aration is very low, in the range of nanograms to
micrograms depending on the capillary dimensions

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.Y. All rights reserved
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Fig. I. Vector sum of velocities in (a) CZE and (b) FFZE. vep =

Electrophoretic velocity; Veo = electroosmotic velocity; v, =
resulting migration velocity; 10 = effective length ofthe capillary;
o = detector position on the capillary; dep = electrophoretically
migrated distance; deo = electroosmotically migrated distance;
d, = resulting migrated distance.

In CZE performed in a capillary with an effective
length lo (lo is a capillary length from the sample
injection end to the detector), from eqn. 1 it follows
that

lo lo lo
-=-+
tr tep teo

capillary (see Fig. la) is given by the sum of the
electrophoretic velocity, vep , and the electroosmotic
flow velocity, Veo :

and initial sample concentration. The possibilities of
increasing the capacity by increasing the capillary
diameter are limited owing to Joule heat problems in
capillaries of larger diameter, especially under non
steady-state conditions as in capillary zone electro
phoresis (CZE).

A different way to increase the capacity of a
preparation is to convert the capillary separation
into a continuous thin-layer free-flow system in a
flow-through electrophoretic chamber [10,11]. In
such a type of separation the capacity can be
increased by several orders of magnitude up to
several hundred milligrams per hour.

The principle of free-flow zone electrophoresis
(FFZE) [10-13] is that an electric field is oriented
perpendicularly to the laminar flow of the carrier
electrolyte and of the sample solution. Different
sample components are deflected from the direction
of the laminar flow depending on their electrophore
tic mobilities at the different angles and at the outlet
side of the chamber they are collected in the fraction
collector. Provided that both types of separation,
i.e., capillary and free-flow, are performed in the
same separation mode (zone electrophoresis in our
case), a direct correlation can be found between
these two methods [14,15]. Based on this correlation,
CZE can be used for the development of suitable
separation conditions, especially with regard to pH
and carrier electrolyte composition, which can then
be used directly in preparative FFZE. However, the
different migration times of various components in
CZE must then be converted into optimized deflec
tion angles in FFZE.

The aim of this work was to develop a simple
mathematical model of the correlation between CZE
and FFZE, to develop a procedure for the conver
sion of analytical CZE separation into the prepara
tive FFZE process and to demonstrate the applica
tion of the procedure to the analysis and preparation
of the synthetic peptide [D-Tle2 ,5]-dalargin.

THEORY

In this section a simple mathematical model of the
electrophoretic and electroosmotic movements in
the capillary and in the flow-through chamber is
presented and their correlation is shown.

The resulting velocity, Vn of the movement of a
charged substance in a d.c. electric field in the

where tn tep and teo are the resulting, electrophoretic
and electroosmotic migration times, respectively.

By combination of eqns. 1 and 2, the following
relationship is obtained for the electrophoretic velo
city, Vep,c, in the capillary:

(3)



V. Kasicka et al. I J. Chromatogr. 608 (1992) 13-22 15

The distance dep is given as the product of electro
osmotic velocity in the flow-through chamber, vep,c,

and the mean flow-through time, tc:

In most instances the ratio p will be < 1 because the
electrophoretic velocity in the flow-through cham
ber is usually lower than that in the capillary because
of the lower electric field intensity and lower temper
ature in the efficiently cooled flow-through cham
ber, with a usual gap width of 0.5-0.3 mm, than in
the capillary with a typical J.D. one order of
magnitude lower (0.025-0.075 mm). It is reasonable
to assume that p is approximately constant for
different charged components separated by CZE
and FFZE under the same separation conditions. In
other words, this assumption means that if the
electrophoretic velocity of the substance I is p times
lower in FFZE than in CZE, then the electrophore
tic velocity of substance 2 will also be p times lower
in FFZE than in CZE. This is a realistic assumption
if we realize that the deviations ofp may be caused
by (a) the differences in the temperature depen
dences of the electrophoretic mobilities of different
substances and (b) adsorption of the sample com
ponents on the inner surface· of the separation
compartments.

As the coefficients of the temperature dependence
ofelectrophoretic mobilities for most substances are
approximately the same (2.5-2.8%;cQ, the devia
tions caused by (a) will be negligible in most
instances. More critical may be case (b), because
adsorption of some sample components on the
different wall materials of the separation compart
ments (fused-silica capillary and glass-glass or
glass-plastic flow-through chamber) with different
volume/surface ratios sometimes occurs. This phen
omenon may be more pronounced for very small
J.D. fused-silica capillaries without an inner coating.
However, the symptoms of adsorption (e.g., peak
tailing) can be recognized and the separation condi
tions can be changed in order to suppress the
adsorption. Henceforth in this paper the adsorption
of the sample components on the inner surface of the
separation compartments is neglected. Provided
that p can be assumed to be constant for different
sample components, p determined for standard
component I can be used also for other substances
(e.g., components 2,3, ...) that are separated under
the same conditions as component 1 in CZE and
FFZE. Based on the above-mentioned relationships
and assumptions, the procedure for the conversion
of an analytical CZE separation into a preparative
FFZE separation can be formulated.

(4)

(5)

(6)

(8)

(9)

From this relationship, vep,c can be calculated from
the experimentally available data: t r is the resulting
measurable migration time of a charged substance
which is moved in the capillary by both electro
phoretic movement and electroosmotic flow and teo
is measured as the migration time of an uncharged
substance which is moved by the electroosmotic flow
only.

The electroosmotic velocity in the capillary, veo,c,

is given as the ratio of lD and teo:

Substituting eqn. 6 into eqn. 5, the following
relationship can be derived:

Vep,C = (dr - deo)/tc (7)

Eqn. 7 makes it possible to calculate the electro
phoretic velocity from the experimentally available
data, i.e., from the resulting deviation distance, dn of
a charged substance, from the deviation distance,
deo, of an uncharged substance and from the known
mean flow-through time, tc. The electroosmotic
velocity in the flow-through chamber, VeO,C, is ob
tained as the ratio of the electroosmotically moved
distance, deo, and the flow-through time, teo:

The superposition of velocities in the flow
through electrophoretic chamber and the distances
migrated by both charged and uncharged substances
are shown in Fig. lb.

In FFZE the resulting migrated distance, dn is
given as the sum of the electrophoretically migrated
distance, dep , and the electrosmotically moved dis
tance, deo:

From eqns. 3 and 7, the ratio, p, of electrophoretic
velocities in the flow-through chamber and in the
capillary can be expressed as

vep,c (dr - deo)trteo
p=-=

vep,c tClD(teo - tr)
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The resulting distance, dr2 , of the sample compo
nents in the chamber can be predicted:

and the electrophoretic velocity of the sample com
ponents in FFZE, Vep,f2, can be calculated:

Based on these predicted resulting migration
distances of different sample components, their
separability by FFZE can be estimated.

In addition to the prediction of separability, the
prediction of the resulting migrating distance of the

Instrumentation and methods
CZE was carried out in an apparatus developed in

our laboratory [14]. It consists of a fused-silica
capillary (J.D. 0.050 mm, a.D. 0.150 mm, with an
outer polyimide coating, total length 310 mm,
effective length to the detector 200 mm), supplied by
the Institute of Chemistry of Glass and Ceramic
Materials, Czechoslovak Academy of Sciences (Pra
gue, Czechoslovakia), a single-wavelength on-col
umn UV detector set at 206 nm and a 20-kV
high-voltage power supply, with a current or voltage
stabilization regimen. The sample was introduced
manually by hydrostatic pressure formed by a height
difference of 50 mm between the sample solution
and electrode vessel solution level for 5-15 s. All
experiments were performed under the following
conditions: carrier electrolyte, 0.5 mol/l acetic acid;
constant current, 10.0 /lA; voltage, 9.2-9.5 kV; and
temperature, ambient (22-23°C).

FFZE experiments were carried out in an appara
tus developed in our Institute [12,16]. Separation
was realized in a glass flow-through chamber

EXPERIMENTAL

fastest sample is important for practical conversion
of CZE into FFZE, as this distance should be
shorter than the maximum safety distance, dmax'

Such a prediction allows the prevention of the
migration of the fastest sample component in the
close vicinity of ion-exchange or other membranes
separating electrode vessels from the separation
chamber. At the lateral sides of the FFZE chamber
in homogeneities of electric field and carrier electro
lyte composition, pH and conductivity changes
often occur and fast sample components can be
damaged or even lost on reaching this region. Also,
electric breakthrough of membranes in contact with
the precipitating protein zone may thus be avoided.

Based on the predicted values of the migration
distances of the sample components, the separation
conditions ofFFZE can be optimized, i.e., the clamp
voltage and/or flow-through time can be either
increased if the migrated distances are too small and
the separation capability of the FFZE chamber is
not exploited effectively, or these parameters have to
be decreased if the predicted distances indicate that
sample components might migrate outside the col
lector region of the FFZE chamber.

(13)

(11)

(10)

Vep,f2 = Vep,c2P

Let us consider a peptide sample for which
suitable conditions for CZE separation have been
developed. From the analysis of this sample, which
we may call CZE2 , the resulting migration times, tr2 ,

of a charged sample component and the electro
osmotic time, te02 , of an uncharged sample compo
nent can be obtained. Substituting these values into
eqn. 3, the electrophoretic velocity of the compo
nents in the capillary, Vep,e2, can be calculated.

Then the CZE analysis of a mixture of standard
charged components and of an uncharged electro
osmotic flow marker is performed under the same
separation conditions as in CZE2• From this analy
sis, which we may call CZE b the resulting migration
time of a charged standard component, trb and the
electroosmotic time of a zero-charged component,
teob are obtained. Substituting them into eqn. 3, the
electrophoretic velocity of the standard components
in the capillary, Vep,el, can be calculated.

The standard mixture is then separated in the
free-flow zone electrophoresis regimen (FFZEd
under estimated non-optimized conditions, i.e., usu
ally at a lower than optimum deflection angle. From
this experiment the magnitudes of the resulting
migrated distance of charged components, drb and
the migrated distance of an uncharged component,
deol ' are obtained. The electrophoretic velocity of
the charged standard components in the flow
through chamber, Vep,fl, is then calculated according
to eqn, 7.

From these experiments, the ratio p of electro
phoretic velocities of the standard components in
the free-flow chamber and in the capillary can be
determined:

p = Vep,fl/Vep,el
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Fig. 3. FFZE separation of standard mixture evaluated by CZE
analysis of individual FFZE fractions. I = Diglycine (15 mg/ml);
2 = triglycine (15 mg/ml); 3 = phenol (5 mg/ml). hCZE = Peak
height of the sample component present in the FFZE fractions;
... = coordinate of the sample inlet in the chamber; fro No. =
fraction number.

through chamber and in the capillary must he
known. Its value was determined from the CZE ami
FFZE separations of a standard mixture containing
diglycine, triglycine and phenol (see Figs. 2 and 3).
Both separations were performed in the same medi
um (0.5 molll acetic acid, pH 2.6) which was earlier
found suitable for the CZE analysis of the crude
synthetic peptide [D-Tle2 ,5]-dalargin. The peptides
diglycine and triglycine were used as standards of
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From the above theory, it follows that for practi
cal utilization of the correlation between CZE and
FFZE, i.e., for conversion of analytical CZE into
preparative FFZE, the ratio p of the electrophoretic
velocities of standard components in the flow-

RESULTS AND DISCUSSION

Chemicals
All chemicals were of analytical-reagent grade.

Diglycine and triglycine were purchased by Reanal
(Budapest, Hungary) and phenol and acetic acid
from Lachema (Brno, Czechoslovakia); the acetic
acid was distilled before use. [D-Tle2 ,5]-Dalargin
was synthesized in our Institute (for more details, see
Results and Discussion).

(500 x 500 x 0.5 mm, with an effective length from
sample inlet to fraction collector outlets, i.e., sample
hydrodynamic flow trajectory, of 440 mm), cooled
on both sides, under the following conditions:
carrier electrolyte, 0.5 molll acetic acid (pH 2.6);
electrode electrol)'te, 1.0 molll acetic acid; mean
flow-through time, 31 min; number of collected
fractions, 48; temperature of outer cooling media at
the chamber outlet, - 3°C; constant voltage, 3000 V;
current, 118-121 rnA; and off-line fraction evalua
tion (absorbance at 280 nm). Sample solution was
introduced continuously at a flow-rate of 1.5 ml/h.

=-----,--,
AU

U.'1590

n.456lJ 3

0.45'10 2
J1

JL"" """~~
n.4520

0.'1:-100 "'
0 80 160 240 320 400 490 51;0 li40 720 000

Time (5)

Fig. 2. CZE analysis ofstandard mixture. I = Diglycine (0.3 mg/ml); 2 = triglycine (0.3 mg/ml); 3 = phenol (0.1 mg/ml). Absorbance
at 206 nm; AU = absorbance.
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TABLE I

EXPERIMENTAL DATA FOR CZE AND FFZE SEPARA
TIONS OF STANDARD COMPONENT MIXTURE

t, = Resulting migration time; teo = migration time of electro·
osmotic marker; d, = resulting migration distance; deo = dis·
tance migrated by electroosmotic flow. Details of experimental
conditions are given in the text.

Standard CZE FFZE
component

t, (s) teo (s) d, (mm) deo (mm)

Diglycine 168 145
Triglycine 184 135
Phenol 515 510 15 15

charged substances and phenol, non-dissociated in
the low-pH medium, served as an uncharged electro
osmotic flow marker.

The experimental data, namely migration times
and the migration distances of standard mixture
components obtained from their CZE and FFZE
separations, are given in Table 1.

From these data, the electrophoretic and electro
osmotic velocities, v ep and Veo, both in the capillary
and in the flow-through chamber were calculated
using eqns. 3 and 4 for CZE data and eqns. 7 and 8
for the FFZE data. The ratio p was determined from
the calculated velocities using eqn. 10. The results
are summarized in Table II.

The value of p, determined for standard com
ponents, can be used for the prediction of the
migration distances of other sample components.
This fact was utilized in the analysis and preparation

V Ka.ficka et al. I J. Chromatogr. 608 (1992) 13-22

of [D-Tle2,S]-dalargin. First CZE analysis of the
crude synthetic peptide was performed (see Fig. 4)
and the migration times of the fastest component A,
of the main synthetic product M, of the slow
component S and of the uncharged component N
were determined from this analysis (see tr in Table
III).

Substituting these data and the average value ofp
from Table II into eqns. 3 and 11 sequentially, the
electrophoretic velocities of these components, vep,c

in the capillary and Vep,f in the flow-through cham
ber, were calculated (see Table III). Using these
calculated values and eqn. 12, the predicted migra
tion distances of the selected sample components
were obtained (see Table III). These predicted values
of migration distances (15-221 mm) indicated a
relatively suitable distribution of the sample com
ponents at the fraction outlet side of the FFZE
chamber. For this reason, the same separation
conditions of FFZE that were used for the standard
mixture (clamp voltage 3000 V, flow-through time
31 min) were applied also for the separation of
[D-Tle2 ,S]-dalargin.

[D-Tle2 ,S]-Dalargin, a synthetic hexapeptide with
the sequence H-Tyr-D-Tle-Gly-Phe-D-Tle-Arg~
OH, represents an analogue of dalargin (H-Tyr-D
Ala-Gly-Phe-Leu-Arg-OH), an enkephalin-type
peptide with opiate activity. The abbreviation D-Tle
indicates an amino acid residue of tertiary leucine
D-configuration; the other amino acid residues are
present in the L-configuration.

The crude product of this peptide was synthetized
by the usual Merrifield solid-phase method. With
the exception ofD-TIe, all amino acids were added to

TABLE II

CALCULATED ELECTROPHORETIC AND ELECTROOSMOTIC VELOCITIES OF STANDARD COMPONENTS IN CZE
AND FFZE

Vep = Electrophoretic velocity; Veo = electroosmotic velocity; p = ratio of electrophoretic velocities in FFZE and CZE. For further
details, see text.

Standard CZE FFZE p(FFZE/CZE)
component

vep (mm/s) Veo (mm/s) vep (mm/s) Yeo (mm/s)

Diglycine 0.805 0.0699 0.087
Triglycine 0.707 0.0645 0.091
Phenol 0 0.396 0 0.0081
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Fig. 4. CZE analysis of the crude synthetic product of(D-T1e 2 •5]-dalargin. 0.6 mg ofthe lyophilizate dissolved in 0.4 ml of 0.5 mo111 acetic
acid, A = Fastest component; M = main component of the synthetic product; S = slow component; N = uncharged component(s).
Absorbance at 206 nm: AU = absorbance.

the reaction in the form of hydroxybenzotriazole
esters; D-TIe was condensed directly in the reaction
mixture in the presence of N,N'-dicyclohexylcarbo
diimide and hydroxybenzotriazole. Coupling of all
amino acids was checked by the Kaiser test (to the
loss of blue colour). The peptide was cleaved from
the resin (simultaneously with the cleavage of the
protective group) by lil! Ull1 hydrogen fluoride (10 ml
per gram of resin) containing 5% of ethanedithiol
and 20% ofanisole. After hydrogen fluoride distilla
tion the peptide was eluted from the resin with 50%
acetic acid~ The solution was diluted with water to

15% (v/v) concentration of acetic acid and lyophil
ized. The Iyophilizate of the crude synthetic product
(190 mg) was dissolved in 5 ml of 0.5 molll acetic
acid, centrifuged and applied to the FFZW separa
tion. The pattern of UV absorbance at 280 nm of
FFZE fractions is shown in Fig. 5.

Comparing Figs. 4 and 5, the qualitative similari
ty of the CZE and FFZE separation patterns can be
observed. The differences in relative peak heights are
caused by the different wavelengths used for detec
tion in CZE (206 nm) and FFZE (280 nm). It is
naturallyevident that the separation power ofFFZE

TABLE III

MIGRATION TIMES, ELECTROPHORETIC VELOCITIES AND PREDICTED AND EXPERIMENTAL MIGRATION
DISTANCES OF SELECTED COMPONENTS OF CRUDE PRODUCT OF [D-T1e2,5]-DALARGIN

I, = Resulting migration time obtained from CZE analysis in Fig. 4; v.p.e = electrophoretic velocity in the capillary; V.p,f =

electrophoretic velocity in tlie chamber; d"p"d = predicted migration distance; d",.a' = experimental migration distance obtained from
FFZE separation in Fig. 5. Details of experimental conditions are given in the text.

Sample CZE FFZE
component"

t, (s) v.p,e (mm/s) V.p,f (mm/s) d'.P"d (mm) d",ca' (mm)

A 123 1.234 0.1111 221 235
M 175 0.747 0,0665 139 155
S 310 0,250 0.022 56 55
N 510 0 0 15 15

a A = Fastest component; M = main component of the synthetic product; S = slow component; N = uncharged component(s),
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1.1i

M

AlaD

The procedure developed, involving consecutive
utilization of CZE, FFZE and CZE methods in
peptide analysis and preparation, represensts a
rapid and economical approach to the decision as to
whether and how to use effectively a carrier-free and
almost loss-free continuous electrophoretic mode of
preparation and what the optimized separation
conditions are.

First CZE is used for microanalyses of the synthe
tic peptide at the nanogram level. Suitable separa-

CONCLUSIONS

Nevertheless, these side-product components of
peptide synthesis were not the subject of further
interest and their further separation was not pur
sued, The main product of the solid-phase peptide
synthesis, [D-Tle2

•
5]-dalargin, is completely free

from the fastest component and relatively well
separated also from the slower components, Some
fractions of the main product were obtained in a
pure form, that can be isolated as an acetate and/or
acetic acid adduct after lyophilization, i.e., directly
applicable in a physiologically tolerable form for
biological tests.

The high degree of purity of the main peak
component was checked also by high-performance
liquid chromatographic analysis and its sequence
was confirmed by amino acid analysis: Tyr (0.93),
D-Tle (1.80), Gly (0.98), Phe (0.96), Arg (1.02). The
opiate activity of [D-Tle2•5]-dalargin is substantially
decreased in comparison with dalargin, probably
because of the great changes in configuration and
conformation of peptide chain caused by the pre
sence of two voluminous D-TIe residues, which
results in weaker interaction with the receptor [17].

Comparison of the experimentally determined
migratiqn distances of selected components with the
predicted migration distances (see Fig. 5 and Table
III) shows relatively good agreement. The relatively
small discrepancy between the predicted and experi
mental distances of the fastest sample component
(ca. 6%) confirms the quantitative correlation be
tween CZE and FFZE. The larger discrepancy with
the main peak component (ca. 10%) is probably
caused by its relatively high concentration in the
FFZE experiment. The accuracy of the prediction is
also unfavourably influenced by the relatively large
fraction width in our apparatus (10.4 mm).

fnNa

N ®

.03020

A

10

G
1.0

0.5

Fig. 5. FFZE separation of crude preparation of [D-Tle2.5]
dalargin. A = Fastest component; M = main synthetic product
([D-TleZ,5]-dalargin); S = slow component; N = uncharged
component(s). Experimental conditions are given in the text.
A Z80 = absorbance at 280 nm; fr. No. = fraction number; ...
coordinate of the sample inlet in the chamber.

is lower than that of CZE. This is understandable
when one considers all the differences in these two
experimental arrangements of the same zone electro
phoresis principle: better anticonvective stabilisa
tion and Joule heat dissipation in the 0,05 mm LD.
capillary than in the 0,5-mm gap flow-through
chamber, about one order of magnitude lower
migration time in CZE for the main product, one
order of magnitude lower sample concentration in
CZE than in FFZE, absence of hydrodynamic flow
in the capillary and the relatively large width of the
collected fraction (lOA mm) in FFZE. However,
although the FFZE separation is not complete, its
usefullness for peptide purification is obvious from
Fig. 5, The purification effect of FFZE was quanti
tatively evaluated by CZE analysis of individual
FFZE fractions, Examples of these analyses for
FFZE fractions 18,26, 31 and 36 are shown in Fig, 6.

Fig. 6a and b represent examples of fractions
containing electrophoretically homogeneous mate
rial; single peaks were obtained in CZE analyses,
Fig, 6c and d show CZE analyses of FFZE fractions
31 and 36 containing mixtures of several sample
components that remained unresolved after FFZE,
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tion conditions are developed with minimum sample
and electrolyte consumption. These data obtained
by optimized CZE are used for conversion into
preparative FFZE without loss of the sample mate
rial for FFZE tests. The purity of FFZE fractions is
then examined by CZE and the purification effect of
FFZE can thus be quantitatively evaluated.
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ABSTRACT

The fundamental characteristics of microemulsion electrokinetic chromatography (MEEKC) were studied in comparison with micel
lar electrokinetic chromatography (MEKC). A microemulsion consisting of heptane-sodium dodecyl sulphate-butanol-buffer (pH 7.0)
(0.81: 1.66:6.61:90.92) was mainly employed. The separation selectivity of MEEKC was compared with that of MEKC with SDS
micelles by using three different test mixtures. The microemulsion showed a stronger affinity to non-polar compounds than the SDS
micelle. The migration-time window in MEEKC was easily extended owing to an increase in the electrophoretic mobility of the
microemulsion by increasing the SDS fraction in the microemulsion. The efficiency in MEEKC was also compared with that in MEKC.
The plate heights in MEEKC were higher than, but less than double, those in MEKC. The effect of microheterogeneity was not
significant but the effect of sorption-desorption kinetics seemed more serious in MEEKC than in MEKC.

INTRODUCTION

Electrokinetic chromatography (EKC) [1] requires
two phases, between which analytes are distributed.
One phase, which is named separation carrier, must
have an electrophoretic mobility to migrate at a
velocity different from that of the surrounding
medium; the other phase is generally an aqueous
phase which is the solvent of the separation carrier.
The carrier must interact with the analyte, and the
aqueous phase must be electrically conductive and
preferably transparent to UV radiation.

Ionic micelles are the most widely accepted car
riers and the technique is named micellar EKC
(MEKC) [2,3]. An advantage of MEKC is the easy
availability of various surfactants, because different
micelles show different selectivity. For example, bile
salt micelles give significantly different selectivity

Correspondence to: Dr. S. Terabe, Faculty of Science, Himeji
Institute of Technology, Kamigori, Hyogo 678-12, Japan.

from the sodium dodecyl sulphate (SDS) micelle
[4,5]. Bile salts are also useful for enantiomeric
separation owing to their chirality [6-8]. The other
advantage of MEKC is easy modification of the
aqueous phase, which is effective for selectivity
manipulation.

Cyclodextrin (CD) derivatives having ionic groups
and polymer ions have also been successfully em
ployed in CDEKC [9] and ion-exchange EKC [10],
respectively. CDEKC is useful for the separation of
isomers of aromatic compounds and enantiomers
[1,9]. A disadvantage of CDEKC is the difficulty
of the preparation of CD derivatives useful for
CDEKC. CD-modified MEKC (CD-MEKC), which
employs a micellar solution containing a neutral
CD, is easier to perform than CDEKC, because
various CDs or CD derivatives are commercially
available, but CD-MEKC provides a similar selec
tivity to CDEKC [11,12]. Ion-exchange EKC has
limited applications.

Recently, Watarai [13,14] reported the use of an

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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EXPERIMENTAL

Fig. 1. Schematic illustration of the o/w microemulsion and
micelle.

EKC was performed with a PlACE System 2000
(Beckman, Palo Alto, CA, USA) or a laboratory-

built capillary electrophoresis (CE) instrument. The
latter instrument was essentially the same as de
scribed previously [2] and consisted of a high-volt
age d.c. power supply of a Matsusada Precision
Devices HCZE30PNO.25-LDSW (Kusatsu, Shiga,
Japan) or a Bertan High Voltage Series 230-30R
(Hicksville, NY, USA) and a Jasco (Tokyo, Japan)
UVIDEC-100-V spectrophotometric detector mod
ified to accommodate a capillary for on-column
detection. For detection, absorption was measured
at 214 nm with the PlACE System 2000 and at
210 nm with the Jasco detector. Chromatograms
were recorded with a Shimadzu (Kyoto, Japan)
Chromatopac C-R3A or C-R6A data processor.
Plate numbers were calculated from peak area,
migration time and peak height as described previ
ously [15].

A fused-silica capillary of 50 /lm LD. and effective
length 30 or 50 cm was used without any special
wall treatment. Sample solutions were injected into
an end of the capillary by the pressure injection
(0.5 p.s.i., 1 s) method (PlACE System 2000) or by
the siphoning method (laboratory-built instrument).
The temperature of the capillary was controlled at
35°C in the PlACE System 2000, and the capillary
was cooled with a small fan at ambient temperature
in the laboratory-built instrument.

All the reagents and samples were of analyti
cal-reagent grade. A microemulsion was prepared
by mixing heptane (0.81 %), SDS (3.31 %), butanol
(6.61 %) and 100 mM borate-50 mM phosphate
buffer (pH 7.0) (89.28%), according to the method
reported by Watarai [13], although Watarai used
water instead of the buffer solution and adjusted the
pH with a carbonate-hydrogencarbonate buffer. In
most instances a microemulsion consisting of a half
fraction of SDS (60 mM) was used. SDS solutions
were prepared with the same borate-phosphate
buffer (pH 7.0) as were employed to prepare the
microemulsionor 100mMN,N-bis(2-hydroxyethyl)
2-aminoethanesulphonic acid (BES)-100 mM sodi
um hydroxide buffer (pH 7.0). The borate-phos
phate buffer was prepared by mixing 25 mM sodium
tetraborate and 50 mM sodium dihydrogenphos
phate solutions in the appropriate ratio to give the
desired pH, as described previously [2]. The BES
buffer was similarly prepared from 100 mM BES
and 100 mM sodium hydroxide solutions.

MicelleMicroemulsion (o/w type)

oil-in-water (o/w) microemulsion as a separation
carrier in EKe. He showed that the microemulsion
works similarly to the ionic micelle for the separa
tion of neutral analytes and that the migration-time
window is easily extended by changing the composi
tion of the microemulsion. The migration-time
window is defined as the possible range of the
migration time of neutral analytes and is limited
between the migration time of the bulk solution (to)
and that of the micelle or of the microemulsion (trn)'
A wider migration-time window leads to better
resolution, although the total separation time be
comes longer. Watarai [13,14] also observed no
serious band broadening in spite of the larger size of
the microemulsion compared with the micelle.

Microemulsions (o/w) prepared by mixing oil,
water, a surfactant and a cosurfactant such as a
medium alkyl-chain alcohol are transparent and
thermodynamically stable if the composition is
properly chosen. The structure of the olw micro
emulsion is similar to that of the micelle, except that
the microemulsion has a core of a minute droplet of
an oil. The surfactant and the cosurfactant are
located on the surface of the oil droplet to stabilize
the droplet, as shown in Fig. 1.

This study was performed to evaluate the fun
damental characteristics of microemulsion EKC
(MEEKC) compared with MEKC, especially from
the viewpoint of selectivity and efficiency. In this
paper, preliminary results are outlined.



total moles of an analyte in the microemulsion or
micelle to those in the surrounding aqueous phase,
can be calculated according to [3]

Fig. 3. Comparison between (A) MEEKC and (B) MEKC.
1 = a-Cresol; 2 = m-cresol; 3 = p-cresol; 4 = 2,6-xylenol; 5 =
2,3-xylenol; 6 = 3,4-xylenol; 7 = 2,4-xylenol; 8 = p-propylphe
nol; 9 = p-butylphenol; 10 = p-amylphenol; II = timepidium
bromide. (A) Capillary, 48.2 cm x 52 I'm J.D. (28.2 cm to the
detector); separation solution, 79 mM heptane--60 mM SDS
874 mM butanol in borate-phosphate buffer (pH 7.0); applied
voltage, 13 kV; current, 33 JlA; temperature, ambient. (B)
Current, 29 JlA; other conditions as in Fig. 2B.

S. Terabe el al. / J. Chramalagr. 608 (1992) 23-29

RESULTS AND DISCUSSION

Separation selectivity
Three examples of MEEKC separations of some

test mixtures are given in Figs. 2-4 together with
MEKC separations with the SDS micelle. All the
sample zones migrated from the positive to the
negative electrode. Both the microemulsion and the
micelle had negative charge and hence migrated
toward the positive electrode by electrophoresis.
Therefore, the results indicate that the electroosmo
tic flow was stronger than the electrophoretic migra
tion of either the microemulsion or the micelle.
Although timepidium bromide was conveniently.
used as a tracer of the SDS micelle [16], it did not
seem to be a correct tracer of the microemulsion,
because phenanthrene and p-amylphenol migrated
more slowly than timepidium bromide. Phenan
threne and p-amylphenol, which migrated at the
same velocity, are electrically neutral, and therefore
the slower velocity means that they are incorporated
more into the microemulsion.

The capacity factor, k', defined as the ratio of the

(Al

10 20 30 40
nme/min

(8)

10 20
nme/min

25

30

(1)

Fig. 2. (A) Microemulsion electrokinetic chromatogram and (B)
micellar electrokinetic chromatogram of a test mixture. I = Re
sorcinol; 2 = phenol; 3 = p-nitroaniline; 4 = nitrobenzene; 5 =
toluene; 6 = 2-naphthol; 7 = timepidium bromide. (A) Capillary,
50 cm x 52 I'm J.D. (30 cm to the detector); separation solu
tion, heptane-SDS-butanol-borate-phosphate buffer (pH 7.0)
(0.81:1.66:6.61:90.92); applied voltage, 15 kV; current, 48 JlA;
temperature, ambient. (B) Capillary, 57 cm x 52 I'm J.D. (50 cm
to the detector); separation solution, 50 mM SDS in borate-phos
phate buffer (pH 7.0); applied voltage, 10 kV; current, 24 JlA;
temperature, 35°C.
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where tR, to and tm are the migration times of
the analyte, aqueous phase and microemulsion or
micelle, respectively. The migration time of the
aqueous phase was assumed to be equal to that of
methanol. Timepidium bromide was used as a tracer
of the micelle and phenanthrene was assumed to be a
tracer of the microemulsion, as mentioned above,
although the mixtures shown in Figs. 2-4 did not
contain phenanthrene.

The capacity factor values are given in Tables I
and II for the solutes shown in Figs. 2 and 4. It
should be noted that the conditions employed to
obtain the capacity factors inMEEKC were slightly
different, mainly in the ambient temperature, from
those in Figs. 2A-4A. Therefore, some discrepancies
were observed between Fig. 2A and Table I and
Fig. 4A and Table II. As can be seen in Table I,
MEEKC gave substantially higher k' values than
MEKC, except for toluene. The elution orders
of toluene and 2-naphthol were reversed between
MEEKC and MEKC, as shown in Fig. 2. The higher
k' value of toluene in MEEKC suggests that the
microemulsion has a stronger affinity for non-polar
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Fig. 4. Separation of cold medicine ingredients by (A) MEEKC
and (B) MEKC. I = Acetaminophen; 2 = caffeine; 3 = guai
phenesin; 4 = ethenzamide; 5 = isopropylantipyrine; 6 = trime
toquinol; 7 = timepidium bromide. (A) Conditions as in Fig. 2A.
(B) Separation solution, 50 mM SDS in BES buffer (pH 7.0);
current, 19 JlA; other conditions as in Fig. 2B.

4

6

13
I

(2)

0.28
0.52
1.52
2.59

194
5.66

Micelle
(MEKC)b

k'

Microemulsion
(MEEKC)a

Solute

a.b See Table 1.

Acetaminophen 0.20
Caffeine 0.20
Guaiphenesin 0.62
Ethenzamide 1.00
Trimetoquinol 1.38
Isopropylantipyrine 1.68

TABLE II

COMPARISON OF CAPACITY FACTORS OF COLD
MEDICINES

The capacity factor is also described by

k' = K(Vm/Vaq)

6

(B)

2

4

3

5

L
10 15 20

Time/min

15
Time/min

7

5o

5
(A)

2

TABLE I

COMPARISON OF CAPACITY FACTORS OF TEST
SAMPLES

a Separation solution, buffer (pH 7.0)-butanol-SDS-heptane
(90.92:6.61:1.66:0.81, wjw); applied voltage, 15 kV; current,
37 JlA. Other conditions as in Fig. 2.

b Separation solution, 50 mM SDS in borate-phosphate buffer
(pH 7.0). Conditions as in Fig. 2.

compounds than the SDS micelle. For a strict
comparison, the capacity factor or preferably the
distribution coefficient at the same temperature
should be employed as described below, because
both the capacity factor and distribution coefficient
are temperature dependent. However, the capacity
factors in Tables I and II are still helpful for the
purpose of qualitative comparison.

Solute

Resorcinol
Phenol
p-Nitroaniline
Nitrobenzene
Toluene
2-Naphthol

k'

Microemulsion
(MEEKC)a

0.36
0.76
0.94
1.38
6.19
6.19

Micelle
(MEKC)b

0.18
0.44
0.87
1.22
2.89
6.10

where K is the distribution coefficient and Vm and
Vaq are the volumes of the microemulsion or the
micelle and of the aqueous phase, respectively. The
ratio Vm/ Vaq is called the phase ratio. Therefore, it is
more reasonable to discuss the relative affinity of the
analyte between the microemulsion and micelle in
terms of the distribution coefficient K rather than
the capacity factor k', because K does not depend on
the phase ratio. The volume of the micelle is easily
calculated from the concentration of the micelle,
which is equal to the difference between the surfac
tant concentration and the critical micelle concen
tration, and the partial specific volume, but the
volume of the microemulsion is difficult to calculate
precisely. In this study, the volume of the micro
emulsion is evidently larger than that of the SDS
micelle by a factor of more than at least three.
Therefore, the distribution coefficients ofthe anal
ytes given in Table I are probably smaller for the
microemulsion than for the SDS micelle.

It is apparent from Fig. 3 that selectivity is higher
in MEKC than in MEEKC for isomeric cresols and
xylenols. This may be due to the difference in surface
structures between the microemulsion and micelle
and also the core structures. The surface of the
micelle will be more rigid than that of the micro
emulsion, because the surfactant molecules aggre
gate tightly to form the micelle, whereas the surfac-
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7

Fig. 5. EITect of the SDS fraction of the microemulsion on
resolution. Peak numbers as in Fig. 3. (A) Conditions as in
Fig. 3A. (B) Separation solution, 70 mM heptane-120 mM
SDS-874 mM butanol in borate-phosphate buffer (pH 7.0);
other conditions as in (A).
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flep(m) and fleo are electrophoretic mobilities of the
microemulsion or micelle and the electroosmotic
mobility, respectively, and E is the electric field
strength. It should be noted that the ratio flep(m)/fleo
is usually less than zero and greater than - 1 in
MEEKC and MEKC. Under the conditions of this
study, flep(m) is negative and fleo is positive. In
MEKC, it is generally difficult to change flep(m)
freely over a wide range. Only when a high concen
tration of urea was added to micellar solutions has a
decrease in to/tm due to an increase in flep(m) been
reported [17]. Therefore, to extend the migration
time window in MEKC, the electroosmotic velocity
must be reduced by adding an organic solvent
[18,19] or by using a coated capillary [20].

Watarai [13] mentioned that to/tm is easily de
creased in MEEKC by increasing the volume frac
tion of the organic components. Fig. 5 demonstrates
the effect of the SDS fraction on the migration times
of analytes. The electroosmotic velocities were al
most identical between the two chromatograms in
Fig. 5, although they were slightly different between
Figs. 3A and 5A even under the same experimental
conditions. Fig. 5 clearly shows that doubling the
SDS fraction increased dramatically the migration
times of all the analytes or increased the electro
phoretic mobility of the microemulsion without
affecting the electroosmotic velocity. The enhanced
resolution in Fig. 5B compared with Fig. 5A is
apparent. This suggests that the migration-time

tant will be on the surface of th oil droplet of heptane
together with butanol in the microemulsion. The
rigid surface structure will be capable of recognizing
differences in the molecular structures of the iso
mers. On the other hand, it will be easier for the
solute to penetrate into the core oil in the case of
microemulsions.

The difference in selectivity between MEEKC and
MEKC is also evident in Fig. 4. The capacity factors
of the cold medicines are lower than those in
MEKC, as given in Table II. This is also explained in
terms of the polarity of the analytes. Because the
core of the microemulsion is heptane and hence
non-polar, the relatively polar cold medicines are
not incorporated strongly by the microemulsion. In
other words, the analytes do not adsorb on the
surface ofthe microemulsion but are rather incorpo
rated into the core of the droplet, because the
capacity factors are much smaller than those of
MEKC. This explanation is consistent with a lower
selectivity among isomeric cresols or xylenols in
MEEKC compared with MEKC, as mentioned
above. Different elution orders are also observed
between MEEKC and MEKC as shown in Fig. 4.
The highest k' value of isopropylantipyrine is proba
bly due to its non-polar character compared with
trimetoquinol, although the latter shows a stronger
affinity than isopropylantipyrine to the SDS micelle.

Migration-time window
The resolution equation in EKC is [3]

Rs = J: (a: I)C :2kJ[1 ~~t:/;:)~J (3)

where R s is the resolution, N is the plate number and
a is the separation factor, which is equal to k2/k'l'
The last term on the right-hand side originates from
the contribution of the limited migration-time win
dow between ta and tm' The smaller the migration
time ratio, ta/tm, the higher is the resolution. To
decrease ta/tm, it is necessary either to reduce the
electroosmotic velocity or to increase the electro
phoretic mobility of the micelle or microemulsion, as
is easily predicted from the equation

ta = V
m = [I + flep(m)] E (4)

tm Veo fleo

where Vm is the migration velocity of the microemul
sion or micelle, Veo is the electroosmotic velocity,
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window can possibly be manipulated by changing
the SDS fraction of the microemulsion without
affecting the selectivity significantly. This is an
obvious advantage of MEEKC over MEKC

Band broadening
Band broadening in MEKC has been discussed in

detail by Sepaniak and Cole [21] and Terabe et at.
[15]. The total band broadening in the capillary is
described as the sum of plate heights generated by
five factors:

H tol = HI + H m + H.q + H T + H ep (5)

where H tot is overall plate height, and HI, H m , H T

and H ep are plate heights generated by longitudinal
diffusion, sorption-desorption kinetics in micellar
solubilization, intermicelle mass transfer in the
aqueous phase, radial temperature gradient effect
on the electrophoretic velocity of the micelles and
dispersion of electrophoretic mobilities of the micel
les, respectively. Among these five factors, HI, H m

and Hep were found to contribute significantly to
band broadening [15]. The same discussion will also
be applicable to MEEKC.

The longitudinal diffusion decreases with an
increase in the migration velocity or applied voltage,
whereas H m and Hep increase linearly with increase
in migration velocity [15]. The relative significance
of each contribution depends on the capacity factor
and Veo : HI is the most significant factor when both k'
and Veo are low; H ep becomes serious when k' is large

(A) Microemulsion (6) Micelle

6~ 6

E

~
E

::l. ::l.
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Fig. 6. Dependence of plate heights on the applied voltage in (A)
MEEKC and (B) MEKC. 0 = Resorcinol; • = phenol; 0 =

p-nitroaniline; • = nitrobenzene; '" = toluene; \l = 2-naph
thol. (A) Conditions as in Fig. 2A except for applied voltages. (B)
Conditions as in Fig. 4B except for applied voltages.
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and Veo is high; H m contributes considerably when k'
is medium and Veo is high. The plate height H ep is due
to the microheterongeneity of the micellar size or,
more correctly, to the difference in mobilities of the
micelles [15].

The dependence of plate height on the applied
voltage is illustrated in Fig. 6 for the compounds
shown in Fig. 2. The band broadening in MEKC is
also shown in Fig. 6 for comparison. The most
interesting point of band broadening in MEEKC is
the contribution of the H ep term compared with
MEKC The total plate heights in MEEKC were
roughly twice those in MEKC, as shown in Fig. 6.
The plate heights in MEKC shown in Fig. 6B can be
explained by the major contribution of HI. How
ever, the results shown in Fig. 6A for MEEKC are
not easily explained. In the region below 10 kV HI
was the main contributor and above 10 kV sorption
desorption kinetics seemed to be the major cause of
band broadening. The microheterogeneity did not
seem very significant, because 2-naphthol, which
had a higher capacity factor, showed the lowest plate
height among the solutes. The results in Fig. 6A are
preliminary, and temperature was not controlled.
To clarify the mechanism of band broadening in
MEEKC, a more detailed study is necessary.

CONCLUSIONS

Although only preliminary results on MEEKC
are given in this paper, MEEKC seems to be of
comparable utility to MEKC The efficiency of
MEEKC is slightly lower than that of MEKC, but
the migration-time window is easily manipulated to
enhance the resolution. The separation selectivity of
MEEKC may be affected by the character of the
core oil of the microemulsion. The stability of the
microemulsion and the reproducibility of migration
times were not extensively studied in this work.
The composition of the microemulsion containing
1.66% SDS, which was mostly used in this work,
was not very stable and hence the reproducibility
was probably worse than in MEKC with SDS.
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Micellar electrokinetic capillary chromatography of
neutral solutes with micelles of adjustable surface charge
density

Jianyi Cai and Ziad EI Rassi
Department 0/ Chemistry, Oklahoma State University, Stillwater, OK 74078-0447 (USA)

ABSTRACT

Novel micelles with adjustable surface charge density were introduced for micellar electrokinetic capillary chromatography. These
micelles are based on the complexation between octylglucoside surfactant and alkaline borate. The surface charge density of the
octylglucoside-borate micelles can be conveniently varied by changing the operating parameters such as borate concentration and/or
pH of the running electrolyte. This feature permitted the tuning of the elution range, a parameter that largely influences the peak
capacity and resolution in micellar electrokinetic capillary chromatography. Furthermore, with its balanced hydrophile-lipophile
character, the octylglucoside-borate micellar system allowed the separation of hydrophobic species including herbicides, e.g., prome
ton, prometryne, propazine and butachlor, and some polyaromatic hydrocarbons. High separation efficiencies were obtained'over a
wide range of elution conditions, and consequently the detection limit for the herbicides was in the range of 18-52 fmol using UV
detection.

INTRODUCTION

Micellar electrokinetic capillary chromatography
(MECC), first reported in 1984 by Terabe et al. [1], is
increasingly used for the separation of neutral and
charged species [1-7]. In MECC, the separation
medium consists of an electrolyte containing an
ionic surfactant in an amount above its critical
micellar concentration. Thus, there are two phases
inside the capillary tube, an aqueous mobile phase
and a micellar pseudo-stationary phase. Whereas
the aqueous mobile phase moves at the velocity of
electroosmosis, the micelles migrate much slower
due to opposing electrophoretic forces. This creates
a retention window that extends from the retention
time ofan unretained solute, to, to the retention time
of another solute completely solubilized by the
micelles, tme . Neutral solutes are eluted within the

Correspondence to: Dr. Z. El Rassi, Department of Chemistry,
Oklahoma State University, Stillwater, OK 74078-0447, USA.

retention window and are separated through their
differential distribution between the two phases.

Thus far, most MECC applications have utilized
aqueous sodium dodecyl sulphate (SDS) as the
micellar phase. Although other surfactants can be
used, their potentials have been briefly explored
[3,7-10]. This may be due to the fact that these
ionic surfactants (e.g., cetyltrimethylammonium
bromide, sodium tetradecyl sulphate, etc.) showed
little or no improvements over SDS as far as the
quality of separation is concerned. Due to the
pronounced unbalance in the hydrophile-lipophile
character of SDS and similar ionic surfactants,
hydrophobic solutes of low water solubility are
almost totally incorporated in such micelles and are
not separated. Few attempts have been made to
alleviate this problem. In one approach, a cyclo
dextrin (CD)-modified SDS micellar phase was
introduced for the separation of hydrophobic com
pounds [11]. In this system, the water-insoluble
compound is partitioned between the CD cavity,
which is moving at the velocity of the aqueous phase.

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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and the interior of the SDS micelle which is migrat
ing at a slower velocity. Therefore, a more equitable
distribution of the solutes can be obtained and
consequently improved separation. In another ap
proach, bile salt surfactants in the presence of
relatively high methanol content were described for
the separation of hydrophobic compounds includ
ing polyaromatic hydrocarbons [12].

MECC is characterized by an elution range or
retention window that strongly influences peak
capacity and resolution. With SDS and other ionic
surfactants that have been evaluated thus far [3,7-9],
the elution range is rather predetermined and can
not be varied systematically. The retention window
of MECC can be somewhat elongated by using
surfactants having shorter alkyl chains (e.g., sodium
decyl sulphate) [13], but its width is still predeter
mined. Another approach through which the breadth
of the retention window can be enlarged has been the
surface modification of fused-silica capillaries [D
IS]. Under these conditions, both tme and to in
creased, which yielded longer analysis time (see
Theory section). The only approach through which
the retention window can be systematically manipu
lated seems to be the inclusion of methanol in the
micellar system [16,17]. Under these circumstances,
however, both tme and to increased. Such method led
to long analysis time, and because methanol induced
polydispersity in the micelles, the separation effi
ciency was significantly reduced.

This paper is concerned with the investigation of
the potentials of micelles of adjustable surface
charge density. The new micelles are based on
the complexation between octylglucoside surfactant
and alkaline borate. These micelles provided sever
al advantages over traditionally used surfactants.
First, octylglucoside has a relatively short non-polar
chain and a large polar head moiety. This balance in
the hydrophile-lipophile character of the octyl
glucoside surfactant is advantageous for the separa
tions of both polar and highly non-polar species.
Furthermore, with the octylglucoside-borate micel
les, the surface charge density can be varied conve
niently by changing the borate concentration and/or
the pH of the running electrolyte, and consequently
the retention window of the micellar system can be
varied systematically over a wider range. These
readily tuned features provided a means to manipu
late the separation efficiencies, peak capacity and
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resolution. Other alkylglucoside surfactants are be
ing investigated in our laboratory with a broader
range of neutral and charged species. These studies
are planned for future papers.

THEORY

Many of the fundamental characteristics of
MECC are well understood and have been described
by Terabe and co-workers [1,2]. In MECC, retention
and resolution are related to the electrokinetic
velocities of the aqueous phase (i.e., the electro
osmotic velocity) and the micellar pseudo-stationary
phase. The net velocity of the micelle, Vme, is the sum
of the electroosmotic velocity of the aqueous phase,
Veo, and the electrophoretic velocity of the micelle,
vep [14,18]:

sECe 2sECme
Vme = Veo + vep = - -- +--- f(Ka)

'1 3'1

sE [ 2Cme ]= - ry Ce - -3- f(Ka)

where Ce and Cme are the C potentials of the inner
surface of the capillary and of the outer surface of
the micelle, respectively, sand '1 are the dielectric
constant and the viscosity of the electrolyte, respec
tively, f(Ka) depends on the shape of the micelle [18],
a is the radius of the micelle, K is the familiar Debye
Hiickel constant and E is the electric field strength.
The value of f(Ka) varies between 1.0 and 1.50
depending on the dimensions of Ka. The negative
sign in eqn. 1 is to indicate that when the Cpotential
of the capillary is negative the electroosmotic flow is
toward the negative electrode [18].

With negatively charged micelles and untreated
fused-silica capillaries Cme is smaller than Ce and both
have the same sign [1,2]. Neutral solutes are eluted
between to and tme, which are the retention times of
unsolubilized and completely solubilized solute by
the micelle, respectively. This is referred to as the
elution range or the retention window.

An important variable in MECC is the elution
range parameter defined by the ratio [14]:

~ ~ Vme = 1 _ 2Cme f(Ka) (2)
tme Veo 3Ce

The Cpotentials can be expressed by the following
relationship [19]



J. Cal and Z. El Rassl / J. Chroma/o/?r. 608 (1992) 31-45 33

where P is the surface charge density of either the
capillary surface (Pc) or the micelle (Pmc), and b is the
thickness of the diffuse double layer adjacent to
either the capillary wall (b c) or the micelle surface
(bmc)' Modern theory equates b to I/K. Thus, by a
rearrangement of eqn. 3

It follows then, from eqns. I and 4, that the
electroosmotic flow of the aqueous phase and the
electrophoretic velocity of the micelle will beinverse
Iy proportional to the square root of the ionic
strength, I.

As the elution range parameter decreases the
retention window increases. An elution range param
eter of 1 means that the micelle is uncharged and all
neutral solutes coelute and migrate at the velocity of
the electroosmotic flow. An elution range parameter
of zero means an infinite retention window. This
corresponds to a situation where the electrophoretic
velocity of the micelle is of the same magnitude and
opposite in direction to the electroosmotic flow.
Since (c and (mc are directly proportional to the
surface charge density (or the amount of charge per
unit surface area, see eqn. 3) of the capillary, Pc, and
that of the micelle, Pmc, respectively, the elution

(3)

(4)

range parameter can be varied conveniently by
changing the charge density of the micelles and/or
that of the capillary inner surface (see eqn. 2). One of
the characteristics of the new micellar system under
investigation is that while the surface charge density
of the capillary can be kept almost constant, the
surface charge density of the micelle can be readily
adjusted through several operational parameters,
see below.

The adjustment of the surface charge density of
the surfactant under investigation, and consequent
ly the elution range parameter is based on varying
the extent of complexation between the octyl
glucoside surfactant and borate ions. Fig. 1 is a
schematic illustration of the novel MECC system
developed and evaluated in this work. It shows the
mechanism of retention of neutral solutes and the
control of the surface charge density of the micelle
through complexation with borate.

It has been known for a long time that poly
hydroxy compounds can reversibly form cyclic
boronate esters with borate ions in alkaline pH, and
the formation of these complexes is dependent on
pH, ionic strength, temperature and the nature of
the hydroxylated compound [20-22]. Octylglucoside,
which is a non-ionic sugar-containing surfactant,
can acquire a negative charge upon complexing with
borate ions. The following reaction scheme illus
trates the complexation of borate across the C-4 and
C-6 of the glucose moiety [23] of octylglucoside
surfactant:

'B-GIe"""

~
Gle

.,.rGle

'B_GleGle Gle-~GIe"'*' '~Gle-B'
Gle-@ -Gle

Gle .....~ ~ ~g:~-B'
'B-Gle Gle-B'

B'

B'

OH
"l",Gle + B -::--- -rGle-B'• , s-

HO OH

B'

Gle-B' ""'Gle

Sf Gle Gle-B' /

'B-Gle "L. ~.....GIe
""",.. f ",GIe-B'

® .::;:::::====":::: Gle -@-GIe
Gle.....~ ~ -:.g:~-B'

'B-GIe Gle-B' ~

1~ ~ B'

Gle-B' Gle

~

@, Solute molecule B- , Borate ".,.,. Gle. Octylglucoside "'" GIe-B'. Octylglucoside-borate complex

Fig. I. Schematic illustration of the separation principle in MECC with octylglueoside-borate micellar system.
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O~~+

OH

,HO- B<
OH

HO

Octylglucoside

O~+

The alkylglucoside-borate complexation is a re
versible reaction, and has an equilibrium constant,
Keq , given by

K
e

= [OG-Borate]
q [OG][Borate][OH -] (5)

where [OG] and [OG-Borate] stand for the total
concentrations of the uncomplexed octylglucoside
surfactant and octylglucoside-borate surfactant, re
spectively, and [Borate] and [OH-] are the borate
and hydroxide ions concentrations, respectively.
Presumably, it is the negatively charged OG-Borate
which migrate in zone electrophoresis. The concen
tration of OG-Borate in aqueous boric acid is low,
and an increase in pH would be expected to raise
their concentration and, concomitantly, to result in
an increased electrophoretic mobility of the micelle.

As a result of the complexation, the overall
surface charge density of the micelle, Pme, can be
expressed as

HO

Octylglucoside-borate complex

[OG-Borate]

Pme-e

1 +' [OG]
[OG-Borate]

(6)

where Pme-e is the limiting charge density of the octyl
glucoside-borate micelle. The higher the charge
density the more negative the micelle. There are
several operational parameters that' can alter Pme.
These are the concentrations of the surfactant and
borate, and pH of the running electrolyte. Accord
ing to eqn. 5, at constant surfactant concentration,
any increase in the borate concentration or pH will
result in a decrease in the ratio [OG]/[OG-Borate],
and therefore a larger Pme (see eqn. 6). At constant
pH and borate concentration, an increase in the
surfactant concentration will yield an increase in the
ratio [OG]/[OG-Borate], and as a result, Pme will
decrease (see eqns. 5 and 6). According to eqn. 2
these readily tuned features of the micelles would
allow the tailoring of the elution range for a given
separation problem.

As mentioned above, with alkylglucoside surfac
tants in alkaline borate, the surface charge density
of the micelle can be conveniently manipulated
through pH, borate concentration or surfactant
concentration without drastically affecting the sur
face charge density of the fused-silica capillary. In
fact, since at alkaline pH (i.e., above pH 8.0) the
surface silanols are fully ionized, Pc will remain
constant. However, increasing the pH or borate
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(12)

(10)

(11)

(13)

I-~
f(k') =~ . tmc

k' + I t
1+~. k'

tmc

where

For a given surfactant and with neutral solutes, 0:

is virtually independent of k' [6,24,25] (i.e., the
surfactant concentration), while N can be approxi
mated as constant since it is slightly dependent on k'
in the useful range of surfactant concentration
[26-29]. From eqn. 7, it follows that peak capacity,
n, is governed by the ratio tmc/to, and from eqn. 12, it
is clear that resolution is controlled by the retention
term, f(k'), which encompasses the elution range
parameter, to/tmc'

A particular feature of the surfactant under
consideration is that the elution range can be
manipulated through tmc while keeping k' constant.
This is readily achieved by varying the pH or the
borate concentration at fixed surfactant concentra
tion. In these situations, the peak capacity n, which is
another measure of the efficacy of the system [30],
can be tailored to accommodate a given separation
problem (see later for more details).

It has been shown by Terabe et al. [2] that when
f(k') is evaluated as a function of k', bell-shapped
curves are obtained, each one is valid for a particular
value of to/tmc' By differentiating eqn. 12 with
respect to k' and setting the resulting expression
equal to zero, the optimum k' (i.e., optimum surfac
tant concentration) value for maximum resolution is
given by [31,32]

where tr is the retention time of the solute. For two
adjacent peaks, i.e., k'l = k2= k', a convenient
approximation to eqn. 9 is

Rs = J
4
N . 0: : I f(k')

k' = tr - to

to(1 -~)
tmc

where N is the number of theoretical plates, 0: is the
selectivity factor and k' is the retention factor which
is calculated by the following equation [2]:

(7)

(9)

(8)

. I
tmc =---

Veo + vcp

I-~
R _ JN 0: - I k2 tmc

s - 4 . -0:- • k2+ I . to
I+-·k'l

tmc

concentration is accompanied by an increase in the
ionic strength of the electrolyte, which will decrease
the thickness of the electric double layer near the
capillary surface, bc , and that near the surface of the
micelle, bmc ' Furthermore, increasing the surfactant
concentration will increase' the viscosity of the
medium and the amount of surfactant accumulated
on the capillary wall. Since Pc remains constant, the
changes in the ionic strength and viscosity of the
medium as well as the variation in the amount of
surfactant adsorbed on the capillary wall will be
accompanied by some changes in the electroosmotic
flow. On the other hand, the magnitude of Pmc will
be largely affected by the operation conditions,
which in addition to changes in bmc and the viscosity
of the medium will cause the dectrophoretic velocity
of the micelle to change considerably. Under these
conditions, while the electroosmotic flow velocity
will vary over a narrow range, the electrophoretic
velocity of the micelle will change over a wider
range. According to the following equation (where I
is the separation distance):

these processes will lead to large changes in tmc. This
is particularly important in manipulating the reten
tion window and the separatibn behavior ofMECC.
Stating it differently, in alkaline borate while (c of
the capiIlary will undergo small changes, (mc of the
micelle will be affected to a much larger extent
through borate and surfactant concentrations and
the pH of the running electrolyte. According to
eqn. 2, this corresponds to tailoring the breadth of
the retention window and consequently the magni
tude of peak capacity and resolution.

In fact, in MECC both peak capacity, n, and
resolution, R., are influenced, among other things,
by the retention window through the following
equations [2]:

n = I + JN In tmc

4 to
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Fig. 2. Plots of f(k', fo/fmc) versus fo/fmc at various k' values.

The retention factor, k', of neutral solutes is
determined by the concentration of the surfactant
and is independent of the pH. With the traditionally
used surfactants tmc/to is largely independent of the
pH and the surfactant concentration [2,14]. This
means that the retention window is predetermined
and cannot be varied systematically. According to
eqn. 13, this limits the MECC system to a narrow k'
range as far as resolution is concerned.

As mentioned above, the optimum value of f(k')
for maximum resolution is influenced by the ratio
to/tmc' On the other hand, for a given value of k', the
higher the retention window (i.e., the smaller the
ratio to/tmc), the larger the value for the function
f(k') will be, and the more satisfactory the resolu
tion. The dependence of f(k') on the ratio to/tmc for
various values of k' is depicted in Fig. 2. This figure
shows that at low values of the retention window
(i.e., at high to/tmc), a pair of solutes for which k' is in
the range 0.5-1.0 has a higher f(k') value (i.e., a
better resolution), than those pairs that are 10 times
more retained, e.g., k' = 5.0-10. Early eluting peaks
as well as strongly retained ones are better resolved
at relatively high retention window. It takes an
infinite retention window (i.e., to/tmc -> 0) to affect a
good resolution for species that are almost com
pletely dissolved by the micelle.

The above discussion underlines the need for
surfactants that are less retentive than the existing
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ones. This article addresses this need by introducing
surfactants with balanced hydrophile-lipophile
character, the alkylglucoside-borate surfactants. In
addition, with the new micellar systems the retention
window can be increased by increasing tmc while
keeping k' constant. This is readily achieved by
increasing the pH or the borate concentration at
fixed surfactant concentration. This corresponds to
moving up along the bell-shapped curve (i.e., f(k')
vs. k') and so increasing the contribution of f(k') to
resolution. Thus, with the micellar systems under
consideration, it is possible to affect simultaneously
a double optimization of resolution through k' and
tmc . With SDS and other ionic surfactants, window
optimization is most often achieved through an
increase in both to and tmc by adding an organic
solvent to the running electrolyte [17]. But increasing
the organic modifier lead to a drastic increase in the
analysis time. In addition, SDS micellar system can
not tolerate a large amount of organic solvent
without disrupting the micelle shape and producing
polydispersity that leads to band broadening [28].

EXPERIMENTAL

Instrument and capillaries
The capillary electrophoresis instrument used in

this study is the same as that described previously
[33]. It consisted of a 30-kV d.c. power supply
Model EH30P03 of positive polarity from Glassman
High Voltage (Whitehouse Station, NI, USA) and a
UV-Vis variable-wavelength detector Model 200
from Linear Instrument (Reno, NV, USA) equipped
with a cell for on-column detection. The detection
wavelength was set at 210 nm. In all the experiments
the running voltage was 15 kV. The electrophero
grams were recorded with a computing integrator
Model CR601 from Shimadzu (Columbia MD,
USA).

Fused-silica capillaries having an inner diameter
of 50 ,um and an outer diameter of 375 ,um were
obtained from Polymicro Technology (Phoenix,
AZ, USA). In all experiments, the total length of the
capillary was 80 cm with 50 cm separation distance,
i.e., from the injection end to the detection point.

Reagents and materials
Octyl-[3-D-glucopyranoside (OG) was obtained

from Sigma (St. Louis, MO, USA). Triphenylmeth-
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anol, o-terphenyl and four herbicides, i.e., prometon,
prometryne, butachlor and propazine, were pur
chased from Chern Service (West Chester, PA,
USA). The structures of the four herbicides are
shown below:

Sudan III, which was used for the determination
of the migration time of the micelles, tme' was
obtained from Aldrich (Milwaukee, WI, USA). All
chemicals for the preparation of electrolyte were
from Fisher Scientific (Pittsburgh, PA, USA). Meth
anol was purchased from EM Science (Cherry Hill,
NJ, USA). Naphthylamine and naphthalene were
from Eastman Kodak (Rochester, NY, USA). All
solutions were prepared with deionized water and
filtered with 0.2-,um Uniprep Syringeless filters from
Fisher Scientific to avoid capillary plugging. ~ /e- 60 o t 0

I
4>
E 40
i=

/
m

c:

~
c:

m~mRETENTlON WlNOCJNI4> 20a;
a: a~ 0 0

0-0- 0

a
7 10 11 12

Hydrodynamic sample injection mode, i.e., grav
ity-driven flow, was used in this study. The sample
reservoir was raised to a height of 20 cm above the
outlet reservoir for a certain period of time. The
following equation was used for the determination
of the injected quantities, Q:

nr2 /Ct j
Q=-- (14)

tr

Tunable retention window
As demonstrated in the theory section, the reten-

RESULTS AND DISCUSSION

pH

Fig. 3. Effect of pH on the magnitude of retention window.
Separation capillary, untreated fused-silica, 50 cm (to the detec
tion point), 80 cm (total length) x 50 J1m J.D.; running
electrolytes, 50 mM octylglucoside, 400 mM borate at various
pH; sample injection, hydrodynamic, 5 s; running voltage, 15 kV;
tracers, Sudan III (for 1mc) and methanol (for 10 ); detection,
210 nm.

where t j is the injection time, r is the inner radius of
the capillary, C is the concentration of the sample, I
is the length of the capillary from the injection point
to the detection point and tr is the time it takes for
the sample zone to migrate from the injection end to
the detection point under the gravity force.

The novel micellar system was characterized with
neutral solutes over a wide range of elution condi
tions including pH of the running electrolyte, borate
concentration and surfactant concentration. Vari
ous electrokinetic parameters were measured, and
the results are discussed in light of the theoretical
treatment given above.

Butachlor

Prometryne

Propazine

Prometon

Procedures
The running electrolyte was prepared by dissolv

ing proper amount of boric acid and octylglucoside,
and adjusting the pH to the desired value with
sodium hydroxide. Sample solutions were made by
dissolving pure compounds in the running electro
lyte (i.e., micellar solution). Due to the limited
solubility of the herbicides in aqueous solvent, the
concentrations of the sample solutions were deter
mined form calibration curves that were established
with standard solutions prepared by dissolving the
pure compounds in water-acetonitrile solvents. The
calibration curves were obtained by capillary zone
electrophoresis using 10 mM phosphate buffer,
pH 6.0.
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tion window of the micellar system depends on
borate concentration, pH of the running electrolyte
and the concentration of the surfactant.

pH of the running electrolyte. To evaluate the
relationship between retention window and the pH
of the running electrolyte, the eleCtrophoretic exper
iments were carried out with electrolyte solutions
containing 50 mM OG and 400 mM borate at vari
ous pH. Fig. 3 portrays the results in terms of to and
tme versus the pH of the running electrolyte. As can
be seen in Fig. 3, tme increased much more than did to
over the pH range studied. The larger increase in tme

arises primarily from increasing the extent of com
plexation of the surfactant with borate at higher pH.
Stating it differently, as the pH rises the surface
charge density of the micelle increases and conse
quently the electrophoretic velocity of the micelle in
the opposite direction to the electroosmotic flow
increases (see Theory section). The slight increase in
to or in another word the shallow decrease in the
electroosmotic flow is primarily due to increasing
the ionic strength with pH, since higher pH values
were obtained by adding larger amount of sodium
hydroxide to the solution of boric acid. At pH above
8, the charge density of the capillary inner surface is
virtually constant since the silanol groups of the
siliceous wall are fully ionized in the pH domain
investigated. However, as the ionic strength of the
running electrolyte increases with increasing pH, the
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viscosity of the medium would increase and the'
potential of the capillary wall would decrease.
Consequently, the electroosmotic flow is reduced
since it is directly proportional to the' potential and
inversely proportional to viscosity, see eqns. 1,3 and
4. On the other hand, the decrease in the thickness of
the double layer (i.e., the ion atmosphere) surround
ing the micelle, bme, with increasing pH is out
weighed by the larger increase in its surface charge
density, Pme; reason for which tme increases. An
additional factor that would also contribute to the
increase in tme , is the fact that the electroosmotic
flow decreased. According to eqn. 7, the slight
decrease in the electroosmotic velocity can result in a
dramatic increase in the tme as the magnitudes of Veo

and vep approach the same value because they are of
opposite sign. This phenomenon can explain the
continuous and steep rising in tme at pH values
higher than 10. In fact, the electrophoretic mobility
of glucose in alkaline borate has been found to level
off at pH above 9 in paper-free zone electrophoresis
[34], a pH which is above the pKa value of borate
(pKa = 9.23).

Fig. 4 displays typical electropherograms of three
triazine herbicides (i.e., prometon, prometryne and
propazine) and butachlor, an acetamide herbicide,
obtained at three different pH, i.e., three different
retention windows. This figure shows the signifi
cance of being able to systematically vary the

'- lA VI ~A, .......
-~ ---
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0 5 10 15 0 10 20 0 20 40

Min

Fig. 4. Typical electropherograms of herbicides at various pH: (a) pH 8; (b) pH 9; (c) pH 10. Electrolytes, 400 mM borate containing
50 mM OG. Peaks: I = prometon; 2 = prometryne; 3 = propazine; 4 = butachlor. Other experimental conditions as in Fig. 3.
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Fig. 5. Effect of borate concentration on the magnitude of the
retention window. Running electrolytes, 50 mM octylglucoside,
pH 10, at various borate concentrations. Other experimental
conditions as in Fig. 3.

3 and 4). As discussed in the preceding section, the
larger increase in tme at relatively high borate
concentration may be due in part to the slight
decrease in Veo'

Surfactant concentration. The effect of alkyl
glucoside concentration on the electrokinetic behav
ior of the MECC system was investigated with
electrolytes containing 200 or 400 mM borate, pH 10
at various concentration ofOG. Fig. 6a and b shows
the dependence of tme and to on surfactant concen
tration. In general, the retention window decreased
slightly with increasing surfactant concentration. At
constant pH and borate concentration, increasing
surfactant concentration will increase the ratio
[OG]/[OG-Borate], which then lead to a monotonic
decrease in the surface charge density of the micelle

Octylglucoside Concentration (mM)

Octylglucoside Concentration (mM)

'0 '---:'25::--~-5..L0-~-7.L..5-~....l10'-0~-1..L50-~-2..L..00----l

Fig. 6. Effect ofoctylglucoside concentration on the magnitude of
retention window. Running electrolytes, 400 mM borate in (a),
200 mM in (b), pH 10 at various concentration of OG. Other
experimental conditions as in Fig. 3.
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retention window. In fact, when the separation is
satisfactory (Fig. 4a) there is no point to work at
high retention window whereby the analysis time is
increased. It is therefore important that the retention
window stays a freely adjustable parameter. Unlike
previously described micellar phases whose reten
tion windowis predetermined, octylglucoside-borate
micelles offer the advantage of tunable retention
window, which can be adjusted to suit a given
separation problem, see also below.

Borate concentration. To examine the dependence
of retention window on borate concentration, the
electrophoretic measurements were performed with
running electrolytes of 50 mM OG, pH 10, at vari
ous borate concentration. Fig. 5 illustrates typical
plots of to and tme versus the borate concentration in
the running electrolyte. As expected, the retention
window increased with borate concentration. The
retention time of the micelles, tme , increased substan
tially with increasing borate concentration from 25
to 400 mM while the retention time of the inert
tracer, to, increased only slightly in the concentra
tion range studied. The increase in tme with borate
concentration is primarily due to an increase in the
charge density of the micelles upon complexation
with borate (see eqns. 3, 5 and 6). The slight increase
in to, which corresponds to a shallow decrease in the
electroosmotic flow velocity, may be the result of
increasing the ionic strength of the running electro
lytewith increasing borate concentration (seeeqns. 1.
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Conditions as in Fig. 6.

TABLE II

CMC VALUES OF OCTYLGLUCOSIDE

TABLE I

COMPARISON OF THE RETENTION FACTORS, k', OF
NITROBENZENE AND HERBICIDES OBTAINED WITH
SDS AND OG-BORATE MICELLAR PHASES

Conditions: 25 mM SDS in 25 mM phosphate, pH 9.0; 50 mM
OG in 400 mM borate, pH 9.0; running voltage, IS kV.

Analyte k'

SDS OG

Nitrobenzene 0.53 0.88
Prometon 6.49 1.38
Prometryne 7.45 2.73
Propazine 14.79 12.73
Butachlor 192.30 59.00

~
@-C-OH

@

neutral model solutes were measured using eqn. 10
under various elution conditions with OG-borate
micelles. Also, the OG-borate micellar phase was
compared to SDS.

Comparison with SDS. Table I presents the k'
values of five model solutes obtained with SDS and
OG-borate micelles. Due to the more balanced
hydrophile-lipophile character of OG-borate mi
celles, the k' values obtained with the alkylglucoside
micellar phase were lower than those obtained with
SDS. As expected, nitrobenzene, which is a relative
ly more polar species than the other model solutes,
exhibited higher partitioning in the OG-borate
micelles, whereas butachlor the more hydrophobic
solute in the test mixture was almost completely
solubilized by SDS. These results demonstrate that
OG-borate micellar system al10ws more equitable
distribution of polar and non-polar solutes between
the micelles and the aqueous phase containing the
monomers.

To further illustrate the utility of OG-borate
micelles, some polyaromatic hydrocarbons were
analyzed with the new micellar phase as illustrated in
Fig. 7. The OG-borate micellar system permitted

2023

Pure 200 mM borate, 400 mM borate,
water pH 10 pH 10

CMC values [mM]Surfactant

OctyIgIucoside 25"

" From ref. 38.

o 20 40

Min
Fig. 7. Typical electropherogram of polyaromatic hydrocarbons.
Electrolyte, 200 mM borate, containing 50 mM OG, pH 10.
Samples from left. to right: 2-naphthylamine, naphthalene, tri
phenylmethanol and o-terphenyl. Other experimental conditions
as in Fig. 3.

and consequently in tmc (see eqns. 5 and 6). The
electroosmotic velocity decreased slightly, which
was probably due to the increase in the viscosity of
the running electrolyte as a result of high concentra
tion of the surfactant, and perhaps to the adsorption
of the surfactant to the capillary wal1s. This shallow
decrease in Vco (i.e., increase in to) was may be
responsible for the slight decrease in tmcdespite the
fact that the surface charge density of the micelle
decreased.

The above studies show that the retention window
of the micellar system can be readily tuned by borate
concentration and pH of the running electrolyte,
and to a lesser extent, by varying the concentration
of the surfactant.

Retention factor
To further characterize the new micellar system

under investigation, the retention factors, k', of

o...
N

<[
I;l

@§fH
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(15)k' = ¢K ~ Kv([S] - CMC)

¢, i.e., ratio of the volume of the micellar pseudo
stationary phase to that of the aqueous phase.
According to the following equation the retention
factor is a linear function of the surfactant concen
tration [2]:

where K is the distribution coefficient of solute
between micellar and aqueous phases, v is partial
specific volume of the micelle, [S] is the concentra
tion of the surfactant and CMC is the critical
micellar concentration.

The octylglucoside-borate surfactant can be con
sidered as an anionic surfactant. This surfactant-will
associate at monomer concentration different than
the uncomplexed octylglucoside, and the value of its
CMC should be different. The CMC values of the
alkylglycoside-borate surfactant were determined
from the MECC measurements at two borate con
centration using the linear plots of k' versus the
surfactant concentration, i.e., eqn. 15. The results
are summarized in Table II. The CMC of OG~
borate surfactant decreased by a factor ofca. 0.9 and
0.8 at 200 and 400 mM borate, respectively, with
respect to the CMC of OG in pure water. Due to
electrostatic repulsion between their charged polar
head groups, anionic surfactants are characterized
by a higher CMC than neutral surfactants having
the same length of the alkyl tail [35]. But in the case
of OG-borate surfactant, at relatively high ionic

- strength, the concentration ofcounter ions becomes

200.15010050
-5 '---~_..L--~_--'-_~----'-_~----'---'

o

c:
.S!
E..a;
a:

the baseline resolution of these water-insoluble
compounds without the addition of organic solvent
to the running electrolyte.

Concentration ofsurfactants. Fig. 8 portrays typi
cal plots of the retention factor, k', versus octyl
glucoside concentration in the running electrolyte.
The results were obtained with electrolytes con
taining 200 mM borate, pH 10, at various OG
concentrations. As expected, the retention factors of
the model solutes increased linearly with the surfac
tant concentration in the range studied. Increasing
the octylglucoside concentration in the running
electrolyte corresponds to increasing the phase ratio

~ 15

U..u.

Octylglucoside Concentration (mM)

Fig. 8. Retention factor, k', versus octylglucoside concentration in
the running electrolyte, 200 mM borate, pH 10, at various OG
concentrations. Other experimental conditions as in Fig. 3.
o = Prometryne; 0 = prometon; 6 =:' nitrobenzene.
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Fig. 9. Retention factor, k', versus borate concentration in the
running electrolyte. Electrolytes, 50 mM OG, at various borate
concentration, pH 9.0. Samples, prometon (0) and prometryne
(0). Other experimental conditions as in Fig. 3.

Concentration Injected quantity
(p.M)

TABLE III

LIMITS OF DETECTION

Electrolyte, 40 mM OG in 200 mM borate, pH 10. Other
conditions as in Fig. 3. The injected quantities were determined by
eqn. 14.

Sample solute Limit of detection

(pg) (fmol)

Prometon 4.4 6.0 26.5
Prometryne 8.3 12 49.9
Propazine 3.0 4.2 18.0
Butachlor 8.7 16 52.3
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Fig. 10. Retention factor, k', versus pH of the running electrolyte.
Electrolytes, 200 mM borate containing 50 mM OG, at various
pH. Samples, prometon (0) and prometryne (D). Other experi
mental conditions as in Fig. 3.
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Fig. II. Average plate number per meter versus octylglucoside
concentration in the running electrolyte. Electrolytes, 200 mM
borate, pH 10, at various OG concentrations. The average plate
number was measured from the peaks of nitrobenzene, prometon
and prometryne. Other experimental conditions as in Fig. 3.
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high, thus reducing the electrostatic repulsion be
tween the charged head groups (i.e., borate-sugar
moieties) and consequently allowing the association
of the OG-borate surfactant at lower monomer
concentration. This corroborate earlier findings
with ionic surfactants [36].

Borate concentration. Fig. 9 shows the change in k'
values of the neutral model solutes with borate
concentration at constant pH and OG concentra
tion. Although, the surfactant concentration was
kept the same and the solute are neutral at the pH of
the experiments (pKa values of prometon, prome
tryne and propazine are 4.20, 4.05 and 1.85, respec
tively [37]), the k' values first increased at low borate
concentration (ca. 25-100 mM) and then leveled off
at high borate concentration. This may be explained
by a salting-out effect in the sense that increasing the
ionic strength of the running electrolyte would
increase the extent of solubilization of neutral solute
in the inner core of the micelle [35]. The effect of
increasing the ionic strength with increasing borate
concentration is to decrease the repulsion between
the similarly charged ionic head groups of the
OG-borate surfactant, thereby decreasing the CMC
and increasing the aggregation number and volume
of the micelles. The increase in the aggregation
number of the micelles presumably results in an
increase in the solubilization of neutral solutes in the
inner core of the micelle [35]. On the other hand, at
relatively high borate concentration, the micelle

configuration would stabilize and the k' value too.
pH of the running electrolyte. Fig. 10 shows the

dependence of the retention factor on pH. As
expected, since the borate and surfactant concentra
tions were kept constant, the k' values of prometon
and prometryne did not change in the pH domain
studied. The slight fluctuations in the k' values of
prometryne are within the range of experimental
errors.

Efficiency and peak capacity
Fig. II presents typical data on separation effi

ciencies in terms of average plate number per meter
versus the surfactant concentration. As can be seen
in Fig. II, N increased sharply with increasing OG
concentration in the running electrolyte. In MECC,
the micelles are so small that the mass transfer
resistance in the pseudo-stationary phase is insignif
icant [26,27]. In the absence of excessive joule
heating longitudinal molecular diffusion is the ul
timate limitation [26,27]. Under these conditions,
increasing the surfactant concentration would lead
to more densely packed capillary with micelles so
that the intermicellar diffusion distances become
shorter which would give rise to faster mass transfer
in the mobile phase and concomitantly higher
separation efficiencies [26]. In most cases high
separation efficiencies were obtained with the new
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Fig. 12. Peak capacity, 11, versus the pH of the running electrolyte.
Electrolytes, 400 mM borate containing 50 mM OG, at various
pH. Other experimental conditions as in Fig. 3.

micellar system, and the average theoretical plate
number per meter was normally above 150000
plates. As can be seen in Fig. 11, as high as 700 000
theoretical plates per meter was achieved.

At constant surfactant concentration, the separa
tion efficiency was practically independent of borate
concentration and pH in the range studied. On the
other hand, peak capacity, which is another measure
of the efficacy of the system, almost always in
creased with borate concentration and pH of the
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Octylglucoside Concentration (mM)

Fig. 13. Dependence off(k',to/tmc) versus octylglucoside concen
tration in the running electrolyte. Electrolytes, 200 mM borate
containing various OG concentration, pH 10. Samples, nitro
benzene (0), prometon (.) and prometryne (.). Other experi
mental conditions as in Fig. 3.
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running electrolyte. Typical results are shown in
Fig. 12, whereby peak capacity increased from 30 to
100 when pH changed from 8 to 11. This is because
of the large increase in the retention window.

Resolution
As in chromatography, the resolution in MECC is

a function of retention [i.e., f(k')], selectivity and
separation efficiencies (see eqn. 11). With OG
borate surfactant, the selectivity for the neutral
solutes under investigation did not vary to any
significant extent by changing the surfactant con
centration, borate concentration or pH of the run
ning electrolyte. Although, separation efficiencies
can be increased with increasing OG concentration
(see above), which in turn would increase resolution,
there is a limit beyond which increasing the amount
of surfactant would cause the contribution of f(k')
for resolution to decline. Fig. 13 displays the depen
dence of f(k') on surfactant concentration under
conditions of relatively constant retention window,
i.e., constant to/tmc ' The optimum surfactant con
centrations at which maximum f(k') values are
obtained decreased with increasing k'. For a pair of
solutes having an average retention as high as that of
prometryne, the optimum surfactant concentration
is low, whereas, for a pair ofsolutes whose average k'
is similar to that of nitrobenzene, the optimum
surfactant concentration corresponding to the maxi
mum f(k') is located at higher values. This means
that for a multicomponent mixture, the optimiza
tion of resolution for the various pairs of solutes
cannot be effectively achieved through k', i.e.,
surfactant concentration. High surfactant concen
trations are unfavorable for good resolution, be
cause f(k') will drop considerably.

However, one of the unique characteristics of the
OG-borate micelles is that the retention window can
be adjusted over a certain range to any desired level
without affecting k', by keeping the surfactant
concentration constant while varying borate con
centration or pH of the running electrolyte. Under
these conditions, the contribution of f(k') to resolu
tion can be increased through increasing the reten
tion window. To illustrate the dependence off(k') on
the elution range parameter at constant k', f(k') of a
pair of solute having similar retention behavior to
the model solute prometon was plotted against the
ratio to/tmc , for several different studies of borate
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CONCLUSIONS

ACKNOWLEDGEMENTS

MECCwithoctylglucoside-boratemicellarphases
has shown promise for the determination of neutral
organics at low level. The new MECC method with
micelles of adjustable surface charge density offered
tunable retention window by simply altering some of
the operational parameters, and thus allowed the
manipulation of peak capacity and resolution of the
system. Very high theoretical plate numbers were
obtained, and consequently the detection limits were
quite promising with a UV detector. In addition, due
to the balanced hydrophile-lipophile character of
the surfactant, the OG-borate micellar phase exhib
ited decreased retention toward hydrophobic solute
and promoted more equitable distribution of rela
tively polar compounds, e.g., nitrobenzene.
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Fig. 14. Dependence of f(k',lo/l mo) versus the elution range
parameter, lo/lmo' Solute, prometon. Values were obtained at
different borate concentration and pH but at constant OG con
centration (50 mM). 0 = Various borate concentrations, pH 10;
/'c, = various borate concentrations, pH 9.0; 0 = 400mMborate
at various pH.

concentration and pH of the running electrolyte, see
Fig. 14. In all cases, average k' values were used for
the calculation of f(k') over the range in which the
retention factors of the solutes were almost constant
regardless of the change in borate concentration or
pH. As the retention window increased, i.e., to/tme

decreased, the f(k') contribution to resolution in
creased (see Fig. 14). Thus, with OG-borate micelles
a suitable compromise between analysis time and
resolution can be readily reached by first selecting a
moderate surfactant concentration and subsequent
ly either increase or decrease tme by varying the pH
or the borate concentration of the running electro
lyte while k' remains practically unchanged.

Limit of detection
The limits of detection of herbicides obtained in

this study are listed in Table III. The data were
determined by injecting several dilutions of a rela
tively concentrated standard mixture using an elec
trolyte of 200 mM borate containing 40 mM OG,
pH 10. The concentration limits correspond to a
signal-to-noise ratio of 3. The detection limits show
that as low as few 'micromolar in terms ofconcentra
tion or a few picograms in terms of absolute mass of
solute injected can be determined. The amounts
injected were calculated using eqn. 14.
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Sample self-stacking in zone electrophoresis

Theoretical description of the zone electrophoretic
separation of minor compounds in the presence of bulk
amounts of a sample component with high mobility and
like charge
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Wolfgang Thormann
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Petr Bocek
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ABSTRACT

A theoretical description of the sample self-stacking effect in zone electrophoresis is given. This effect applies to samples that contain
a high concentration of an ionic component with high mobility and like charge. After current application, the sample components are
stacked at the rear of the zone of the major component by an isotachophoretic mechanism. Later, the sample substances gradually
destack in order of increasing mobility and continue to migrate and separate by the normal mechanism of zone electrophoresis. Simple
relationships are derived for model systems allowing an explicit description of the properties of such systems and the zone parameters
such as detection time, variance and resolution. The reliability of the model presented is verified and illustrated by computer simulation
of selected examples. It is shown that the described sample self-stacking effect provides at least the same concentrating power as is
obtained with conventional zone electrophoretic sample stacking.

INTRODUCTION

In principle, zone electrophoresis is a dispersive
technique. Once introduced into the column and
migrating in the background electrolyte (BGE), the
sample zone broadens by diffusion and other dis-

Correspondence to: Dr. P. Gebauer, Institute of Analytical
Chemistry, Czechoslovak Academy of Sciences, Vevefi 97,
CS-611 42 Brno, Czechoslovakia.

persive effects. One of the most important problems
with this technique is therefore the question of how
to make the starting sample peak as sharp as
possible to get narrow and well separated peaks into
the detector. There are various approaches that are
employed to achieve this aim. In the sample stacking
technique [1,2], a large zone of diluted sample
(sample dissolved in water or diluted BGE) is
introduced into the column by hydrodynamic flow.
During the electrophoresis run, the sample compo-

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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nents are concentrated when passing the sample/
BGE interface and the size of the sample zone is thus
considerably reduced. The field amplification tech
nique [3] is based on the same principle, the differ
ence being that the diluted sample solution is applied
by the effect of an electric field. When a suitable slow
ion is added to the sample, its stacking by an
isotachophoretic mechanism temporally proceeds
[4]. A very effective tool is the on-line combination
of isotachophoresis and capillary zone electro
phoresis [5-8]. In the first (isotachophoretic) step,
concentration of the sample components into nar
row, consecutive zones is achieved. These zones are
introduced in the second step into a zone electro
phoretic system where they are separated. This
technique, however, requires special instrumenta
tion and cannot be run on commercial instruments
for capillary zone electrophoresis.

An important factor affecting zone electropho
retic separation is the composition of the sample
solution; this was demonstrated by computer simu
lation [9,10]. Problems may occur when analysing
samples that contain one component in large excess.
A typical example is body fluid involving large
amounts ofsodium and chloride ions. When looking
for components that are present in minor concentra
tions only, further dilution of the sample for using
the above-mentioned techniques may not be advan
tageous and will not bring an improvement. Fortu
nately, the ion that is in excess usually has a high
mobility. As was shown previously [11-13], this
causes a temporal stacking of the minor sample
components at the rear of the sample zone, thus
permitting their separation as narrow zones. It is the
aim of this paper to present a simple theoretical
description of this type of system. The reliability of
the model presented is verified and illustrated by
computer simulation.

THEORETICAL

For the theoretical treatment of the present
problem, a very simple zone electrophoretic system
had to be selected as a model to be able to provide a
sufficiently explicit description. The background
electrolyte consists of a solution of anion B- of a
strong acid HB and ofcation RH + ofa weak base R.
The BGE is considered to be in the buffering
optimum of the weak base where CR = 2CRH = 2cn

P. Gebauer ef al. / J. Chromafogr. 608 (1992) 47-57

(C is the total and c the ionic concentration). The
investigated sample contains a major concentration
of a fast anion A - of a strong acid HA and minor
concentrations of anions X - and Y - of strong acids
HX and HY, respectively, which are negligible when
compared with the concentration of the major
component. The concentrations of the minor sample
components are assumed to be negligible even when
being concentrated and stacked during the electro
phoretic separation process. The sample solution is
assumed to have the same pH as the background
electrolyte (although this changes during the electro
phoresis, the maximum pH deviation will not be
greater than 0.2 pH units). As all investigated
sample components are strong anions, the influence
ofsmall pH differences on their migration behaviour
can be neglected. By this approach the changes in the
concentrations of both H+ and R along the column
are neglected. Moreover, the pH is assumed to lie
within the neutral region where the contribution of
H+ to conductivity can also be neglected.

We further assume that we have a hydrodynam
ically closed capillary system with absence of hydro
dynamic and electroosmotic flow, and are operating
with constant electric current. The amount of sam
ple substance A introduced is so high that, under the
given operating conditions, electromigration is the
major dispersion effect and other than diffusional
dispersions can be neglected anywhere except the
regions of self-sharpening boundaries. The mobili
ties of the anionic species are selected so that UA >
Ux > Uy > UB' This is an important prerequisite for
proper functioning of the discussed type of systems:
the major sample component must have the highest
mobility to act as the stacking leader and the
background co-ion must have the lowest mobility to
act as the stacking terminator.

Migration of the major sample component
Before discussing the behaviour of the minor

sample components in the given system, the charac
teristics of the evolution of the concentration profile
of the major sample substance A must be briefly
given. We assume that the sample is introduced
hydrodynamically into the (one-dimensional) col
umn as a rectangular concentration pulse (see
Fig. la). The BGE and the sample are denoted
zones 1 and 3, respectively. Let us put the origin of
the x-axis (x = 0) into the right boundary between
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zone: 3 '
sample: '--A----i
BGE: B-~

OAI-dl---__
(1)

where Ci,] is the concentration of ion iin zone}, mi =
(Ui + UR)/Ui and Ui is the electrophoretic mobility of
ion i.

The content of the sampling compartment is
displaced by the BGE adjusted to the parameters of
zone 3 (zone 4) and at the positions of the original
sample boundaries (1-3 and 3-1), the stationary
concentration boundaries 1-4 and 4--1 are found.
During the process when the sample zone migrates
out of the sampling compartment, its rear boundary
remains sharp (boundary 4--3 between the sample
zone 3 and the BGE zone 4 adjusted to its param
eters); it moves with the velocity

substance A is denoted zone 2 (see Fig. Ib) and its
readjusted concentration is given by

x

B-

o

-Is 0

(2)

4 21
-'-.--,A------;. .

where i is the electric current density and K3, e.g., is
the specific conductivity of the sample solution given
by

K3 = F CA,3(UA + UR) (3)

where Fis the Faraday constant. The rear boundary
of the sample zone reaches the point x = 0 at the
time

It then continues to migrate as a sharp boundary
but now between zones 1 and 2 (boundary 12, see
Fig. 1b) with the velocity

The time- and coordinate-dependent parameters
of the transition zone 21 can be obtained by solving
the set of partial differential equations (continuity
equations valid for the three substances A, Band R).

Whereas the rear boundary of zone 2 migrates
as an isotachophoretic (sharp) boundary, no self
sharpening effect will apply at its front. Here the
originally rectangular concentration profile spreads
into a more and more diffuse transition zone
(zone 21, see Fig. 1b). The velocities of its front and
rear edges correspond to velocities of single ions A 
and B - in zones 1 and 2, respectively:

(6)

(7)

(4)

(5)

VA,l = i UA/Kl

VB,Z = i UB/Kz

Fig. I. Scheme of migration of a zone of anion A - in the
background electrolyte R +A - at three different values ofelectro
phoresis time. (a) lnitial state showing the position and designa
tion of the zones (above) and concentration profile of the zone of
A - , being here a rectangular pulse of length Is. (b) Situation after
the entire zone of A - has migrated through the point x = 0; the
concentration profile consists of two distinguished parts, viz., a
rectangular (isotachophoretic) one and a descending (transition
or diffuse) one. (c) Situation where the zone of A-is represented
only by the diffuse descending concentration profile.

the sample zone and the background electrolyte
(boundary 3-1), i.e., at the beginning ofthe separa
tion compartment. Let Is be the length of the original
sample zone (length of the sampling compartment,
see Fig. la).

When now passing' electric current through the
system so that anions move to the right, the zone of
substance A migrates through the boundary 3-1 and
readjusts its concentration isotachophoretically [14]
to the conditions of zone I. The so-formed zone of
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The solution of such a system for three fully ionized
species was given by Weber [15](see also ref. 16). The
present system brings a new aspect in that the
counter-substance is a weak base. Fortunately, we
may take advantage of the rule [17] that the total
concentration of neutral particles remains constant
with time; for the present system it holds in the form
OCR/at = O. Therefore, the continuity equation for
the counter-substance can be written in the same
form as for a fully ionized species and the set of
continuity equations may be solved in the same way
as referred to above.

For the descending concentration profile of sub
stance A in zone 21 (see Fig. lb), e.g., it holds that

21. The migration velocity of this boundary is a
function of time [16] and may be written as

(13)

where the subscript z relates to the parameters of
zone 21 at its rear boundary 1-21. By expressing K z

from eqn. 9, we obtain the differential equation

dxz/dt = (VA,l xz/t)t (14)

Integration (starting at Xd and td) provides the
position of boundary 1-21 at any time t> td :

(15)

Note that all the time of its existence zone 2 has
kept its isotachophoretic character and did not
contain any amount of the background substance B
(see Fig. 1b). The respective time ofdisappearance of
zone 2 is then

and for the conductivity we obtain

KZ1 = F[CA,Zl(UA + UR) + CB,Zl(UB + UR)] =

K1(VA,l t/x)! (9)

The velocity of the rear boundary of zone 2 is
higher than that of the rear edge of the transition
zone 21, V1-Z > VB,Z; the boundary 1-2 and the edge
2-21 meet at the point Xd' The following balance
holds:

Migration of a minor component
Let us now consider the same situation and system

as described in the previous section with the one
exception that the sample zone (zone 3) contains
additionally a minor amount of the substance X
(Fig. 2a). After application of electric current, both
anions A - and B- behave in the same way as
described in the previous section and only the
presence of anion X - makes a difference. An own
(isotachophoretic) zone of X- starts to be formed
between the zones of A - (zone 3 or 2 from Fig. 1,
now including the minor content of X -) and of B
(zone 4 or 1 from Fig. 1). Let us describe the
situation at a time point corresponding to Fig. 1b
where the whole sample has left the sampling
compartment. As is depicted in Fig. 2b, the ions of
X- leave zone 2 of the major sample substance A
both via its rear boundary (to be stacked here, as it
holds that both Vx,z < VA,Z and VX,l > VB,l) and via
its front edge (to penetrate into the diffuse part of the
A - zone, as it holds that Vx,z > VB,Z)'

The stacking process proceeds by the isotacho
phoretic mechanism. As the isotachophoretic
steady-state concentration of X - in its own zone is
independent of its concentration in the sample zone,
it may be higher than the latter by many orders of
magnitude [14]. This indicates an effective concen
trating potential that applies even in our case when
the substance X is present in such a minor amount
that the sample zone does not reach the adjusted
concentration plateau and, instead, forms only a
small concentration peak behind the zone of A
(Fig. 2b).

(8)

(11)

(10)Xd/VB,Z = to + Xd/ V1_Z

from which we obtain

td = Xd/VB,Z = Is K3/i (UA - UB) (12)

Starting at this time point, the sample zone (zone
of anion A -) is formed only by the descending
concentration profile as shown in Fig. Ie. Note that
now the sample zone is completely mixed, i.e.,
substance A migrates completely on the background
of anion B-. Whereas the front edge of this zone 21
migrates still with constant velocity given by eqn. 6,
its rear edge now consists of the sharp boundary 1-
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By expressing K21 by analogy with, e.g., eqn. 9, we
obtain after rearrangement

;------;
o

0.001 cA ..

Cx -

x

VX,m = i Ux!K21(X!t) = x!t

i Ux Ux
VX,m=--

K1 UA

(16)

(17)

After zone 2 has disappeared from the system (i.e.,
at time points t > td , see eqn. 12), the process of
separation of X from A continues but X- now
migrates out of zone 21 and is stacked at the 1-21
boundary (Fig. 2c). Note that the zone system still
migrates in stack as both the 1-21 boundary keeps
its self-sharpening properties and the migration
velocity of X- in (the rear) zone 1 given by

is still higher than the migration velocity of the
boundary itself (VX,1 > v z ). Ofcourse, this boundary
stack continuously speeds up with time as Vz in
creases (see eqn. 13).

The time point is now of interest when the sample
zone leaves the stack. As is shown below, at this time
point the migration velocity of X- in zone 1 (VX,1'

eqn. 18) reaches the value of the migration velocity
of the boundary itself (vz , eqn. 13) and, simulta
neously, the last traces of X - migrate out of the
transition zone 21. The time tX,e of equal migration
velocities, VX,1 = vz , can be obtained from eqn. 18
and 14 after substitution using eqns. 5-7, 12 and 15
and rearrangement:

(UA - UB)2
tx,e = t d • ()2 (19)

UA - Ux

which shows that the values of XX,e and tX,e also
express the position of the front edge of X- in
zone 21 (see eqn. 12). In other words, the last ions of

At that time, the rear boundary ofzone 21 is at the
point XX,e that is determined by eqn. 15 (with X z =

XX,e and t = tx,e):

By substitution and rearrangement using eqns. 19,
12,5-7 and 17, we obtain the expression

(UA - UB)2 ui
XX,e = t d VA,1 . ( )2 . "2 = tX,e VX,m (21)

UA - Ux UA

x-

l·-----....., ---'''---------

Fig. 2. Scheme of migration of a sample zone containing a major
amount ofa fast anion A - and a minor amount of a slower anion
X-. (a) Initial state. (b) Starting phase of separation of both
anions; in addition to the rectangular (isotachophoretic) part of
the pattern where the concentration ratio still corresponds to the
initial state, concentration (stacking) proceeds at the rear of the
zone of A-and, additionally, some penetration of X- into the
diffuse part of the zone of A-is seen. (c) Situation where the
stacking of X- at the rear boundary of the A-zone is almost
complete; the amount of residual X - in the diffuse A - zone is
already very small. (d) Complete separation and start of diffu
sional broadening of zone X.

The' concentration of X- having migrated for
ward into zone 21 is negligible in comparison with
those of A - and B-; its migration behaviour is thus
controlled by the parameters of zone 21 only as
described in the previous section. Obviously X
cannot reach the front edge of zone 21 as Ux < UA;

instead, it forms its own descending concentration
profile with its own edge. As each point of zone 21
migrates with a constant velocity (in the present
instance directly equal to x!t) [15,16], the migration
velocity of the front edge of the X - profile, VX,m,

must also be constant. The x!t point of zone 21 that
corresponds to this velocity can be found from the
equality

VX,1 = i Ux!K1

xL = (VA,1 tx,e)t - xJ . _U:.:A_-_U:::.B
UB

(18)

(20)
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Rearrangement using eqns. 18, 19 and 21 results
III

substance X leave zone 21 just at the moment when
the zones of X- and A-lose their immediate
contact, i.e., the zone of substance X- starts to
migrate out of the stack.

After the zone of substance X leaves the stack, it
migrates in a normal zone electrophoretic mode in
the BGE (in zone 1) (see Fig. 2d). Its position at a
time point t > tX •e is given by the balance

The first term in this equation represents the ex
pression for the normal zone electrophoretic mode
ofmigration. The second term expresses the delay of
zone X in the present system (when compared with
normal zone electrophoresis) caused by the fact that
the zone of substance X migrates a certain time in
stack, i.e., slower than corresponds to its zone
electrophoretic velocity, VX,l' Note that both td and
tX,e are directly proportional to CA,3 (see eqns. 12, 3
and 19).

For expressing the zone variance we assume that
diffusion is the only dispersion effect that applies.
While migrating in stack, the zone of X is very sharp

This equation consists of three terms of which the
first, 2Dxxr/vx, 1, expresses the variance the zone
would have when undergoing normal zone electro
phoresis. The variance in the present instance is
lower because the diffusional peak broadening does
not proceed as long; this is expressed by the third
term. On the other hand, some variance is contrib
uted by the concentration peak not being infinitely
sharp when migrating out of the stack (second term
in eqn. 26). We may expect that uL is much smaller
than Ul., i.e., that the minor sample component
undergoes efficient concentrating/stacking at the
rear boundary of the zone of the major sample
component. In such a case the resulting peak
variance is smaller than in normal zone electro
phoresis. Eqn. 26 also implies one important fact,
viz., owing to the mentioned stacking effect, the
resulting variance ofa sample zone is independent of
the injection conditions.

:l~ diffusional broadening is effectively suppressed
by electromigrational (isotachophoretic) sharpening.
After leaving the stack, i.e., at times t > tX,e, normal
diffusional broadening of zone X proceeds. The
total variance of this zone at the detection time tr is
then

u~,r = u~,e + 2Dx (tX,r - tx,e) (25)

where u~,e is the zone variance at time tX,e' Substitu
tion from eqn. 24 and rearrangement give

Separation and resolution of a pair of minor sample
components

The above considerations may now be used to
describe the case that is of analytical interest, viz.,
the separation and resolution of a pair of minor
sample components, say substances X and Y. If we
assume that the separation from the major compo
nent (component A) and the zone migration of each
minor sample component proceed independently of
each other, we can directly use the results in the
previous section.

The resulting distance of two separated sample
peaks can be expressed as the difference in detection
times; from eqn. 24 we obtain directly

2 X r 2 Ux
UX,r = 2Dx . - + UX,e - 2Dx tX,e . - (26)

VX,l UA

(22)

(23)

(24)
X r UA - Ux

=-+ tX,e' ---
VX,l UA

XX,t = XX,e + (t - tx,e)Vx,l

Detection time and variance of the zone of a minor
component

On the basis of the above considerations, we are
able to give explicit expressions of the zone param
eters that are important for analytical practice. We
assume that the detection of the zone of the minor
sample component X proceeds after it has left the
stack, i.e., at times t > tX,e' As will be shown below
(see Results and Discussion), this approximation is
justified.

For a detector placed at point x., we obtain for the
detection (elution) time of zone X from eqn. 23
directly

X r (UA - UB)2
tx r = - + td • ---'--------'----

'VX,l (UA - UX)UA
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EXPERIMENTAL

When compared with normal zone electropho
resis, the resolution here is decreased by the nomina
tor and increased by the denominator (see the
comments on eqns. 27 and 26, respectively).
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RESULTS AND DISCUSSION

Ee1.0 .---------.--------,

0.00 0.00
0.0 2.5 5.0

COLUMN LENGTH (em)

Fig. 3. Computer simulation of zone electrophoretic migration of
a minor amount of strong anion X- (ux = 45.10- 9 m2 V-I S-2)

in the presence of a major amount of a strong and fast anion A -.
The lower panel shows the simulated concentration profiles of
both components after 0, I, 2, 3 and 4 min ofelectrophoresis time
(see the numbers on the right; the concentration scale of each
following time point is shifted upwards using an offset of
0.25 mM). The upper panel shows pH and conductivity profiles
along the column for the last time point (4 min). Simulation was
performed for an 8-cm long column with 200 segments; the initial
sample pulse length was 0.32 em.

0.0 L- --'- ---'

CA,3 = 0.1 M; the concentrations ofall minor sample
components in the sample zone were I . 10- 4 M and
the concentration of the counter component was
0.2 M. The electric current density was kept constant
at 2000 A m- 2 in all simulations.

To illustrate the theoretical considerations pre
sented, computer simulations ofmodel systems were
performed. Although the conclusions in the Theo
retical section are valid for the separations of both
anions and cations, all the simulations performed

(27)

(29)

(28)

Ux - Uy

The resolution is thus

R _ ,1tx ,y,r
X,Y - 2 (t t)

CTX,r + CTY,r

(UA - UX)(UA - Uy)

where PX,y = (ux - Uy)/Uy is the selectivity between
X and Y. The first term corresponds to the case of
normal zone electrophoresis. The second term repre
sents the decrease in the detection times difference of
the present case when compared with simple zone
electrophoresis; the reason is the same as for the
increase in detection time in eqn. 24.

The time-based variance of the peak of compo
nent i passing through the detector may be approxi
mated by

Computer simulations were performed using the
model by Bier et al. [18] and Mosher et al. [10] in the
form of a PC-adapted software package. The soft
ware was run on a Mandax AT 286 computer (Pana
tronic, Zurich, Switzerland) featuring a mathemati
cal coprocessor, a 40 Mbyte hard disk and I Mbyte
of RAM memory. The simulation results were
imported into SigmaPlot Scientific Graphing Soft
ware version 4.01 (Jandel Scientific, Corte Madera,
CA, USA) and the plots were printed on an
HP Laserjet nIP printer (Hewlett-Packard, Widen,
Switzerland).

For all simulations, the sa,me model system was
taken with the ionic mobility values UA = 8 .
10- 8 m 2 y-1 s-1, UB = 3 . 10- 8 m2 y-1 S-l and
URH = 4 . 10- 8 m2 y-1 S-l. The dissociation
constant of the counter-species was taken as pKa =

6. The concentration of the background electrolyte
of like charge was CIl,l = 0.1 M and the concentra
tion of the major sample ion in the sample zone was
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are related to anionic separations. Fig. 3 shows
typical simulation data of a simple model system
with the major sample anion and one minor sample
component. The depicted evolution of the concen
tration profiles clearly shows both the concentration
and stacking of the minor component at the rear
boundary of the zone of the major component (see
profile at I-min electrophoresis time) and the subse
quent migration of the minor component zone out
of the stack and its gradual broadening. For this
example, the time of the beginning of destacking
calculated fromt~qn. 19 is 1.3 min. This result
compares favourably with that obtained by com
puter simulation. The pH and conductivity data
presented in the top panel of Fig. 3 (last time point
only) depict that the major component strongly
influences the local conductivity and pH. This is not
the case for the minor component. These findings
are in complete agreement with previous computer
simulations [10,19]. Nevertheless, the pH deviation
does not exceed ca. 0.2 units, showing that the
presumption made in the Theoretical section were
justified.

Fig. 4 makes use of a similar simulation run with
one minor sample component and gives details on
the process of zone broadening. After sharpening
(first 30 s) the zone variance is very low and remains
almost constant. It starts to increase shortly before
the electrophoresis time approaches the value of tX,e

(2.4 min, calculated from eqn. 19). As expected, the
zone variance shows a perfect linear dependence on
time at times higher than 2.4 min (see eqn. 25 and the
marked values of <TL, <T~,e, tx,r and tx,e)'

In order to obtain a better insight into the
discussed type of systems, some numerical calcula
tions were performed for the given model system and
for a pair of minor sample components. For a
0.3-cm long sample pulse with the concentration of
the major component being CA,3 = 100 mol m - 3, we
obtain the parameters of the system, viz., the time
when the sample completely leaves the sampling
compartment to = 22.5 s (eqn. 4), the isotacho
phoretic velocity of the self-sharpening boundary
stack, Vl-2 = 0.86 . 10-4 m S-l (eqn. 5), the
velocities of the front and rear edges of the transient
zone21, VA,l = 2.29· 1O- 4 ms- 1 (eqn. 6) and VB,2 =
0.32 . 10- 4 m S-l (eqn. 6), respectively, and the
specific conductivity of the background electrolyte,
K1 = 0.7 S m -1 (see eqn. 3). Note the great
difference between the velocities of both edges of

TABLE I

NUMERICAL YALUES OF ZONE PARAMETERS OF SEP
ARATION OF A PAIR OF MINOR SAMPLE COMPO
NENTS X- AND Y- (ux = 45· 10- 9 m2 y- I S-2, Uy = 40·
10- 9 m2 y-I S-2) AND THEIR DEPENDENCE ON THE
CONCENTRAnON OF THE MAJOR SAMPLE COMPO
NENT

'.0 ,...--,.----,---,..---,----,

The sample pulse length was 0.3 cm and the detector was
positioned at x = 10 cm. The current density was 2000 A m -I.

0 50 100 200

K3 (S mol) 0.00165 0.6 1.2 2.4
td (eqn. 12) (s) 18.1 36.2 72.3
XX.e (eqn. 21) (cm) 0.27 0.53 1.07
xY.e (eqn. 21) (cm) 0.16 0.32 0.65
tX•e (eqn. 19) (s) 36.9 73.8 147.6
tY •e (eqn. 19) (s) 28.3 56.5 113.0
tx., (eqn. 24) (s) 778 794 810 842
ty., (eqn. 24) (s) 875 889 903 932
Lltx.y" (eqn. 27) (s) 97 95 93 90
(J~., (eqn. 26)" (mm 2

) 1.70 1.71 1.67 1.59
(J~" (eqn. 26)" (mm 2

) 1.70 1.73 1.70 1.65
t(J~., (eqn. 28) (s) 10.14 10.17 10.05 9.81
t(J~" (eqn. 28) (s) 11.44 11.51 11.41 11.24
Rx.y (eqn. 29) 2.25 2.19 2.17 2.14

" D; = RTudF; (J~,e = (J~.e = 0,05 mm2
.

Parameter

0.0 '--_-'-_-"-_-'-_----1_----'

o 2 lx,e :3 4 IX,r 5

TIME (min)

Fig. 4. Simulated dependence of the variance of the concentration
profile of zone X (ux = 55 . 10- 9 m2 y-I S-2) on time.
Simulation was performed for a 10-cm long column with 400
segments; the initial sample pulse length was 0.3 cm. The variance
was evaluated from the peak width at half-height (W) of the
plotted simulation results using the equation (J2 = W 2/5.545. For
explanation, see text.
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zone 21, which indicates the fast growing and
flattening of the concentration profile of A - .
Further numerical data including those calculated
for the minor sample components X- and Y- (ux =
45.10- 9 m 2 V-I S-2, Uy = 40.10- 9 m 2 V-I S-2)

are given in Table I. As can be seen, the time points
of leaving the stack, [i,e, are low for both compo
nents when compared with the final detection times
li,r for the present length of the sample pulse.
Nevertheless, they differ substantially (see the
dependence on mobility, Ux or Uy, in eqn. 19). For
li,e > li,n the sample zone would pass through the
detector still in the stack. However, only very high
concentrations of A- in the sample would lead to
such an increase in the li,e values, e.g., for X- in
Table I, the critical value of CA,3 is as high as 1,88 M.

Interesting conclusions may be drawn from Table I
by comparing the data for various concentrations of
the major sample anion and especially for the case
with CA.3 = 0 (the sample solution contains only the

minor sample components). It is seen that the
presence of A - in the sample substantially changes
(increases) the detection times of both components;
this is given by the dependence of li,e on ld (see
eqn. 19). The difference in the detection times ofX
and Y-, however, remains nearly constant, decreas
ing only slightly with increasing CA,3' As far as zone
broadening is concerned, Table I shows that for the
case presented there is no substantial difference in
zone variance between the case with and without A 
in the sample. The final resolution decreases slightly
with increasing concentration of the major sample
component.

It can be concluded from the data presented in
Table I that the systems with sample self-stacking
provide a similar separation power for minor sample
components compared with the samples containing
only these minor sample components. The analysis
times are slightly increased in the presence ofa major
compound of like charge. This is illustrated with the
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Fig. 5. Computer-simulated dynamics of the concentration profiles during the separation of two strong anions X - imd Y - (ux = 40 .
10- 9 m2 V-I S-2, Uy = 35.10- 9 m2 V-I S-2). The sample contained X- and Y- (1 . 10- 4 M each) with (a) addition ofa 0.002 M
concentration of the background electrolyte anion B-, (b) addition ofa 0.1 M concentration ofanion A - (the profile ofA-is shown by
the dashed line) and (c) addition ofa 0.1 M concentration of the background electrolyte anion B-. The electrophoresis time in minutes of
each profile is shown by the numbers on the right. The three upper panels show the conductivity profiles along the separation column at
the first (solid line) and last (broken line) time point of each simulation; the numbers indicate the respective electrophoresis time in
minutes. Simulation was performed for a 2-cm long column with 200 segments; the initial sample pulse length was 0.3 cm.
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15min

Fig. 6. Computer-simulated dynamics of the zone electrophoretic
separation of four strong anions with mobilities 35 . 10- 9,45 .
10- 9,55.10- 9 and 65 .10- 9 m2 V-I S-2 in the presence of a
major amount of a strong and fast anion A-. The initial
concentration of all minor sample components was I . 10- 4 M.
The concentration profiles of all four components and of anion
A - (dashed line) are shown at I, 3, 5, 10 and 15 min of
electrophoresis time (see the numbers on the right). Simulation
was performed for a 20-cm long column with 400 segments; the
initial sample pulse length was 0.3 em.

simulation data depicted in Fig. 5. Fig. 5a shows the
situation with the sample solution containing the
two minor components accompanied by a minute
concentration of background electrolyte. Here, the
sample stacking effect applies (see Introduction)
owing to the very low conductivity of the sample
solution (see top panel of Fig. 5a). Effective
sharpening of the sample zones is seen at the
beginning of the analysis. Fig. 5b illustrates the case
where the sample shows the self-stacking effect
produced by the presence of A -. Although the
conductivity of the sample solution is even higher
than that of the BGE (see top panel of Fig. 5b),
effective sharpening of both zones of the separated
components is seen at the rear of the zone of the
major component. Comparison of Fig. 5a and b
reveals that the sample self-stacking mechanism has
approximately the same effect as normal sample
stacking. For comparison, Fig. 5c shows the case
when the sample is dissolved in the background
electrolyte. The conductivities of the sample solu
tion and of the BGE are the same and there is no

mechanism to sharpen the zones. Flat zone patterns
and poor resolution are the result.

Fig. 6 illustrates the self-sharpening effect in
multi-component samples by showing the simula
tion result for a sample with four minor substances
and one major component of like charge. As can be
seen, the very narrow zone stack spreads gradually
into four individual peaks. The time point at which
the sample components begin to migrate out ofstack
is given by the mobility of the respective substance;
for the anions with mobilities 35 . 10- 9,45. 10- 9 ,

55.10- 9 and 65· 10- 9 m2 V-I s- 2, eqn. 19 provides
destacking times of 0.7, 1.2, 2.4 and 6.7 min,
respectively. At t = 5 min, for example, three of the
four zones are already destacked and broadening;
only the fastest component with the highest mobility
remains in the stack, as is demonstrated by its
narrower shape.

CONCLUSION

The sample self-stacking effect belongs to the
sampling techniques which provide electromigrative
concentration of minor sample components into
narrow zones. The concentration power of this
technique is about the same as with, e.g., normal
sample stacking, but the application range is differ
ent. The sample self-stacking applies to minor
components in samples containing a bulk amount of
a high-mobility ion of like charge. A necessary
condition is that the mobility of the background
co-ion is lower than the mobilities of all the sample
components so that it can act as a terminator of the
stacking process. The process of sample self-stack
ing can be described by simple relationships describ
ing the timing of the particular steps of the process,
viz., readjustment of the sample concentrations to
the parameters of the background electrolyte, iso
tachophoretic stacking of the minor sample compo
nents at the rear boundary of the major component
zone and destacking followed by normal zone
electrophoretic migration. The numerical values
compare well with data obtained by computer
simulation. Interestingly, the final resolution does
not show a pronounced dependence on either elec
tric current density or initial concentration of the
major component in the sample. This concentration,
however, significantly affects the conductivity of the
sample solution and thus the Joule heating in the
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sampling compartment. Addition of a fast anion to
dilute solutions of thermolabile samples may there
fore prevent their thermal degradation, which is a
real problem when using normal sample stacking
[20]. The concentration of the major component in
the sample significantly affects the elution times of
the individual minor components. As these differ
ences represent typically tens of percent, qualitative
evaluations of electropherograms must be per
formed with great care in all instances where sample
self-stacking may apply. The equations presented
may be easily modified to describe cationic separa
tions and systems with electroosmotic flow.
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Effects of carrier electrolyte composition on separation
selectivity in capillary zone electrophoresis of low
molecular-mass anions
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ABSTRACT

A systematic investigation was carried out on the influence of carrier electrolyte composition on separation selectivity in capillary
zone electrophoresis of inorganic anions. Chromate, chloride, sulphate or nitrate was used as the carrier electrolyte, each containing a
quaternary ammonium salt to reverse the electro-osmotic flow. The concentration and nature of the carrier electrolyte salt affected the
separation order only to a minor degree. Much more pronounced effects could be achieved by adding organic solvents to the carrier
electrolyte or by using different quaternary ammonium salts. Chemical modification of the inner wall of the fused-silica capillary did not
affect the migration order significantly. There is no indication ofretention by effects similar to ion-interaction chromatography as long
as capillaries with an inner diameter of 75 p.ID are used. Nevertheless, such effects might play an important role for capillaries with
diameters of 10 /lm or less.

INTRODUCTION

Recently, capillary zone electrophoresis (CZE)
has been demonstrated to be a useful technique for
high-efficiency separations of inorganic anions
[1-4]. A typical carrier electrolyte consists of sodi
um chromate containing a reagent to reverse the
electro-osmotic flow (EOF). Anions are separated
according to their mobility under the influence of an
applied potential of 10-30 kV. Detection can be
achieved by indirect UV absorption. Under these
conditions, high-efficiency separations of anions are
possible with plate numbers greater than 300000
per metre. For certain samples CZE might be a bet
ter technique than ion chromatography (IC), which

Correspondence to: Dr. W. Buchberger, Department of Analyt
ical Chemistry, Johannes-Kepler-University, A-4040 Linz, Aus
tria.

is now well established for the analysis of ionic spe
cies.

Unlike IC, little information is available on the
parameters affecting separation selectivity in CZE
oflow-molecular-mass anions. Jones and Jandik [3]
have reported small selectivity changes by varying
the concentration of chromate or of the EOF mod
ifier. Further data would make the optimization of
CZE separations much easier, but unfortunately
these data are still awaited. This paper reports a
more systematic investigation into separation selec
tivity in CZE. Different EOF modifiers as well as
different carrier electrolytes were tested. Totally
aqueous electrolytes, but also mixtures with organic
solvents, including methanol, acetonitrile, acetone,
tetrahydrofuran and ethylene glycol, were used.
Furthermore, the applicability of capillaries with
hydrophobic phases bonded to fused silica was in
vestigated.

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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EXPERIMENTAL 5

Fig. 1. Separation of a standard mixture of inorganic anions
using standard conditions (see text). Peaks: 1 = thiosulphate;
2 = bromide; 3 = chloride; 4 = iodide; 5 = sulphate; 6 =
nitrite; 7 = nitrate; 8 = chlorate; 9 = thiocyanate; 10 = fluo
ride. Indirect UV detection at 254 nm.

and was carried out with chromate as the carrier
electrolyte and a proprietary EOF modifier. Our
own experiments started with a carrier electrolyte of
5 mM chromate and 0.5 mM tetradecyltrimethyl
ammonium bromide. This quaternary ammonium
salt was introduced by Altria and Simpson [5,6] for
reversing the EOF in the capillary. The separation
was carried out at a voltage of20 kV, resulting in an
electric current of approximately 20 /lAo Through
out this paper these conditions will be referred to as
standard conditions. A typical electropherogram
obtained under standard conditions is given in Fig.
1.

Varying the chromate concentration within a
range from 1 to 7 mM influenced the separation
only to a minor degree since the migration order of
only iodide, sulphate and nitrite was affected. By
decreasing the chromate concentration, the order
gradually changed to sulphate/nitrite/iodide,
whereas by increasing the concentration the migra
tion order became iodide/sulphate + nitrite (co-mi
grating).

When the EOF modifier concentration was var
ied over the range 0.2-0.8 mM, the separation was
affected only with respect to the migration order of
iodide, sulphate an nitrite. Decreasing the concen
tration resulted in a migration order iodide/sul
phate + nitrite (co-migrating), whilst increasing the
concentration led to a migration order sulphate/ni
trite/iodide. More pronounced effects have been re
ported by Jones and Jandik [3] by varying their pro
prietary EOF modifier up to 5 mM. This concentra
tion range was not investigated in this work.

migration time (min)
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Concentration effects
For investigating selectivity effects in CZE, a test

mixture containing ten anions (thiosulphate, bro
mide, chloride, iodide, sulphate, nitrite, nitrate,
chlorate, thiocyanate and fluoride) was used
throughout this work. The separation of several of
these anions has been reported in the literature [3]

RESULTS AND DISCUSSION

The CZE instrument employed was a Quanta
4000 (Waters, Milford, MA, USA) interfaced to a
Maxima 820 data station (Waters). Separations
were carried out using an AccuSep fused-silica cap
illary (60 em x 75 pm LD., Waters) or a CElect-H2
capillary (70 em x 75 /lm LD., Supelco, Bellefonte,
PA, USA). The effective length of the capillaries
(from the point of sample introduction to the point
of detection) was 8 em shorter than the total length.
Injection was performed hydrostatically by elevat
ing the sample at 10 em for 20 s at the cathodic side
of the capillary. Direct or indirect UV detection at
214 nm or indirect UV detection at 254 nm was
used.

The carrier electrolytes were prepared from sodi
um chromate tetrahydrate, potassium nitrate, po
tassium chloride or sodium sulphate and an EOF
modifier such as dodecyltrimethylammonium bro
mide, tetradecyltrimethylammonium bromide, hex
adecyltrimethylammonium bromide (all obtained
from Fluka, Buchs, Switzerland) or tetradecyltri
methylammonium chloride (prepared by passing a
5 mM solution of the corresponding bromide salt
through a column filIed with a strong anion-ex
change resin). The electrolytes were prepared either
in Milli-Q water or in water-organic solvent mix
tures. Analytical-grade ethylene glycol and high
performance liquid chromatography (HPLC)-grade
methanol, acetonitrile, tetrahydrofuran and ace
tone were obtained from Merck (Darmstadt, Ger
many). Samples were prepared in MilIi-Q water.

AlI migration times were normalized to that of
nitrate in order to obtain reproducible results. A
normalization to a neutral electro-osmotic marker
was less feasible because in some cases the electro
osmotic flow was very small, which resulted in ex
cessively long migration times for the marker.
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Fig. 3. Effect of methanol in the carrier electrolyte on migration
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Fig. 4. Effect of acetone in the carrier electrolyte on migration
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sorbed onto the inner wall of the fused-silica capil
lary, which results in a lower EOF to the anode. The
following numbers are the factors by which the mi~

gration time of nitrate is increased in a carrier elec
trolyte with 15 and 30% organic solvent: 1.4 and 1.9
(methanol), 1.2 and 3.0 (acetonitrile), 1.5 and 3.3

Organic modifier effects
In a series of experiments the influence of organic

solvents in the carrier electrolyte was investigated.
Up to 30% methanol, acetonitrile, tetrahydrofuran,
acetone or ethylene glycol was used. As can be seen
from the results given in Figs. 2-6, migration order
is strongly influenced by the content of organic sol
vent in the carrier electrolyte. Obviously, there are
some general trends for all organic modifiers (at
30% modifier the migration order sulphate/nitrate
is reversed; the resolution between at least two
peaks of the triplet thiosulphate/bromide/chloride
decreases; the relative migration time of nitrite
tends to increase, thereby eventually reversing the
migration order nitrite/nitrate), but the data ob
tained so far do not allow the establishment of a
relationship between the nature of the organic sol
vent and its influence on the electrophoretic mobil
ity of different ions. Furthermore, organic solvents
caused a general increase in the migration times of
all ions, which can be attributed to two facts: on the
one hand, the organic solvent decreases the electri
cal conductivity, thereby decreasing the current (a
carrier electrolyte prepared in 30% organic solvent
decreased the current to 10-14 IlA, depending on
the solvent); on the other hand, the organic solvent
possibly decreases the amount of EOF modifier ad-
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Nature of the carrier electrolyte
Next, several other salts were used instead of

chromate in the carrier electrolyte. These included
potassium chloride, potassium sulphate and potas
sium nitrate. All other conditions remained the
same as the standard conditions, except the detec
tion, which was carried out at 214 nm either in the
direct mode or in the indirect mode. This low wave
length necessitated the use of the EOF modifier as
the chloride salt form instead of the bromide salt.

The potassium chloride electrolyte yielded a mi
gration order and migration times similar to those
obtained under standard conditions. Direct UV de
tection was employed for the separation of bro
mide, iodide, nitrite, nitrate and thiocyanate. The
migration times (relative to nitrate) were 0.943 (bro
mide), 0.964 (iodide), 0.996 (nitrite) and 1.104 (thio
cyanate). The use of a potassium sulphate electro
lyte instead of potassium chloride resulted in a simi
lar separation with migration times (relative to ni
trate) of 0.928 (bromide), 0.951 (iodide), 0.984 (ni
trite) and 1.118 (thiocyanate). The only advantage
of a chloride or sulphate carrier electrolyte with di
rect UV detection at 214 nm might be the increased
detection selectivity if UV-absorbing anions must
be determined in a matrix which does not absorb at
214 nm but would interfere with indirect detection
modes.

The situation is somewhat more complicated if
potassium nitrate is used as the carrier electrolyte.
There can be positive as well as negative peaks de
pending on the UV absorption ratio of the sample
anion and the carrier electrolyte anion. Nitrate in

Fig. 7. Separation of a standard mixture of inorganic anions
using a carrier electrolyte containing 30% methanol. All other
conditions and peaks as for Fig. I.
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gration order.

(tetrahydrofuran), 1.4 and 2.2 (acetone), 1.6 and 2.4
(ethylene glycol).

A typical electropherogram obtained with a car
rier electrolyte containing 30% methanol is given in
Fig. 7.

reI.migration
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the capillary can influence the amount of adsorbed
EOF modifier, thereby influencing the EOF as well
as any ion-exchange mechanism. These effects were
studied by using a commercially available capillary
(CElect-H2), which is modified by CIS on the inner
wall (unfortunately, data on the extent of the mod
ification, such as carbon loading, are not available).

alkyl chain length of EOF modifier

Fig. 8. Effect of alkyl chain length of the EOF modifier on migra
tion order.

0.8 +-~-r-~..-........,~--r~-,-~---j

11 12 13 14 15 16 17

Capillary effects
A CIs-modified CElect-H2 capillary was tested

using the chromate electrolyte as described for the
standard conditions as well as using this electrolyte
in 30% ethylene glycol. It was necessary to increase
the voltage to 30 kV in order to obtain reasonable
migration times. The separations obtained were ex
actly the same as those obtained with the bare
fused-silica capillary. One might expect that the
more hydrophobic wall would adsorb a larger
amount of the EOF modifier, thereby eventually in
creasing the EOF to the anode. Contrary to this, the
voltage had to be increased by 50% to achieve the
same migration times. There is no simple explana
tion at hand for this fact. The separation order re
mained the same, which would mean that anion
exchange effects are either non-existent or exactly
the same for both capillaries. Another argument
against an anion-exchange mechanism is the fact
that the use of organic solvents in the carrier elec-

the sample should give no signal. In our experi
ments the injection of nitrate resulted in a positive
peak at the migration time of chloride. The reason
for this peak is not clear at the moment. The elution
order for the other anions was the same as for stan
dard conditions, but peak shape was worse. There
fore, nitrate as a carrier electrolyte does not offer
any advantages and was not investigated further.

EOF modifier effects
An important component of the carrier electro

lytes investigated is the EOF modifier, a quaternary
ammonium salt which reverses the EOF to the
anode. The influence of the nature of the EOF mod
ifier on separation selectivity was studied by using
three alkyltrimethylammonium bromides with dif
ferent chain lengths of the alkyl group. The results
are given in Fig. 8. Again, several pronounced
changes in the migration order could be observed,
especially with respect to the ions thiosulphate, io
dide and thiocyanate. A further effect that was
noted was that the average migration times were
roughly doubled when using the EOF modifier with
the shorter alkyl group, whereas the use of the EOF
modifier with the longer alkyl group did not change
the migration times significantly.

Huang et al. [4] have reported that hydrophobic
quaternary ammonium salts, such as tetradecyltri
methylammonium bromide, attach to the inner sur
face of fused-silica capillaries, thereby shielding the
negative charge of the silica and influencing the
electro-osmotic flow in an opposite direction. On
the other hand, the adsorbed quaternary ammoni
um salt might also act as an anion exchanger. Such
phenomena are well known from ion-pair (or ion
interaction) liquid chromatographic analysis of
anions using a reversed-phase material as the sta
tionary phase and an eluent containing a quater
nary ammonium salt. Recently, Pfeffer and Yeung
[7] have demonstrated the use of ion-pairing effects
for CZE separation of the anions of isomeric ami
nonaphthalenesulphonic acids. These anions were
separated by differences in retention rather than by
differences in electrophoretic mobility. The separa
tion was therefore described as electrochromatog
raphy. Analogous to this, additional ion-exchange
effects might be expected to occur for the CZE sep
arations of inorganic anions described in this paper.
Any modification of the inner fused-silica wall of
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trolyte influenced the migration order in a way
quite different from the effects that would be expect
ed from ion-interaction chromatography.

Nevertheless, a closer look at the electrophero
grams obtained for unmodified and modifiedcapil
laries revealed some interesting details. The peak
shapes obtained for iodide and thiocyanate were
more asymmetrical than can be explained by the
mismatch of electric mobility of sample anion and
carrier electrolyte anion. In ion-interaction chroma
tography, iodide and thiocyanate would be strongly
retained if tetradecyltrimethylammonium bromide
was used as the ion-interaction reagent. Therefore,
it can be concluded that in CZE there is some inter
action between the adsorbed reagent and iodide as
well as thiocyanate, leading to peak tailing. On the
other hand, this effect could not be used to manip
ulate the retention of these solutes, because the in
ner diameter of the capillaries used in this work is
too large to allow efficient mass transfer between
the solution and the wall of the capillary. In the
experiments of Pfeffer and Yeung [7] mentioned
above, this problem was overcome by the use of
capillaries with only 10 ~m inner diameter, which
allows an efficient mass transfer and chromato
graphic retention. The fact that some interactions
between inorganic anions.and the adsorbed EOF
modifier are evident from our electropherograms
suggests that further experiments with IO-Jim capil
laries would be interesting. In this case, a careful
choice of the carrier electrolyte will be necessary.
Chromate will not necessarily be the best carrier

electrolyte, since it acts as a strong eluent in IC
chromatography, thereby reducing the ion-ex
change effects of the EOF modifier. Electrolytes
acting as weak eluents in ion chromatography could
be preferable.

The results presented in this paper indicate that
the use of organic solvents in the carrier electrolyte
is one of the most efficient ways to change the reten
tion order and to optimize the separation selectiv
ity, as long as capillaries with an inner diameter
much larger than 10 pm are used. This concept has
been found useful for the analysis of anions in sam
ples containing small amounts of iodide in the pres
ence of a large excess of sulphate. Under standard
conditions, the large sulphate peak makes the accu
rate evaluation of the iodide peak area difficult.. Or
ganic solvents such as ethylene glycol can improve
the resolution of these two peaks dramatically. De
tails of these applications will be reported in anoth
er paper.
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electrophoresis via dynamic pH gradient and dynamic
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ABSTRACT

Two different techniques, dynamic pH gradient and electroosmotic flow gradient, were introduced to control selectivity in capillary
zone electrophoresis. These two types of gradients showed dramatic effects on the resolution of organic acids. Dynamic pH gradient
from pH 3.0 to 5.2 is readily generated by a high-performance liquid chromatography gradient pump. Electroosmotic flow gradient is
produced by changing the reservoirs containing different concentrations ofcetylammonium bromide for injection and running. The two
gradient techniques are applied to the separation of model anions which are not resolved at constant pH or at constant flow conditions.

INTRODUCTION

Capillary zone electrophoresis (CZE) has played
an important role in separation science because of
its high efficiency [1-3]. In CZE, the separation per
formance depends on the electrophoretic mobilities
of the analytes and the electroosmotic flow when
high voltage is applied. Conventionally, the same
electrolyte is used in the capillary tube, the inlet res
ervoir and the outlet reservoir. In such cases, it is
often difficult or impossible to separate a broad
range of analytes which have very similar electro
phoretic mobilities. Many approaches have been re
ported to improve the resolution in CZE. Control
of the factors governing the electrophoretic mobil
ities of analytes and the electroosmotic flow are typ
ically used to improve the separation resolution in
CZE.

In principle and in practice, changing the pH of
the buffer electrolyte seems to be the easiest way to
control the electrophoretic mobilities of analytes.

Correspondence to: Dr. E. S. Yeung, Ames Laboratory-US De
partment of Energy and Department of Chemistry, Iowa State
University, Ames, IA 50011, USA.

For the separation of ionic species such as weak
acids or bases, the selection of pH near their dis
sociation constants (pK. or pKb ) can generally pro
vide good results. For complex mixtures, however,
complete separation may not be possible at anyone
pH since the components may span a large range of
pK values. In such cases, the use of a pH gradient
can be advantageous. So far, several approaches for
generating pH gradients in CZE have been report
ed. Bocek and co-workers [4,5] used a three-pole,
two-buffer system to force the migration of varying
ratios of two ions into the capillary during separa
tion. Sustacek et al. [6] dynamically modified the
pH of the electrolyte at the inlet of the capillary by a
steady addition of a modifying electrolyte. A step
change in pH can also be used by switching the buff
er electrolyte at the column inlet, with [H+] con
trolled either directly [7] or by the use of different
co-ions [8]. It is also possible to simply introduce a
transient pulse of electrolyte at a different pH to
enhance separation [9].

There are some subtle considerations relevant to
the implementation of a pH gradient. It is necessary
for the changing pH zone to actually interact with
the analytes. H+ (and OH-) is a special case be-

0021-9673(92($05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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cause of its very high electrophoretic mobility, al
lowing it to overtake any positively charged analyte
within a reasonable distance into the column, even
with a high electroosmotic flow-rate. Still, to guar
antee that the final pH of the buffer at the inlet end
actually contributes to the selectivity, the pH
change must be completed well before the elution of
the components that are to be manipulated. Direct
control of [H+] is practical only at low pH, where
the concentration is high enough to overcome other
ionic equilibria. Even for unbuffered electrolytes
[4,5], dissolved CO2, surface silanol groups, and
most importantly the analyte, will have be titrated
to alter the mobilities significantly even at neutral
pH conditions. To overcome this problem, co-ions
have been utilized [8], such as the carbonate-ox
alate system. Since the co-ions are at much higher
concentrations, the pH is easily altered. Naturally,
the co-ions must migrate past the analyte ions to
produce any effect. So far, only a step gradient has
been generated, although one should be able to al
ter the ratio of the co-ions to generate a continuous
gradient.

To guarantee that each analyte species actually
experiences the pH step or gradient, a pH gradient
derived from temperature changes has been report
ed [10]. It is also possible to introduce the pH
change from the exit (detector) end of the capillary
[11]. Regardless of the signs of the electrophoretic
mobilities and the electroosmotic flow coefficient,
the net travel of the analytes is then opposite in
direction to that of the pH front. One can therefore
influence the migration of the early eluting compo
nents as well as the late-eluting components. So far,
only a step change in an unbuffered system has been
demonstrated [11]. To provide accurate and repro
ducible changes over a wide range of pH, it is best
to use a polybasic acid (or base) rather than a
monobasic acid (or base) for the buffer electrolyte.
The pH of a solution of an acid can be controlled by
changing the concentration of a counter ion (e.g.
Na +) for a fixed analytical concentration [A]o of the
acid, i.e. the fraction ionized. For a monobasic acid
the ratio goes from 0 to 1 with the two extremes
providing unbuffered conditions. It is also difficult
to introduce very low concentrations of any counter
ion since trace contaminants can dominate the equi
libria. For polybasic (HnA) acids in between pKval-
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ues e.g. pK1 < pH < pK2 , the ratio goes from 1 to
n - 1 and external control is easy over a wide, well
buffered range. The direction of the pH change is
also important. For a change from high to low pH,
one can introduce H+ and decrease the counter ion
concentration and expect the front to catch up with
the analytes. For a change from low to high pH, one
must increase the counter ion concentration and de
crease H+ in the column. The mobility of the coun
ter ion rather than the mobility of H + becomes im
portant in establishing the gradient. This further re
stricts the magnitudes and directions of the electro
phoretic mobilities and the electroosmotic flow
coefficient if the gradient is generated at the inlet
end of the capillary. No such restrictions exist if the
pH change is introduced from the outlet end, pro
vided there is a net flow of the counter ion into the
capillary.

The factors controlling electroosmotic flow,
which is governed by the ( potential on the inner
wall of the capillary, include the nature, concentra
tion and pH of the background electrolyte, origin of
the capillary and the applied voltage. Adding sur
factant [12,13] to the background electrolyte is one
simple way to enhance selectivity in CZE since the
surfactant can effectively suppress or change the di
rection of the electroosmotic flow. Organic solvents
[14] such as methanol, which can be used to change
electroosmotic flow, are also useful to enhance the
separation resolution. External electric field [15],
which can change the direction and the rate of elec
troosmotic flow by external voltage, is another ap
proach to improve the separation ability in CZE.
Coating the inner walls of the capillary with silated
organic compounds [16] and adding salts [17] like
NaCl are other options to affect the separation res
olution. Field-amplified CZE [18,19], where two
different concentrations of buffer electrolytes are
used for injection and running, is another powerful
method to control the electroosmotic flow.

In this paper, two methods, altering the electro
phoretic mobilities of anions by using a dynamic
pH gradient and changing the electroosmotic flow
rate by running CZE in two different concentra
tions of cetylammonium bromide (CTAB), were de
scribed to demonstrate their utility in the separation
of organic weak acids at acidic conditions.
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(2)

Control of effective electrophoretic mobilities with
dynamic pH gradient

Effective electrophoretic mobilities of ions are
proportional to the fraction of free ions according
to the Tiselius equation (see ref. 21):

RESULTS AND DISCUSSION

In CZE, the resolution between a pair of adjacent
analytes can be calculated from the following equa
tion [20]:

R =0.1 77 (meff! - m eff2) WID (mav + m eo)F/2 (l)

where R is the resolution, V is the applied voltage,
D is the diffusion coefficient, mav is the average mo
bility of the two analytes and meffl, m eff2 and m eo

are the effective mobilities of the two analytes and
the electroosmotic flow coefficient, respectively. As
eqn. I shows, the resolution can be enhanced by
increasing the difference between the effective elec
trophoretic mobilities of the analytes and (or) de
creasing the sum of electroosmotic flow and the av
erage electrophoretic mobilities of two analytes.

solutions to suppress electroosmotic flow. a-Naph
thol (a neutral molecule at these pH values) was
used to measure theelectroosmotic flow. The sam
ple solutions were injected hydrostatistically. The
buffer vial at the cathodic end of the capillary was
raised to 20 cm high for 4 s to introduce samples
into the capillary tube.

The capillary was equilibrated for 20 min be
tween each run. Before injecting sample solutions,
the capillary was flushed with 0.05 ml of 0.01 M
NaOH solution, then 0.5 ml of buffer solution to
improve reproducibility. A step change in CTAB
was created by injecting sample solutions into the
capillary containing a low concentration of CTAB,
then running with buffer electrolyte containing a
high concentration of CTAB at the exit (anodic)
end. The capillary was treated as above before each
run.

where aj is the degree of dissociation and mi is the
absolute mobility of the ith ionic form of a mole
cule. The degree of dissociation again can be calcu
lated from the following equations:

PUMPA

pH52pH 3.0

PUMPB

WASTE

CAPILLARY

UVD

o
--~~

INLET

Fig. I. Schematic of the electrophoresis equipment for generat
ing a dynamic pH gradient. UVD = Ultraviolet detector; TT =
PTFE tube, in which a small groove was cut in the middle to
insert the electrode and the capillary.

A commercial electrophoresis instrument (Model
3850 Isco; Lincoln, NE, USA) was used for all elec
trophoretic experiments. High voltages applied in
the experiment of dynamic pH gradient and dynam
ic flow gradient were 10 and 12 kV, respectively.
The wavelength was set at 218 nm to detect anions
and minimize the background absorption. The
fused-silica capillary (Polymicro Technologies,
Phoenix, AZ, USA) was 60 cm x 75 {lm J.D. At 40
cm from the injection end the polyimide coating
was burned off to form the detection window. An
integrator (SP Model 4600; Spectra-Physics, San
Jose, CA, USA) was used to record all of the data.
A high-performance liquid chromatographic
(HPLC) gradient pump (two 2150 HPLC pumps
and a 2152 HPLC controller; LKB, Gaithersburg,
MD, USA) was used to introduce the dynamic pH
gradient. The setup is shown in Fig. 1. Coupling is
accomplished through a PTFE tube (1.6 mm J.D.
x 3.0 mm O.D.) with the buffer at the exit end of
the capillary constantly modified by the HPLC
pump.

All chemicals were of reagent grade and were ob
tained from Aldrich (Milwaukee, WI, USA), except
that phosphoric acid, sodium phosphate and sodi
um hydroxide were from Fisher (Fair Lawn, NJ,
USA). Buffer solutions of phosphate were prepared
from NaH2P04 by adding NaOH or H 3P04 to ad
just its pH to 5.2, or 4.1 and 3.0, respectively. Ace
tate buffer solution (pH 6.5) was made by adding
NaOH to acetic acid. CTAB was added to buffer

EXPERIMENTAL
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pH3.0 pH4.1 pH5.2

12 o 4 12

TIME(mln)

Fig. 2. Effect of change in pH on the migration rates of different anions. Capillary, 60 cm total length (40 cm to detector) x 75 Jlm J.D.;
applied voltage, 10 kV; wavelength, 218 nm; CTAB concentration, 0.35 mM; phosphate concentration, 10 mM; concentration of other
anions, 0.2 mM. Peaks: I = citraconate; 2 = maleate; 3 = fumarate; 4 = o-nitrobenzoate; 5 = o-toluate; 6 = benzoate; 7 =

m-nitrobenzoate; 8 = m-toluate.

For divalent anions:

aj = Kat [H+]/([H+P + Kat [H+] + Kat Kaz) (3)

a2 = Kat Kal/([H+]2 + Kat [H+] + Kat Kaz) (4)

where Kai is the ith dissociation constant of the acid.
The amount of negative charge on the inner wall

of the capillary and the analyte ions should be a
function of pH of the buffer electrolyte as indicated
by eqns. 3-5. For a bare silica column at these pH,
electroosmotic flow is generally towards the cath
ode (injection end). For separation of these anions
by migration towards the anode, we need to reverse
the electroosmotic flow by adding a cationic surfac
tant, CTAB. At 0.35 mM CTAB, the amount of the
positive charge on the inner wall of the capillary
caused by the adsorption of CTAB increases as pH
decreases since the degree of dissociation of the
SiOH groups decreases as pH decreases. That is,
electroosmotic flow towa.rd the anodic direction in
creases when pH decreases. Our results show that
meo = - 3.15.10- 4 , -1.8.10- 4 and -1.31 .10- 4

cm2 V- t s-t at pH 3.0, 4.1 and 5.2, respectively.
The experiments here thus take advantage of the
combined results of the changes in electrophoretic
mobilities and in electroosmotic flow. However,
since meo is negative (same direction as meff), the

TABLE I

OBSERVED ELECTROPHORETIC MOBILITIES (m ep) OF
ANIONS

-m,p(xlO-4cm2V-l S-I)

pH 3.0 pH 4.1 pH 5.2

3.1 7.0 8.2
4.1 7.1 7.4
2.7 5.7 6.0
2.8 5.0 5.3
0.8 4.1 5.3
0.3 3.6 4.4
0.7 2.3 2.4
0.1 1.9 2.3

Anions

EI~ctroosmotic flow coefficient (m,o; x 10- 4 cm2 V-I S-I) is
negative as electroosmotic flow is toward the anode. l11eo =

- 3.15 at pH 3.6, - 1.80 at pH 4.1 and -1.31 at pH 5.2. [Anions]
= 0.2mM.

Citraconate
Maleate
Fumarate
o-Nitrobenzoate
o-Toluate
Benzoate
m-Nitrobenzoate
m-Toluate

numerator in eqn. 1 dominates in determining the
resolution. We note that mco is smaller than meff for
Na+ (= 5.0 . 10- 4 cm 2 V- t s-t) so that the pH
change can be introduced from the outlet end.

Fig. 2 shows the separation of the model anions
at pH 3.0,4.1 and 5.2. The calculated electrophoret
ic mobilities are listed in Table 1. The separations of
o-nitrobenzoate from fumarate, and o-toluate from
m-nitrobenzoate are impossible at pH 3.0. At pH
4.1, there is overlap between the peaks of citrac-

(5)

For monovalent anions:

a = Ka/([H +] + Ka)
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111eo is negative for electroosmotic flow toward the anode.

TABLE II

ELECTROOSMOTIC FLOW COEFFICIENT (meo) AT DIF
FERENT CONCENTRATIONS OF CTAB

5.7
2.9
0.4
0.03

-0.8

dynamic pH gradient from pH 3.0 to 5.2 as Fig. 3
shows. The resolution was enhanced, the separation
took less than II min, and the tailing problem was
also reduced by this method. Even though the gra
dient starts immediately after injection, the compo
nents do not meet the moving front until they mi
grate further down the column. However, every
component is guaranteed to meet the moving front
in this mode of operation.

Control of the electroosmotic flow by step change in
CTAB

To reduce the problem of tailing caused by the
difference of mobilities between the buffer ion and
the model anions, acetate buffer was used instead of
phosphate buffer. The use of pH 6.5 was based on
the following two reasons. First, to minimize the
effect of variations in pH on electrophoretic mobil
ities the pH of the buffer solution is chosen to be
much higher than most of the pKa • Second, the ef
fect of the surfactant on the electroosmotic flow is
larger at higher pH since the dissociation of SiGH
on the inner wall of capillary increases as pH in
creases.

Table II shows that CTAB not only can suppress
electroosmotic flow, it can also change its direction
at higher concentrations of CTAB, consistent with
published reports [12,13]. Table III shows that the
electrophoretic mobilities of the model anions are
almost constant when the concentration of CTAB
changes. Slight variations on electrophoretic mobil
ities of the anions may be due to the formation ofan
ion-pair between the anions and CTAB at higher
concentration of CTAB. This is evident for the
larger anions, naphtholate and coumarate. So, the

4.0
6.0

10.0
14.0
40.0

[CTAB] (J1M)

pH5.2

TIME (min)
Fig. 3. Influence of a pH gradient on the separation of organic
anions. Conditions as in Fig. 2 except a pH gradient is intro
duced through the outlet end of the capillary as indicated by the
top plot in this figure.

onate and maleate. Serious tailing on the late elut
ing peaks and the separation of o-toluate from 0

nitrobenzoate are problems at pH 5.2. It is worth
noting that the electrophoretic mobilities of m-iso
mers are lower than those of o-isomers. A likely
reason is steric effects in the o-isomers which de
crease the interaction between the anions and
CTAB. The tailing problem is more serious for later
eluting peaks at higher pH. Two factors that con
tribute to this are the stronger interaction between
anions and CTAB due to increased dissociations of
anions at higher pH and the larger difference ofmo
bilities between the buffer ions and the anions at
higher pH [22,23]. Based on literature values [24,25]
of dissociation constants and mobilities we have
calculated the effective mobilities of this set of
anions at these pH. The trends are comparable to
those in Table I but the absolute magnitudes are
different. In all cases except for fumarate, the calcu
lated values are larger than the experimental values.
We note that the literature values are for systems at
infinite dilution and for 20 or 25°C. Differences are
expected in the presence of the buffer ions and
CTAB. Further, since our column temperature is
higher than ambient during electrophoresis, the vis
cosity of water decreases and the effective mobilities
should be higher as observed.

As Fig. 2 shows, it is impossible to separate all of
the model anions with an isocratic buffer electro
lyte. The problem can be overcome by introducing a
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(6)

where x is the fraction of length filled with buffer 1
and ml1 and ml2 are the local electroosmotic flow
rates when buffer 1 and 2 are used individually, re
spectively. This means that if we create a step
change of two buffers containing different concen
trations of CTAB it is possible to monotonically
change the electroosmotic flow. Fig. 5 shows a com
puter simulation of the electroosmotic flow rate re
sulting from a step change in CTAB concentration,
in agreement with the above discussion. The change
is indeed monotonic, but not linear. The rate of
change can be controlled by the magnitude of the
buffer step. It is interesting to note that the elec
troosmotic flow can never be reversed in this mode.
It is also irrelevant which direction the analytes are
moving relative to the flow, since there is only one
flow-rate to consider [18]. All analytes experience
the same flow gradient regardless of where the front
is. Fig. 6 shows the effect on the enhancement of the
separation of model anions by a step change in the
concentration of CTAB. Comparing the results of
Fig. 6A and B, it is obvious that the bulk electroos
motic flow gradient can be controlled by stepping to
different concentrations of CTAB. Improvements
in resolution and reduction in separation time are
simultaneously achieved by the method of step
change in CTAB concentration.

J1.M, a-naptholate and coumarate cannot be sepa
rated and there is little separation between the
peaks of phthalate and maleate. The resolution be
tween o-nitrobenzoate and benzoate decreases dra
matically as the CTAB concentration changed to 40
J1.M where electroosmotic flow is in the same direc
tion as the electrophoretic mobilities of anions. The
increase in mep + meo results in the poor resolution
of these two anions because the difference between
their electrophoretic mobilities is very small. How
ever, the resolution between'coumarate and a-naph
tholate increases and the elution order changes.
This may have resulted from the complexation of
CTAB with a-naphtholate and with coumarate. So,
Fig. 4 shows it is impossible to separate all the mod
el anions under isocratic condition.

Helmer and Chien [18] mentioned that the rela
tionship between the bulk velocity, mb, and the local
electroosmotic velocity, m], in the two buffer re
gions can be expressed by the following equation:

lCl'"IIAI

TIME(min

Fig. 4. Effect of changes in concentration ofCTAB on the migra
tion rates of different organic anions. CTAB concentration: (A)
6 pM, (B) 10 pM, (C) 40 pM; capillary, 60 cm total length (40 cm
to detector) x 75 pm J.D.; applied voltage, 12 kV; wavelength,
218 nm; acetate concentration, 5 mM; concentration of other
anions, 0.2 mM except pyruvate concentration, 0.5 mM and
IX-naphtholate concentration, 50 pM. Peaks: I = citraconate;
2 = maleate; 3 = phthalate; 4 = pyruvate; 5 = o-nitrobenzoate;
6 = benzoate; 7 = IX-naphtholate; 8 = coumarate.

Anion

[Anion] = 0.2 mM, except [pyruvate] = 0.5 mM and [IX-naph
tholate] = 50 pM.

6pM lOpM 14 pM 40 pM
CTAB CTAB CTAB CTAB

Citraconate 7.6 7.4 7.4 7.4
Maleate 7.0 6.8 6.7 6.9
Phthalate 7.0 6.8 6.7 6.8
Pyruvate 6.2 6.1 5.8 5.9
o-Nitrobenzoate 5.3 5.1 5.0 4.9
Benzoate 5.1 4.9 4.8 4.8
IX-Naphtholate 4.8 4.3 4.2 3.6
Coumarate 4.7 4.3 4.0 4.1

TABLE III

ELECTROPHORETIC MOBILITIES (mep) OF ANIONS AT
DIFFERENT CONCENTRATIONS OF CTAB

dominant term in eqn. 1 is the denominator when
the CTAB concentration is ,varied. Fig. 4 shows all
anions except phthalate and maleate can be separat
ed in less than 18 min at 6 J1.M CTAB Quffer electro
lyte. As the CTAB concentration increased to 10
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Fig. 5. Computer simulation of electroosmotic flow gradient for a step change in CTAB concentration. The data in Table II were used.
Initial CTAB concentration is 4 pM; final CTAB concentration is 10 pM for top trace and 40 pM for bottom trace. (A) Flow-rate as a
function of time; (B) location of moving boundary from the exit end of a 60-cm capillary as a function of time. Applied voltage, 12 kV;
column length, 60 cm (40 cm to detector).
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ABSTRACT

A simple, rugged, and relatively inexpensive laser-based fluorometer for detection in capillary electrophoresis is described. This is
assembled from commercially available components and requires minimal experience for operation. Yet, the detection performance is
comparable to those achieved in laser laboratories with sophisticated layouts. As an example, detection of a 3 pM solution of fluo
rescein is demonstrated. The design principles of laser fluorometric detection are critically examined, and the special adaptation for the
present detection arrangement is discussed.

INTRODUCTION

Laser-induced fluorescence (LIF) detection has
shown tremendous promise for applications in cap
illary electrophoresis (CE) [1-4]. Its acceptance nat
urally depends on having simple, inexpensive and
reliable instrumentation for the routine user. Most
laboratory systems are mounted on optical tables in
partially darkened rooms for flexibility and ready
access to the individual components. Certain opti
mization steps are also easier to perform in an open
system. The need remains for a compact instrument
that can be interfaced to any CE setup and which
can provide close to state-of-the-art detection per
formance.

The requirements for good performance in fluo
rescence detection are (i) a stable light source, since

Correspondence to: Dr. E. S. Yeung, Department of Chemistry
and Ames Laboratory-US Department of Energy, Iowa State
University, Ames, IA 50011, USA.

" Present address: American Cyanamid Company, Agricul
ture Research Division, Princeton, NJ 08540, USA.

it is the fluctuations in the residual background sig
nal that determine the limit of detection (LOD); (ii)
a rugged but adjustable mounting technique for the
capillary column, since mechanical movements lead
to misalignment and flicker noise; (iii) low stray
light levels, which include room light plus scattering
and fluorescence from the capillary walls.

In this paper we describe a compact laser fluo
rometer for CE that achieves high performance. It
can be assembled from commercially available com
ponents with a minimum of additional engineering.
The design addresses the main requirements out
lined above. Operation and alignment are simplified
to allow use by non-experts. The major part of the
cost of the system is the laser source, which can
range from several hundred dollars upwards.

EXPERIMENTAL

Chemicals and reagents
Trizma base [tris(hydroxymethyl)aminomethane,

or Tris] was purchased from Sigma (St. Louis, MO,
USA). Boric acid, HPLC-grade acetonitrile and
O.22-flm MSI Cameo filters were from Fisher Scien-

0021-9673(92($05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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tific (Bedford, MA, USA). Fluorescein, water solu
ble, dye content ca. 70%, was obtained from Al
drich (Milwaukee, WI, USA). Buffer (pH 8.7) was
prepared by combining 0.8 ml of stock buffer (0.5
M Tris, 0.5 M boric acid, stored at room temper
ature), 35 ml of water and 4 ml of acetonitrile, giv
ing pH 8.7. This buffer (10 mM Tris-borate, 10%
acetonitrile) was filtered (0.22 Jim) and degassed
(bubbling with helium for 15 min) prior to use as a
diluent to prepare solutions for injection using
polypropylene tubes and pipetting tips.

Instrumentation
As depicted in Fig. 1, the device represents a sim

ple and rugged design for LIF detection. It consists
of 8 main components: a quartz l-cm focal length
lens (L), capillary holder (CH), 20 x microscope
objective (MO), microscope objective holder
(MOH), mirror (M) and mirror mount (MM), pho
tomultiplier tube (PMT) with filter (F), Plexiglass
box (PB) and 2 light shields (LS). The laser beam
enters the otherwise light-tight box PB through a
3-mm hole. L is rigidly mounted to PB so that the
focal point of the excitation beam is uniquely de
fined and used as the reference point for all the oth
er components. The capillary with a small section of
its coating removed is mounted on a two-dimen-

TOP VIEW

PH Caprnr Out

•Capillmyln

Fig. I. Experimental arrangement for laser fluorometric detec
tion. Abbreviations are explained in the text.
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sional stage CH capable of 10 Jim resolution. Two
short pieces of quartz capillary 350 Jim O.D. x 250
Jim J.D. glued to CH serve to guide the separation
capillary through the optical region. This can hold
the common 150 Jim O.D. capillary tubing. Alter
natively, 350 Jim O.D. separation capillaries can be
inserted directly into CH. The mounted capillary is
at about 20° with respect to the incident laser beam
to minimize scattering off the capillary walls. We
find that this configuration is rigid enough with re
gard to noise from mechanical vibrations. With this
design, capillary change can be accomplished in less
than 5 min.

Equipment
The choice of the laser naturally depends on the

application on hand. The 488-nm line of the Ar ion
laser however does have an overall edge as a general
purpose light source. Many fluorescence derivatiza
tion procedures have already been worked out for
blue-green excitation for important biological mol
ecules. Most notable are fluorescein and rhodamine
derivatives of amino acids and nucleotides, includ
ing commercial chemistry kits for DNA sequencing.
A continuous wave laser is a better choice than a
pulsed laser, because the former usually have supe
rior intensity stability, can be focused to smaller
spots, and are less likely to damage the capillary
column for a given number of excitation photons.
Diode lasers are the most rugged devices, but pres-
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ently are only available at 670 nm or higher, where
few fluorescent tagging schemes have been devel
oped [5]. They also produce output that can be colli
mated to around 100 j.1m, which is marginal for
clean excitation in CEo The ReCd laser at either 442
nm or 325 nm is often used in the research lab
oratory because of the availability of good deriv
atization reagents. However, the HeCd laser tube
has a significantly shorter lifetime and the output is
sensitive to the temperature of the room, leading to
larger intensity fluctuations. The UV lines of an ar
gon ion laser and krypton ion laser lines are useful
for exciting a broad range of chromophores, includ
ing protein native fluorescence [6] at 275 nm, but
these systems are too large and too expensive for a
routine instrument. Many commercial sources are
available for small air-cooled Ar ion lasers with out
put of a few mW. We favor one with hard-sealed
mirrors and a stable power supply, which is inter
nally stabilized to ± 0.1 %. The lack of tunability
among the various visible Ar ion laser lines is not a
serious limitation regarding the selection of fluo
rophores. On the other hand, mechanical and opti
cal ruggedness is significantly improved. There is a
less expensive source of 543 nm light, viz. the ReNe
"green" laser. The intensity is less stable and the
derivatization chemistry is less well established.
With time, this may become a good alternative to
the Ar ion laser.

For efficient excitation and reduced stray light,
the laser beam should be focused tightly to pass
through the center of the capillary tube. A simple
biconvex lens with around I cm focal length can
produce a beam waist of 5 j.1m, which fits just about
any capillary size commonly used. This lens can be
mounted rigidly relative to the laser and never needs
adjustment. To place the capillary column at exact
ly the laser beam waist, a holder with guides for the
column is mounted on a microscope x-y stage. The
latter is readily available and even the simplest
models have sufficiently fine movement and mini
mal mechanical backlash. Translation is needed in
line with the laser beam (focusing) and in a horizon
tal plane perpendicular to it (crossing). The capil
lary column with a liquid core is equivalent to a
cylindrical lens. If the laser beam crosses that at
exact center, its direction of propagation will not be
altered. If the capillary column is placed symmetri
cally at the focal point of the lens, then the beam
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shape and size at far field should not deviate from
those with the capillary removed. These criteria can
be used to initially align the excitation beam. The
holder for the capillary column consists of clear
ances drilled out to fit the 350-j.1m O.D. tubes,
which are widely used in CEo With I cm or so be
tween these clearances, the capillary column is held
with almost no play. To replace columns, one sim
ply threads the new one through the same clear
ances.

To collect fluorescence originating from the
liquid core, a microscope objective is used. This
need not be achromatic or of special flat-field de
sign. For 50-j.1m columns, a 10 x standard objective
is adequate both in terms of magnification and nu
merical aperture. For columns 20 j.1m or narrower, a
20 x objective can be used. This can be mounted on
a commercial microscope focusing tube, without
the eyepiece or its holder. That provides adequate
movement for exact imaging of the fluorescence on
to the spatial aperture. It is well known that spec
ular reflections from the cylindrical tube can be a
problem. This is confined to a plane perpendicular
to the capillary tube. So, the capillary holder is de
signed to impose a 20° angle between this plane and
the microscope objective. The region of the mount
behind the capillary tube in direct view of the mi
croscope objective is also cleared out to avoid re
flections. The focusing tube can be set once and for
all to coincide with the fixed beam waist of the laser
beam to minimize alignment. For convenience, a
mirror on a small integral mount is used to direct
the collected fluorescence image onto the spatial
aperture. Alignment is performed in a darkened
room with a solution of 5 j.1M fluorescein running
through the capillary by pressure flow. It is essential
to obtain a sharp image of the fluorescence, which
appears as a line, so that reflections, scattering, and
fluorescence from the capillary walls can be rejected
by the aperture. With practice, one can look for the
scattering centers corresponding to the entrance
and exit of the laser beam at the column to define
the fluorescence image, without the use of a dye
stream.

To shield the optical system from room light, the
entire set of components is enclosed in a black
Plexiglass box. This also serves as protection
against high voltage applied to the capillary tube.
The cover of the box can be interlocked to the laser
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Fig. 2. Detection of 3.2· 10- 12 M fluorescein (concentration of
solution injected) by capillary electrophoresis with laser fluores
cence detection. Injection and running buffer: 10 mM Tris-bo
rate, pH 8.7, 10% acetonitrile. Injection technique: hydrody
namic, with anode end 5 cm higher for 20 s. Applied voltage: 30
kV.

ibration curves were linear for both peak heights
and areas (data not shown) from the lowest concen
tration injected (3.2· 10- 12 M) up to at least 10- 8

M. For these curves, average values for duplicate
injections were calculated, and the correlation coef
ficient was 0.999 in each case. This shows the high
stability of the system. Shown in Fig. 2 is an electro
pherogram for the lowest concentration injected, in
which the signal-to-noise ratio is about 3. The pres
ence of acetonitrile in the running buffer contrib
uted to band sharpness.

It can be difficult to compare different laser fluo
rescence detectors for capillary electrophoresis be
cause several factors beyond the inherent perform
ance of the detector can influence the detection lim
its that are reported: analyte tested, frontal (contin
uous) or plug injection of analyte, capillary dimen
sions, running buffer, type of injection technique
(including any mechanism for analyte enrichment),
condition of capillary tip, use of zone vs. a gel sep
aration technique, how the signal-to-noise is calcu
lated, whether the detection limit is observed or ex
trapolated, and whether a linear calibration curve is
constructed. While there are some variables, it nev
ertheless appears that the sensitivity of our detector
is comparable to what others have achieved for
state-of-the-art laser fluorescence detection in a
capillary electrophoresis system. For example, in
terms of the concentration of the solution injected,
Sweedler et al. [7] detected 6 pM fluorescein isothio
cyanate (signal-to-noise ratio ca. 10), Zhang et at.

power supply to allow operation as a Class I laser.
The base of the Plexiglass box is extended for
mounting the laser head and the phototube. The
defocused laser beam after hitting the lens and the
capillary column continues to the back wall of the
box and is effectively stopped. Two cardboard light
shield (LS in Fig. 1) basically divide the box into
three compartments. This is extremely effective in
eliminating stray light in the excitation region and
the residual laser light not absorbed by the back
wall. Two I-mm holes are present in the plexiglass
box to allow entrance and exit of the capillary col
umn. These holes do not pass sufficient room light
into the optical region to change the background
level. The other two openings in the box are 3 mm
and 5 mm for the laser input and the fluorescence
output, respectively. At the inside of these openings,
interference filters for the laser line and for the fluo
rescence wavelength are taped on to seal off almost
all room light. The excitation filter is necessary also
to eliminate plasma emission from the laser, which
can be at the detection wavelength.

Almost any photomultiplier tube can be used to
monitor the emission. A red-sensitive phototube is
needed in this case. It is fairly straightforward to
assemble this from an integral high-voltage power
supply and a base with voltage divider. The output
can be sent to a compact current-to-voltage con
verter (about 106 VIA) with switchable gain levels
and time constants. The photomultiplier tube and
all associated electronics can be placed inside a 10
x 15 x 15 cm metal box. It is important to also
block room light from entering the phototube com
partment. This can be accomplished by taping an
other emission filter onto the photomultiplier tube
itself, exposing only a small region of the photo
cathode, combined with cardboard light shields in
side the box. The opening to the photomultiplier
tube can then be matched and sealed against the
exit aperture of the optical isolation box. Typically,
room light only results in a doubling of the dark
current output of the photomultiplier tube, so that
maximum gain can be used in the detection elec
tronics.

Fluorescein detection
Fluorescein standard solutions were prepared in

buffer based on weight and assuming that the com
pound, as listed by the supplier, was 70% pure. Cal-
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[8] reported a detection limit of 20 pM for a fluo
rescein labeled deoxynucleotide triphosphate and 5
pM for a fluorescein-labeled 100-mer oligonucleo
tide [8], and Cheng and Dovichi [9] reported that
the detection limit for a fluorescein-arginine conju
gate was less than 5 pM. For tetramethylrhodamine
isothiocyanate, a related analyte, Chen et at. [10]
reported a linear calibration curve down to 64 pM
(r = 0.986).

CONCLUSIONS

We have outlined here the design and perform
ance of a home-built laser-based f1uorometric detec
tor for CE that has state-of-the-art performance.
Commercial detectors of this type have just ap
peared on the market, but the present system is
more flexible and much less expensive. Tn contrast
to a commercial design using optical fibers to deliv
er laser light to the capillary column, the present
systems offers better focusing properties and thus
better rejection of stray light for working with small
diameter capillaries. Light collection here is based
on imaging and spatial filtering. This is similar to
one commercial scheme which uses a fluorescence
microscope, but is much easier to implement. The
system here is also ready for UV excitation, e.g. at
275 nm [6], requiring only substitution of the opti
cal filters.
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ABSTRACT

Dynainic light-scattering experiments are performed on semi-dilute solutions of hydroxyethyl cellulose which have been shown to be
suitable as molecular sieving media for electrophoretic separations in a capillary format. The multi-exponential data analysis program
CONTIN is used to determine the various relaxation processes present. The relationship between polymer concentration, C (g/ml), and
the mesh-size of the entangled network,~, is found to be ~(A) = 6.0 C- O

.
68

, which is in good agreement with predictions based on the
scaling theory of De Gennes and intrinsic viscosity measurements.

INTRODUCTION

Recently it has been demonstrated that low
viscosity ( < 2 cP) semi-dilute polymer solutions can
be used as molecular sieving media for electrophoret
ic separations performed in micro-capillary tubes
[1-7]. These systems promise significant practical
advantages over traditional rigid-gel electrophoresis
media in that no gel preparation step is required.
Furthermore, because of their low viscosity, these
solutions are well suited for use in automated
capillary electrophoresis instrumentation. In es
sence, the use of semi-dilute polymer solutions in a
capillary electrophoresis format decouples the two
roles of a traditional electrophoresis gel: that of an
anti-convective support and of a molecular sieve.

In our previous report [3] the scaling theory of De
Gennes [8] and traditional theories of electrophoret
ic migration were used to relate the properties of the
mesh-forming polymer to the mesh size of the
polymer network and to the resulting electrophoret-

Correspondence to: Dr. P. D. Grossman, Applied Biosystems,
Inc., 850 Lincoln Center Drive, Foster City, CA 94404, USA
(present address).

ic migration behavior of a series of DNA restriction
fragments. It was shown that the mesh size of the
entangled polymer solution was similar to that of
traditional agarose gels and that the migration
mechanism of the DNA fragments was the same as
that found in traditional rigid-gel matrices. Further
more, a relationship was proposed which could be
used to design optimal entangled polymer systems
for different electrophoresis applications.

Since the first successful application of scaling
theory to polymer solutions by De Gennes [8],
dynamic light scattering (also known as photon
correlation spectroscopy or quasielastic light scat
tering) has played an important role in the study of
the dynamics of semi-dilute polymer solutions. Here
we apply the technique ofdynamic light scattering to
measure the mesh size of the hydroxyethyl cellulose
(HEe) solutions which were shown to be useful as
sieving media in electrophoretic separations of
DNA restriction fragments. In particular, we con
firm the predictions for the mesh size based on
scaling theory and intrinsic viscosity measurements
for aqueous HEC solutions used in our previous
electrophoresis study.

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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Fig. I. Schematic diagram of light scattering apparatus.
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where k is Boltzmann's constant, T is the absolute
temperature, YJ is the viscosity of the pure solvent
and R is the particle radius. According to the scaling
theory of De Gennes [8], in semi-dilute polymer
solutions, the cooperative diffusion coefficient of the
polymer, Dc> is given by

Sample
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Argon Ion Laser ~
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where ~d is the dynamic correlation length of the
polymer, which can be interpreted as a measure of
the mesh size of the polymer network. De Gennes

which can be measured at a given scattering angle
with a given incident radiation. The magnitude of q
is given by the relation

q ~ 4~n sin G) (3)

where 8 is the angle between the incident and
scattered light, n is the refractive index of the
scattering medium, and A is the wavelength of the
incident light in vacuo. Thus, knowing r, one can
determine the value for D.

In the limit of infinite dilution, the self diffusion
coefficient, Do, of a spherical particle is given by the
Stokes-Einstein relation as

Output Scattered
Intensity Autocorrelation

Function

(2)

where let) is the time dependent intensity of the
scattered light, r is the delay time of the fluctuations,
T is total time for the measurements and the angle
brackets denote a statistical average. The relaxation
rate of the intensity fluctuations, r, is calculated by
fitting experimental data to a theoretical formula
tion of G(2)(r).

The diffusive nature of the relaxation process
responsible for the decay in G(2)(r) indicates that the
scattered intensity autocorrelation function is char
acterized by an exponentially decaying function,
with the time constant given by r- 1 , where

THEORY

T

. . lim If
G(2)(r) = <l(t)l(t + r) = T--+oo T let) l(t + r)dr

°

where r is the relaxation rate of the process, D is the
diffusion constant and q is the scattering vector. The
scattering vector is a measure of the characteristic
length associated with the diffusive fluctuations

(1)

Physical basis
Dynamic light-scattering measurements yield di

rectly the mutual diffusion coefficient of a scattering
species undergoing Brownian motion. The time
dependence of the intensity fluctuations of the
scattered light, let), can be related to the transport
properties of the scattering species.

A simple picture of a light-scattering photometer
is given in Fig. 1. A monochromatic laser light is
used to illuminate a region of the sample solution.
The sample scatters light in all directions and a
record of the intensity fluctuations of the light
scattered through a small range ofangles is collected
using a photodetector. These intensity fluctuations
are then related to the Brownian motion of the
scattering species.

In the case of semi-dilute polymer solutions, light
scattering is caused by fluctuations in the concentra
tion of the sample polymer induced by its thermal
motion within the illuminated volume. The relaxa
tion rate of these concentration fluctuations can be
determined using the scattered intensity autocorre
lation function, G(2)(r), where
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where E(t) is the time dependent electric field of the
scattered light, and E*(t) is the complex conjugate of
E(t). E(t) is related to the intensity of the scattered
light by

let) = E*(t)E(t) (7)

For the case of semi-dilute polymer solutions, the
relationship between G(2)(r) and g(l)(r) is given by
the homodyne autocorrelation function [9], thus

where B is the baseline and the pre-exponential
factor fJ is an instrumental correction factor having a
value between 0 and I. A typical plot of the scattered
electric field autocorrelation function is shown in
Fig. 3. .

The analysis of the measured autocorrelatIOn
function, G(2) (r), is a critical step in a dynamic
light-scattering experiment. In the simplest case,
that of a monodisperse suspension of nearly spheri
cal particles, e.g. polystyrene latex spheres, the
autocorrelation ·function can be fitted to a single
exponential function. In this case,

where A is the spectral amplitude and B is the
baseline.

In the case of semi-dilute polymer solutions, a
number of relaxation processes occur simultaneous
ly, and a single exponential approach is not satis~ac

tory. These processes include center-of-mass motion
ofa single chain, center-of-mass motion ofgroups of
chains and changes in the conformation ofindividu
al chains. Therefore, one is forced to use a multi
exponential approach to resolve the different relaxa
tion modes present. In this study we will use the
CONTIN method [10,11]. CONTIN fits the electric
field autocorrelation function to a series of expo
nential functions,

Fig. 2. Schematic illustration of a semi-dilute polymer solution
according to the scaling theory of De Gennes [8).

theory assumes that semi-dilute polymer solutions
can be modeled as a group of spherical polymer
"blobs" having a characteristic size ~d whose motion
is uncorrelated (see Fig. 2). Thus, given an experi
mentally measured value of T, in a semi-dilute
solution, using eqns. 2 and 5, one can obtain an
estimate of the value ~d' The value of T is calculated
from the measured autocorrelation function of let).
This procedure will be discussed in the following
section.

The autocorrelation function
In general, correlation functions provide a meth

od for expressing the degree to which dynamic
properties are correlated over time. As mentioned
earlier, dynamic light-scattering experiments mea
sure the intensity autocorrelation function through
the recorded time dependent intensity of the scat
tered light, let). However, because the dielectric

. constant fluctuations which are responsible for light
scattering are proportional to the electricfield of the
scattered light rather than the intensity, it is necessa
ry to know the relationship between the scattered
intensity and the scattered electric field autocorrela
tion functions. (The structural information is con
tained in the behavior of the scattered electric field,
but all we can measure directly is the scattered
intensity.) The scattered electric field autocorrela
tion function, g(I)(r) is defined as

g(l)(r) = <E*(t)E(t + r) =

T

lim If
T~ooT E*(t)E(t + r)dr

o

G(2)(r) = B[l + !3Ig(l)(rW]

g(l)(r) = A exp( -Tr) + B

N j

g(l)(r) = f G(Tj)exp( -Tjr) + I

j= 1

(6)

(8)

(9)

(10)
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Fig. 3. Representative plot of the scattered electric field auto
correlation function, g(l)(r). Data are from a solution of 0.006
g/ml HEC in TBE buffer at 30°C. The scattering angle is 90°.

where G(T) is the normalized rate distribution, 1 is a
constant and Nj is the number of exponentials used
in the sum. Note that if N j = 1, eqn. 10 reduces to
eqn. 9. In this study 31 exponentials were used to
extract values for r j from measurements of g(l)(r).

MATERIALS AND METHODS

The light-scattering instrument used in these
studies was purchased from Brookhaven Instru
ments Corporation (Holtsville, NY, USA). The light
source is a Lexel Model 95-2 argon ion laser (Palo
Alto, CA, USA) whose incident polarization is per
pendicular to the scattering plane. The sample cell is
immersed in an index matching liquid (toluene) in
order to reduce the reflection of the incident beam
from the surface of the sample cell. All measure
ments were made at a scattering angle of 90° and the
sample time was 2.5 j1.S. Data for each measurement
were accumulated over a period of 5 min. The
temperature was controlled at 30.0 ± 0.1 °C using a
Lauda Model RM6 circulating water bath (West
bury, NY, USA). The correlator is a Brookhaven
BI-2030 real-time 136-channel digital corre1ator.

As mentioned before, the measured autocorrela
tion functions were analyzed using the LaPlace
inversion program CONTIN [10,11].

The buffer used in all experiments was 89 mM
tris(hydroxymethyl)aminomethane, 89 mM boric
acid and 5 mM ethylenediaminetetraacetic acid
(TBE buffer) at pH 8.1. Varying amounts of (hy
droxyethyl) cellulose was added to the TBE buffer to
make up the polymer solutions. All the solutions

P. D. Grossman et al. / J. Chromatogr. 608 (1992) 79-83

Fig. 4. Representative plot of the distribution ofrelaxation times.
Data are from a solution of 0.01 g/ml HEC in TBE buffer at 30°C.
The scattering angle is 90°.

were filtered through a 0.2-j1.m nylon filter (Fisher
Scientific, Pittsburgh, PA, USA) to remove any dust
particles and were allowed to sit for between 18 and
24 h to insure complete dissolution of the polymer.

RESULTS AND DISCUSSION

A plot of the distribution of relaxation times ofan
HEC solution having a concentration of 0.006 glml
is shown in Fig. 4. This plot is typical ofthese seen at
other polymer concentrations above the overlap
concentration. The origin of the modes has been
determined in a previous report from this laboratory
using solutions of polyacrylamide [9]. The slow
mode (small T) was attributed to the center-of-mass
motion of unentangled single polymer chains, while
the fast mode (large T) was attributed to the
dynamics of the entangled polymer network (co-

200

100

50L......_-'-_.........~........._ .........._ ........
0.000 0.005 O.OlD 0.015 0.020 0,025

C (g/ml)

Fig. 5. Plot of the measured dynamic correlation length, ~d' as a
function of HEC concentration. The solid curve is a plot of eqn.
11 where a = 4.22 A and v = 0.75.
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Fig. 6. Concentration dependence of the dynamic correlation
length for HEC solutions at 30°C (0.006-0.02 gjml). The straight
line is a linear least-squares fit where ~iA) = 6.0C- O

.
68

•

operative diffusion). In this work, because we are
concerned with the polymer network and not indi
vidual polymer chains, we are interested exclusively
in the cooperative diffusion (fast) component of the
relaxation spectrum.

Fig. 5 shows plot of the measured correlation
length, ~d, as a function of polymer concentration.
The solid curve is the predicted value of ~d based on
the scaling theory,

(11)

where a is the polymer segment length and C is the
polymer concentration (in this case the volume
fraction and the concentration are assumed to be
equivalent) and v is a constant whose value depends
on the solvent quality. For a good solvent, v = 0.75.
The value of a used in constructing the curve in Fig.
5 is 4.22 A. This value was determined using intrinsic
viscosity measurements [3] in the TBE buffer. All the
points in Fig. 5 are above the experimentally mea
sured value of the overlap threshold ofapproximate
ly 0.4%.

In order to determine the experimentally mea
sured value of the exponent in eq. (11) and the
polymer segment length, a, a plot oflog ~d vs. log C
was constructed (Fig: 6). The slope of the solid line is
-0.68, indicating that v = 0.68 in this system, in
good agreement with the value of 0.75 predicted
from theory. The zero intercept of the curve is 0.775,

C (g/mJ)

Fig. 7. Plot of the measured dynamic correlation length, ~d' as a
function of HEC concentration. The solid curve is a plot of eqn.
12.

indicating a segment length of 6.00 A. This value is
higher than the value measured by intrinsic viscosi
ty, 4.22 A, but well within the margin of error for
these measurements. Based on these measurements,
for the polymer-solvent system considered here,

~(A) = 6.0 C- O
.
68 (12)

Fig. 7 compares the experimental data with the
curve described by eqn. 12. Thus, comparing Figs. 5
and 7, it can be seen that these data are in close
agreement with the predictions of scaling theory.
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Indirect time-resolved luminescence detection in capillary
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ABSTRACT

Time-resolved luminescence of the terbium(III)-acetylacetone chelate has been used as an indirect detection method for capillary
zone electrophoresis. Three different modes were investigated: dynamic quenching of the background signal by selected anions; ligand
displacement of acetylacetone by other complexing agents; and electrophoretic displacement of acetylacetonate by anions in general.
The latter two modes required the use of a post-capillary reactor; in this study, a coaxial flow-type reactor was used for this purpose.
The results of dynamic quenching were good for the determination of nitrite, yielding detection limits of 3 . 10- 9 M (0.2 ppb). In
addition, the feasibility of ligand and electrophoretic displacement was demonstrated. However, improvement of the post-capillary
reactor and substitution of the xenon lamp by a focused laser beam is required to exploit fully the potential of the ligand and
electrophoretic displacement options.

(1)

INTRODUCTION

Capillary zone electrophoresis (CZE) gives a fast
and efficient separation of ionic compounds. In
direct detection methods [1] can be applied for
those compounds without a suitable chromophore.
Among the different approaches described so far are
indirect UV absorbance [2-5], indirect laser-induced
fluorescence [6-8] and indirect amperometric meth-

'<ods [9]. According to Yeung and Kuhr [1], the
t\tainable detection limit, Clim (in concentration
u\ its), is given by the following equation

Cb

Cliri = DR·TR

whert!f'b represents the concentration of the Quffer
ion which generates the background signal, DR is
the dynamic reserve and TR the transfer ratio. From
eqn. 1 it can be seen that Cb should be as low as

Correspondence to: Dr. M. W. F. Nielen, Chemical and Structure
Analysis Department, Corporate Research, Akzo Research
Laboratories Arnhem, P.O. Box 9300, 6800 SB Arnhem, Nether
lands.

possible while still 1!enerating a sufficient back
ground signal. The transfer ratio will depend on the
mobilities of the analyte and the background ion
and might deviate significantly from unity [5]. The
dynamic reserve should be as high as possible. Some
representative data are summarized in Table I.

The UV detector gives a good performance with
respect to DR; its limited sensitivity, however,

.. demands high concentrations of the background
ion. Both conventional and laser-induced fluores
cence methods yield relatively low DR values due to
instability of the source and scattered light. Only
after extensive modifications [7] can the situation be
improved.

As an alternative, indirect time-resolved lumines
cence methods using pulsed sources and gated
photomultipliers can be considered. The absence of
scattered excitation light will be beneficial, especial
ly at cylindrical flow cells such as CZE capillaries.

Relatively inexpensive luminescence detectors,
designed for high-performance liquid chromatogra
phy (HPLC), allow time-resolved measurements in
the microsecond domain. Thus fluorophores or
phosphorophores having relatively long lifetimes

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.Y. All rights reserved
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TABLE I

DYNAMIC RESERVE AND DETECTIONLIMITS FOR INDIRECT DETECTION MODES IN CZE

Limits of detection (LOD) at a signal-to-noise ratio of 2.

Detection Background Cb DR LOD Ref.
mode" ion (mM) (mol/I)

UV Veronal 6 1100 1.5 . 10- 5 5
Flu Quinine 0.1 170 1.0 . 10- 6

Flu Salicylate 0.25 180 3.0 . 10- 6

LIFlu Quinine 0.4 380 2.0 . 10- 6 8
LIFlu Salicylate 0.25 270 2.0· 10- 6 6
LIFlu Salicylate 0.05 > 1000 1.0· 10- 7 7

" Flu = fluorescence; LI = laser-induced.
b Using the detector as described in this paper.

are required. Europium chelates fulfill this require
ment and are widely used as labels in time-resolved
fluorescence immunoassays [10]. Terbiumchelates
have been used in spectrofluorimetric determina
tions of trace amounts of protein [II] and of
salicylate in biological samples [12]. Baumann et al.
[13] proposed dynamic quenching of europium(III) .
and terbium(III) luminescence as a detection meth
od for ion chromatography. A decrease in back
ground signal is observed for those analytes able to
reduce the luminescence quantum yield, i.e. the
detection limit is not restricted by the concentration
of the background ion and does not follow eqn. I.
The method can be improved by excitation of the
lanthanide acetylacetone chelates (instead of direct
excitation of the lanthanide ions) [14]. Only a few
anions [nitrite, chromate, hexacyanoferrate(II) and
hexacyanoferrate(III)] respond, thus the dynamic
quenching mode offers both sensitivity and selectivi
ty in ion chromatography.

In this study, the time-resolved luminescence of
the terbium(III)-acetylacetone (Tb-acac) chelate
was used as a background signal for indirect detec
tion in CZE. Three different modes have been
investigated: dynamic quenching of the signal (se
lective mode); ligand displacement (less selective
mode); and electrophoretic displacement (universal
mode). Only the latter mode is comparable with the
other systems in Table I and follows eqn. I.

Both ligand and electrophoretic displacement
required the use of a post-capillary reactor [15].

EXPERIMENTAL

Apparatus
Experiments were carried out using a laboratory

made CZE system consisting of an F.u.G. (Rosen
heim, Germany) Model HCN 35-35000 power sup
ply operated at +25 or -25 kV, a Plexiglas cabinet
equipped with safety interlocks and a Perkin-Elmer
(Beaconsfield, UK) Model LS-40 luminescence de
tector. Unless stated otherwise, the detector was
operated at an excitation wavelength of295 nm. The
emission monochromator was replaced by the total
emission mirror accessory combined with the 430
nm cutoff filter. Time-resolved luminescence was
obtained using a delay time of 0.1 ms and a gating
time of 0.5 ms. The original flow cuvette of the
detector was removed and replaced by the CZE
capillary, without additional optimization or focus
ing of the optical system. The detection window on
the CZE capillary was about 4 mm long. CZE
capillaries were either fused silica (Polymicro Tech
nologies, Phoenix, AZ, USA), 120 cm x 50 /lm
LD./180 /lm O.D., or a synthetic hollow fibre [16],88
cm x 50 /lm I.D./350 /lm O.D. Samples were
injected either hydrodynamically by raising the
injection end and the sample at a specific height and
time, or electrokinetically by applying a voltage of
-10 kV for a specific time.

Some preliminary experiments were calried out
using an Applied Biosystems (San Jose, USA)
Model 270A capillary electrophoresis system [17]
coupled with the detector described above.
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Post-capillary reactor
Ligand and electrophoretic displacement required

the use of a post-capillary reactor. The reactor was
of the coaxial flow type and was constructed accord
ing to Rose and Jorgenson [15]. The CZE capillary,
50 Jim I.D./180 Jim O.D., was inserted into a 200 Jim
I.D./350 Jim O.D. reaction capillary. In this work,
the reaction is actually a displacement only, thus
hardly any reaction time is required. To allow
mixing, the CZE capillary was inserted to 1 mm
before the beginning of the detection window in the
reaction capillary. The reagent was delivered via
a stainless-steel tee using an Applied Biosystems
Model 140B syringe pump, equipped with an
Acurate (LC-Packings, Amsterdam, Netherlands)
Model 100 flow splitter and a restriction capillary of
5 m x 50 Jim J.D.

The post-capillary reactor was not optimized in
this work. Optimization can be carried out by
etching the outer diameter of the CZE capillary and
by improved matching with the inner diameter of the
reaction capillary [15], or by the use of a focused
laser beam [18].

Chemicals
Terbium(III) chloride hexahydrate and acac were

obtained from Aldrich (Steinheim, Germany). All
other chemicals were obtained from Merck (Darm
stadt, Germany). Distilled water was purified in a
Milli-Q apparatus (Millipore, Bedford, MA, USA).

Methods
Buffers were prepared in Milli-Q water and

adjusted to a specific pH with 0.1 M sodium
hydroxide solution using a Philips (Cambridge, UK)
Model PW 9409 pH meter. Stock solutions of the
analytes under investigation were prepared in Milli
Q water at 1 . 10- 3 M. Samples were freshly diluted
or their pH was adjusted in accordance with the
buffer system under investigation, or both. Buffers
and samples were filtered through 0.45 Jim Spartan
30/B filters (Schleicher & Schuell, Dassel, Germany)
before use.

RESULTS AND DISCUSS10N

Dynamic quenching mode
Initial experiments were performed using direct

excitation ofTb(III), i.e. without acac ligands, at 225

87

nm in an electrolyte system consisting of 5 mM
TbCh in water.

Not surprisingly, the performance was poor. The
maximum DR value obtained was 70 due to the
noisy baseline and the low background signal ob
tained. The output of the xenon lamp and the molar
extinction coefficient of Tb(IlI) are both low at this
wavelength. Indirect excitation of Tb(III) via its
acac chelate was expected to yield better results. The
excitation and emission maxima were determined
and found to be 295 and 545 nm, respectively. The
optimum detector settings as described under Ex
perimental, combined with a buffer system consist
ing of 0.35 mM TbCI 3 , 0.8 mM acac, 6 mM NaCI at
pH 8.3 yielded a DR value of 360. Compared with
the (conventional) fluorescence data in Table I, the
DR value has increased significantly as a result of the
time-resolved measurement. An even bigger increase
might have been expected. However, it should be
noted that the optics of the detector used were not
designed nor optimized for the CZE capillary.

In addition, the chemistry involved might signifi
cantly contribute to the baseline noise (chemical
noise). Tb ions tend to adsorb onto the capillary
wall, complex with acetylacetonate and migrate, free
or complexed, in the electric field.

A mixture of nitrite, chromate and hexacyano
ferrate(III), 3 . 10 - 5 M each, was separated by CZE
at -25 kV and detected using the dynamic quench
ing mode. A typical electropherogram is shown in
Fig. 1. The negative peaks obtained cannot be
attributed to electrophoretic displacement of acac
because of the excess of chloride ions in the buffer
and the complexation of acac with the Tb(III) ions.
The results for nitrite were promising but the other
two ions, especially chromate, showed a lot of
tailing. Tailing has also been observed in HPLC
systems for the analysis and detection of these
compounds by dynamic quenching of Tb-acac
[14,19]. Contrary to the suggestion in these papers,
interaction with metal parts cannot be responsible
for tailing observed in this fused-silica capillary. The
behaviour of these two ions in this CZE system
resembles an adsorption mechanism: the respective
electrophoretic mobilities are much lower than the
theoretical values and a typical concentration de
pendency occurs on dilution of the mixture in Fig. 1.

In contrast to nitrite, chromate and hexacyano
ferrate(IlI) tend to disappear completely at 1 . 10- 6
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Fig.!. Electropherogram of 3 . 10- 5 M nitrite, chromate and
hexacyanoferrate(lII) using dynamic quenching ofTb-acac lumi
nescence. Conditions: Applied Biosystems Model 270A appara
tus equipped with a fused-silica capillary, 120 cm x 50 /-1m J.D.,
coupled with the luminescence detector; CZE at -25 kV in 0.8
mM acac, 0.35 mM TbCI 3, 6 mM NaCI, pH 8.3 (in water); other
conditions as given under Experimental.

M. These observations might be explained by one or
more of the following mechanisms: adsorption onto
wall-adsorbed Tb(I1I) ions; precipitation after com
plexation with Tb-acac; unintended electrochemical
reactions in the CZE system. In this study, aimed at
determining the general principles and feasibility of
indirect detection in CZE using Tb-acac, chromate
and hexacyanoferrate(III) were simply excluded
from the test mixture and experiments in the dynam
ic quenching mode were continued with nitrite
alone.

The performance of this system was investigated
using a CZE capillary of 113 cm length (71 cm to
detector) and a buffer system consisting of 6 mM
NaCl, 1 mM acac, 0.2 mM TbCh at pH 7.4. Nitrite
samples (3 . 10- 5 M in water) were injected hydro
dynamically (14 cm, 20 s). The nitrite peaks obtained
showed a plate numb~r of 130 000. The repeatabili
ties of the migration time and the peak height were
± 1% relative standard deviation (R.S.D.) (n =
6)fWd ±3.8% R.S.D. (n = 6), respectively. The
lower limit of detection (signal-to-noise ratio-2) was
2 . 10 -7 M, which is fairly good for a capillary
separation technique (cr Table I) and comparable
with the results obtained with high-performance
liquid chromatographic (HPLC) instruments [13,
14]. It should be noted that the theoretical detection
limit for 1% dynamic quenching of the Tb(III)-acac

I
5.ilil

I

~z

Tima (mtn)

I
lil.ilil

signal by nitrite is I . 10- 7 M [14], so the results
presented here are in good agreement. The lower
limit of detection can be simply improved in CZE by
using focusing techniques.

We have successfully applied field amplified sam
ple injection [20]. A tapwater sample spiked with 1 .
10- 7 M nitrite was injected electrokinetically at -10
kV for 15 s. The electropherogram obtained (Fig. 2)
shows a good selectivity towards other ionic species
normally present in this matrix. The lower limit of
detection can be calculated using the Stern-Volmer
equation [13] and was found to be 3 . 10- 9 M or 0.2
ppb, which is, as far as is known, superior to any
other separation technique for the selective deter
mination of nitrite in aqueous samples. In addition,
the method presented here will cost much less than a
comparable ion chromatographic system. An inter
esting application would be the determination of
nitrite (often used as a food preservative and a
known precursor ofcarcinogenic N-nitrosamines) in
aqueous extracts of processed meats [21].

Ligand-exchange mode
The second indirect detection option using Tb

(III)-acac time-resolved luminescence is based on
ligand-exchange principles. Any analyte which is
able to form a complex or a mixed complex, i.e. any
analyte having a complexation constant with Tb(III)
which is higher than (or comparable with) Tb(III)
acac and which is unable (or less able) to provide
indirect excitation of Tb(I1I) ions at 295 nm, will
cause a negative peak on the background signal. A
polycarboxylic acid, known as a complexing agent,
showed good sensitivity in both batch and flow
injection experiments [22].

In this CZE experiment, it was preferred to
separate the complexing agents EDTA and nitrilo
triacetic acid (NTA) as such, i.e. in their uncom
piexed form. Consequently, TbCl 3 had to be ex
cluded from the CZE separation system and added
after the capillary using the coaxial flow reactor (see
under Experimental). The performance of the post
capiJIary reactor was tested using hydrodynamic
injections of nitrite (3· 10- 5 M). At a reagent
flow-rate of 0.0 Jil/min the plate number was 1600,
which is in good agreement with published data for a
200 Jim J.D. reaction capillary at low flow-rates [15].
The plate number increased towards 7000 at the
reagent flow-rate of 0.55 Jil/min used in this study.
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Fig. 2. Electropherogram of tapwater spiked with I . 10- 7 M nitrite using dynamic quenching of Tb-acac luminescence. Conditions:
CZE at -25 kV in I mM acac, 0.5 mM TbC1 3 , 10 mM NaCl, pH 7.1 (in water-methanol, 75:25); capillary, synthetic hollow fibre, 88
cm x 50 /lm I.D. Apparatus and other conditions as given under Experimental.

The efficiency of the coaxial flow reactor can be
significantly improved (plate numbers up to 50 000
600 000) by etching the outer diameter of the CZE
capillary and decreasing the inner diameter of the
reaction capillary, or using a focused laser beam as
an excitation source, or both [15,16]. However, this
plate number was considered to be sufficient for the
purpose of demonstrating the ligand-exchange op
tion using Tb-acac luminescence.

Complexing agents (5 . 10- 4 M) were injected
hydrodynamically into a CZE electrolyte system
consisting of 10 mM NaCl and 1.4 mM acac at pH
7.1. TbCl3 (0.5 mM, pH 7) was added coaxially at a
flow-rate of 0.55 pI/min. Matching the pH of the
CZE electrolyte and the reagent was a prerequisite
for adequate mixing and a stable background signal.
The results obtained are shown by the electro-

pherograms in Fig. 3. In contrast with Figs. 1and 2,
a strong electro-osmotic flow in the direction of the
cathode is induced due to the absence of Tb3 + ions
in the CZE capillary. The complexing agents EDTA
(Fig. 3A), NTA (Fig. 3B) and the commercially
available technical mixture (Fig. 3C) show relatively
large responses (peak area/time), demonstrating the
potential of this ligand-exchange detection mode.
The negative peaks are not caused by electrophore
tic displacement of acac because of the excess of
chloride ions present in the electrolyte system. The
plate numbers and peak shapes are poor compared
with Fig. 2. These discrepancies can be explained by
the poor performance of the coaxial flow reactor in
general and electromigration dispersion caused by
differences in effective mobilities between analytes
and buffer ions [23].
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Fig. 3. Electropherogram of (A) 5 . 10 - 4 M EDTA, (B) NTA and (C) a technical mixture using ligand-exchange Tb-acac1uminescence.
Conditions: CZE at + 25 kV in 1.4 mM acac, 10 mM NaCl, pH 7.1 (in water); post-capillary addition of 0.5 mM TbCl3 at 0.55 Ill/min;
total length of capillaries, 108 cm, CZE fused-silica capillary 63 cm x 50 Ilm J.D., reaction capillary 200 Ilm J.D. Apparatus and other
conditions as given under Experimental.

Electrophoretic displacement mode
The third option for indirect detection using the

Tb-acac luminescence is electrophoretic or charge
displacement. The principles of this mode are the
same as for the indirect UV or fluorescence methods
(see Table I). In this instance only acac should be
present as background electrolyte in the CZE sys
tem, so TbCl 3 should be added after the capillary
(c{ ligand-exchange mode).

The pKa value of acac was determined by record
ing a titration curve and was found to be 8.76. This
value is attractive for CZE separation using electro
osmotic flow and, in addition, the buffering capabil
ity will provide a stable system.

C9 and C12 linear alkylsulphates (l . 10- 3 Min
water) were injected hydrodynamically in a CZE
electrolyte consisting of 10 mM acac buffer at pH
8.5. TbCl3 (0.25 mM) was added after the capillary
at a flow-rate of 3.0 J.tl/min.

CZE was performed at +25 kV and indirect
detection was easily obtained (Fig. 4). The plate
number increased to 12 000 as a' result of the
increased reagent flow-rate. It can be seen that these

linear alkylsulphates are partly separated in this
system. This unoptimized post-capillary reaction
system cannot compete with the indirect UV detec
tion system [5] in which baseline resolution and
400 000 theoretical plates were obtained. Neverthe
less, the present indirect detection option might
become a serious alternative when the post-capillary
reactor [15, 18] has been improved or the indirect UV
system [5] cannot be used because of interfering
compounds with a chromophore, or both.

CONCLUSIONS

Indirect time-resolved luminescence detection
using the Tb(III)-acac chelate has been applied to
CZE using a conventional HPLC luminescence
detector. Three different indirect detection modes
have been demonstrated: dynamic quenching of the
background signal; ligand displacement by com
plexing agents; and electrophoretic or charge dis
placement. The dynamic quenching mode offers
unequalled sensitivity (less than pbb levels can be
detected) and selectivity for nitrite in aqueous
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Fig. 4. Electropherogram ofa mixture of I . 10- 3 M nonyl- and dodecylsulphate using electrophoretic displacement ofacac. Conditions:
CZE at +25 kV in 10 mM acac, pH 8.5 (i~ water); post-capillary addition of0.25 mMTbCI 3 at 3.0 ttl/min. Other conditions as in Fig. 3.

samples. The feasibilities of the ligand and electro
phoretic displacement options have been prelimi
narily shown, but were adversely affected by the low
plate numbers caused by the unoptimized coaxial
flow reactor. Further improvement of the post-cap
illary reactor following the guidelines of Jorgenson
and co-workers [15,18] will be required to exploit
fully the potential of the ligand and electrophoretic
displacement modes.
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ABSTRACT

A rapid separation of polyamines and some related amino acids in cultured tumor cells by high-performance capillary zone electro
phoresis with indirect photometric detection is demonstrated. 60 cm x 75 /lm I.D. fused-silica capillary was used for the separation and
quinine sulfate was used as a background electrolyte (BGE). Several polyamines (putrescine, spermidine and spermine), amino acids
(lysine, arginine, histidine) and simple cations (K +, Na +) were easily separated in less than 10 min. Using the indirect photometric
detection method, femtomole amounts of polyamines extracted from the tumor cells were detected from nanoliter injection volumes,
and the signal response was linear over two orders of magnitude.

INTRODUCTION

Polyamines such as putrescine, spermidine and
spermine are small polycations that are essential for
cell viability and are present in sub-millimolar con
centrations in many tissues [1,2]. It is widely accept
ed that they have been implicated in a variety of cell
functions involving DNA replication, gene expres
sion, protein synthesis and cell surface receptor
function [3,4]. Over-production of polyamines is
toxic to cells and facilitates cell death by oxidative
mechanisms [2]. Although many studies have been
conducted on polyamines, methods for separation
are largely confined to high-performance liquid
chromatography [5-7] and thin-layer chromatogra
phy [8]. Both of these methods require that the po
lyamines be derivatized or labelled before detection
[7,8]. Although several reports have demonstrated
that the derivatization of amino acids and peptides
with fluorescamine or dansyl chloride can be easy

Correspondence to: Dr. Y. Ma, Division of Science, Northeast
Missouri State University, Kirksville, MO 63501, USA.

and fast (nanoseconds) [9-11], the derivatization
and labelling procedures for polyamines are often
tedious and time consuming [7,8].

High-performance capillary zone electrophoresis
(HPCZE) has proved to be a powerful technique in
the separation of charged biomolecules with very
high resolution [12-14]. Indirect detection tech
niques have become sensitive and simple to use
[15,16]. However, the separation of polyamines in
biological samples by HPCZE has not yet been as
sessed. This paper presents a rapid method to sep
arate and detect extracted polyamines from an es
tablished tumor cell line of the rat pheochromocy
toma, PC12, using HPCZE and indirect photomet
ric detection.

EXPERIMENTAL

Reagents
All chemicals were of analytical-reagent grade

unless stated otherwise. Deionized water was pre
pared with a Milli-Q system (Millipore, Bedford,
MA, USA).

Quinine sulfate monohydrate was purchased

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.Y. All rights reserved
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from Fisher Scientific (Fairlawn, NJ, USA). Putres
cine dihydrochloride, spermidine triphosphate,
spermine diphosphate, L-arginine hydrochloride, L
histidine hydrochloride (monohydrate) and L-lysine
monohydrochloride and cell culture materials were
obtained from Sigma (St. Louis, MO, USA).
HPLC-grade ethanol, hydroxypropylmethyl cellu
lose (HMC) (4000 cP at 2YC for a 2% solution)
and all other inorganic chemicals were purchased
from Aldrich (Milwaukee, WI, USA).

Equipment
The (Model 3850) HPCZE system with a UV de

tector was purchased from ISCO (Lincoln, NE,
USA). A positive high voltage was applied to the
capillary by maintaining the injection end at a posi
tive high potential while the cathodic end was held
at ground potential. Data were collected with a Da
tajet computing integrator (Spectra-Physics, Moun
tain View, CA, USA). The capillary columns (Poly
micro Technologies, Phoenix, AZ, USA) were 60
cm (35 cm to the detection system) x 150 /lm O.D.
x 50 or 75 /lm I.D. The polymer coating was
burned off 25 cm from the cathodic end of the capil
lary to form the detection window.

Pretreatment of the capillary column
All new capillary columns were filled with 0.1 M

sodium hydroxide solution for about 30 min to
clean the column. The column was then washed
with deionized water and background electrolyte
(BGE). The capillary was ready for use thereafter.

Preparation of background electrolyte (BGE)
BGE 1. Quinine sulfate (313 mg) was dissolved in

20 ml of 95% ethanol with stirring for several min
utes. About 70 ml of deionized water were added
with stirring until all the quinine sulfate was dis
solved (about 5 min). The cQncentration of quinine
sulfate was 8 mM (20% ethanol) after bringing the
volume to 100 ml in a volumetric flask, and the pH
was 5.9. The BGE was vacuum degassed before use.

BGE 2. HMCwas added to BGE 1 to a concen
tration of 0.5% (w/v) and stirred for 40 min until
dissolved. The solution was vacuum degassed be
fore use.

Growth of pe12 tumor cells
Rat pheochromocytoma (PC12) tumor cells were
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purchased from the American Type Culture Collec
tion (Rockville, MD, USA) and were cultivated on
RPMI medium supplemented with 5% fetal bovine
serum, 10% heat-inactivated horse serum (30 min
at 56°C), 100 unitslml of penicillin G and 100 /lg/ml
of streptomycin, and buffered with 0.2% (w/v) sodi
um hydrogencarbonate (pH 7.4). Cultures were
propagated in a humidified growth chamber (Queue
Systems, Parkersburg, WV, USA) with 10% carbon
dioxide gassing at 37°C in 75-cm2 flasks.

Preparation of tumor cell extract
PC12 cells (4.7· 107

) were harvested by centrifu
gation at 1000 g for 15 min. The pellet was washed
with 0.3 M sucrose. Deionized water (3 ml) was
added to the pellet and the sample was held at
0-4°C for 2.5 h. Insoluble and membranous materi
als were removed by centrifugation at 60000 g at
O°C for 30 min. The supernatant was analyzed by
HPCZE to determine cytosolic polyamines. For to
tal cellular polyamine analysis, the pellet was re
suspended with the supernatant.

Electrophoresis
Samples were injected electrokinetically at 30 kV

for 3 s, and the separation was carried out at 30 kV
for 15 min. The wavelength of detection was et at
236 nm owing to the maximum absorption coeffi
cient of quinine sulfate at this wavelength (I> =

34900 Ilmol . cm) [17]. Data were collected and
processed by the Datajet integrator. For the conve
nience of integration, the polarity of the integrator
was reversed, so that the sample peaks shown in the
following electropherograms appear as if they are
absorption peaks.

RESULTS AND DISCUSSION

Fig. 1 shows the separation of three polyamines
and other commonly existing cations in the cell cul
ture media and other biological samples, such as
K +, Na +, L-lysine, L-arginine and L-histidine, with
BGE 2. All these components were completely sep
arated in less than 10 min. The effect ofHMC in the
BGE was twofold: it blocked the evaporation of
ethanol and maintained a reproducible migration
time for the sample peaks, and an improved resolu
tion was obtained owing to the elimination of elec
troosmotic flow by the linear HMC polymers. L-
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Fig. I. Separation of three polyamine standards and other com
monly co-existing cations in the cell culture media in BGE 2 by
HPCZE with indirect photometric detection. A 3-s, 30-kV in
jection of 100 /lM each was followed by electrophoresis at 30 kV
on a 60 em x 75 /lm I.D. Pretreated column. Injection volume,
26.1 nl; detection wavelength, 236 nm. Peaks: a = K +; b =
Na +; C = putrescine; d = L-histidine; e = spermidine; I' =
spermine; g = L-Iysine; h = L-arginine.

Histidine gave a very small signal in BGE 2, as
shown in Fig. 1. This is due to its absorption at 236
nm, which almost compensates for the displace
ment signal.
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Fig. 2. Separation ofpolyamines and other cations using BGE I
by HPCZE with indirect photometric detection. Peaks: a = K +;
b = Na +; C = putrescine; d = spermidine; e = L-Iysine; I' =
L-arginine; g = spermine. Electrophoresis conditions as in Fig.
\.
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We also investigated the separation of the same
components shown in Fig. 1 with BGE 1, and the
results are shown in Fig. 2. It can be seen that the
separation with BGE 1 is not as good as with BGE
2, the elution order of L-lysine and L-arginine
changed from BGE 1 to BGE 2 and the L-histidine
peak was missing. BGE 1 had another drawback in
that the quinine sulfate crystallized very quickly in
the open buffer reservoir. This was due to the evap
oration of ethanol, which changed the BGE compo
sition and decreased the solubility of quinine sul
fate.

Fig. 3 shows the results of using BGE 2 to sep
arate polyamines extracted from tumor cells. It is
shown that femtomole amounts of polyamines can
be easily detected with the indirect photometric de
tection technique. The amounts of polyamines ex
tracted and injected on to the column are summa
rized in Table I. The unidentified peaks may be pro
teins in the cells, although this was not confirmed.

The linearity of polyamine detection was also in
vestigated, an a linear response over two orders of
magnitude (1.0 . 10- 3 - 3 . 10- 6 ) for each poly-

15

14

13 a b

12

11

10

~
9

8

j
7rn

8

5

4

3

2

o 1 2 3 4 5 8 7 8 9 10 11 12 13 14

Time (Min)

Fig. 3. Separation of polyamines in the tumor cell culture in
BGE 2 by HPCZE with indirect photometric detection. Peaks:
a = K +; b = Na +; C = putrescine; d = spermidine; e = sper
mine. Electrophoresis conditions as in Fig. I.
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TABLE I

POLYAMINE MEASUREMENTS IN PCI2 CELL EXTRACTS

y. Ma et 01. / J. Chromatogr. 608 (1992) 93-96

The injection volume per run was 37.7 nl and the aqueous extract was made from 35 . 106 cells.

Polyamine

Putrescine
Spermidine
Spermine

Polyamine Total polyamine Amount per
extracted injected per 106 cells (nmol)
(fmol/nl) run (fmol)

13.6 513 0.39
25.2 952 0.72
20.8 786 0.59

amine was obtained, which would be difficult using
direct UV detection.

CONCLUSION

Indirect photometric detection of polyamines in
tumor cel1s separated by HPCZE has been demon
strated. The method is rapid, simple to use and fem
tomole amounts ofpolyamines and other biological
cations can be separated and detected. The method
should be highly suitable for the separation and de
termination of polyamines from animals, plants,
microorganisms and biological fluids from tumor
bearing patients or animals. Importantly, a simple
aqueous extract was injected directly into the capil
lary column. A preliminary trichloroacetic acid
(TCA) extraction of polyamines was found not to
be necessary. Indeed, the supernatants of TCA ex
tractions were found to reduce the polyamine sig
nals in both biological samples and standards (data
not shown).
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NOTE ADDED IN PROOF

The polyamine measurements given in Table I do
not account for polyamines bound tightly to macro
molecules such as DNA.
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ABSTRACT

Theoretical and experimental aspects of indirect UV detection are considered. Based on a mathematical treatment of the transport of
ions through the capillary, resulting in an eigenvector---eigenvalue problem, some guidelines are formulated about how to increase
efficiency and sensitivity in an indirect (UV) detection system. Also, the existence of system peaks can be explained properly. An
experimental system consisting of seven amino acids as sample ions and salicylate at pH 11.0 as the UV-absorbing ion was chosen in
order to compare theoretical and experimental results. Constructed electropherograms, produced with a computer program based on
the above-mentioned mathematical treatment, are also presented and compared with experimental electropherograms.

INTRODUCTION

Most capillary electrophoretic separations are
performed using UV detection. Although on-col
umn UV detection requires some degree of minia
turization, it is easy to carry out and is inexpensive.
Another important advantage of UV detection is its
more or less universal character: peptides, proteins
and oligonucleotides can all be detected. However,
important classes of compounds such as inorganic
ions, amino acids and sugars cannot be detected
with UV methods. Indirect detection can be used as
a universal detection scheme, without the need for
time-consuming precolumn derivatization or experi
mentally complicated postcolumn derivatization
procedures.

The possibilities for indirect laser-induced fluo
rescence detection have been studied by Yeung and
co-workers. They reported successful separations of
amino acids [1], proteins, nucleotides [2], tryptic
digests [3], sugars [4] and inorganic ions [5]. Detec
tion of aliphatic alcohols and some phenolic com-

Correspondence to: Professor H. Poppe, Laboratory for Analyti
cal Chemistry, University of Amsterdam, Nieuwe Achter
gracht 166, 1018 WV Amsterdam, Netherlands.

pounds separated by micellar electrokinetic capil
lary chromatography (MECC) in combination with
indirect fluorescence detection has been accom
plished by Amankwa and Kuhr [6]. The detection
mechanism involves a combination of displacement
of the fluorescent background ion from the micelle
by the sample ion and a net reduction of the
quantum efficiency of the fluorophore in the sample
zone. Another mode of indirect detection, indirect
amperometric detection, has been demonstrated by
Olefirowicz and Ewing [7] for the detection of
several amino acids and dipeptides.

Indirect UV detection in CZE has been applied
for the detection of homologous organic acids and
inorganic ions [8-10] and alkylsulphate surfaCtants
[11]. The possibilities for indirect UV detection in
MECC systems have been shown recently by Szucs
et al. [12]. They added sodium dodecylbenzenesul
phonate to the buffer, which allowed the detection
of neutral, aliphatic alcohols.

Foret et al. [10] argued that the highest sensitivity
can be achieved for sample ions having a mobility
close to that of the UV-absorbing ion. They also
gave some calculations on one of the disadvantages
of indirect UV detection, the limited linear range
(only two orders of magnitude) under favourable

0021 -9673(92($05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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where Ji and Ci are the mass flux and concentration
of component i, respectively, and z the coordinate
along the axis of the capillary.

The mass flux can be written as

where Vi and J1i are the linear velocity and the
effective mobility, respectively, of compound i,j the
current density and y the specific conductivity; J1i is a
signed quantity and Ez is the local electric field ( =

jjy). The specific conductivity at position z in the
capillary can be expressed as

(3)

(2)

(1)

y = ff L ZiJ1iCi

phase, while the laws governing coupled transport
are unambiguous and well known.

In this mathematical treatment, the following
assumptions are made: the injection plug is infinitely
sharp; diffusion is neglected, which omits the mass
flux, caused by diffusion; no distribution phenom
ena are involved; and the electro-osmotic flow is
zero. These restrictions can be relaxed later on in the
model.

We start with Fick's law:

aCi a
-=--.j.at az I

conditions. The upper limit is badly influenced by
concentration overload. This effect can be dimin
ished by choosing conditions such that the effective
mobilities of the background electrolyte (BGE) and
sample ions do not differ too much.

In this paper we treat the theoretical background
of the electrophoretic transport in analytical separa
tions in detail by using a mathematical analysis of
the transport equation. This treatment consists of a
vector-matrix approach which allows the assign
ment of the various sample and buffer constituents
into a set of eigenvectors with corresponding eigen
values, representing mobilities.

Also, results of the use of a computer program are
presented. It predicts the number and position of
system peaks with associated mobilities, the peak
widths of sample ions, effective mobilities of sample
ions at various pH values and the disturbances of the
concentrations of the (UV-absorbing) background
ions after injection. The results ofthe computational
calculations are compared with experimental re
sults.

The applicability of indirect UV detection in high- .
performance capillary electrophoresis (HPCE) is
demonstrated with a system, consisting of salicylate
as the UV-absorbing anion and seven amino acids as
sample constituents.

THEORY

(4)

In indirect detection, a detectable ion is chosen as
one of the components of the background electro
lyte (BGE), thus creating a large background signal.
When a non-detectable analyte ion passes the detec
tion window, there will be an increase or decrease in
concentration of the detectable ion in the analyte
zone, resulting in either an increase or decrease in the
background signal. For a good description of such
systems, one has to start with the fundamental
transport equations as has been done for high-per
formance liquid chromatography (HPLC) by Crom
men et al. [13]. Poppe [14] showed that the mathe
matical approaches for the description of indirect
detection in HPLC and HPCE are analogous. How
ever, in HPCE the model is simpler. In HPLC the
simultaneous distribution of analytes towards the
stationary phase has to be characterized empirically
in order to arrive at predictions of indirect re
sponses. In HPCE, the system consists of only one

where ff is the Faraday constant and Zi the charge of
the ion.

Combining eqns. 1 and 2 gives

ac· a (II.C')1. • 1""'1. I
-=-J'- -at az y

From this, it follows that the transport of one ion
depends on the concentration of other ions present
in the system. For a set of N components, N - 1
such equations can be found. We need only N - 1
equations because the concentration of the Nth ion
is determined by the electroneutrality.

The set of N - 1 coupled non-linear equations is
too complex to solve; only in a limited number of
simple systems is it possible to find solutions. If the
disturbance of the concentration of the ions in the
background electrolyte is relatively small, then it is
allowed to create a set of linear equations. The
right-hand side of eqn. 4 can be written as
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z-

n •••n.n~.~••t"'fLt= 0

z-
JlL---A

solution means that the injection pulse occurring in
the capillary at t = 0 is transported through it with
velocity Awithout deformation. A representation of
this can be found in Fig. lA. In reality there is always
more than one component in the system, which
results in a set of coupled linear equations. This
more-dimensional problem can be solved if it is
possible to find a set of simultaneously occurring,
concerted disturbances in all concentrations, which
remain unchanged during transport along the capil
lary. An example of the situation for a three-ion
system at t = 0 and t = t is depicted in Fig. IB. The
system consists of a sample ion A +, which is
electrophoresed in a BGE B+C-. For a more-ions
system, this can be represented mathematically as

Cl = elG(z - At)

(14)

CN-l = eN-1G(z - At)

where el to eN-l indicate the relative intensity of the
disturbance of the concentration. If the changes in

(7)

(6)

(9)

~ . f./.iCi = f./.i . OCi + f./.iCi . ~ . ! + s .Of./.i (5)
oz y y oz oz Y Y oz

The current density j can be omitted, because it is a
constant for a uniform capillary. Both the conduc
tivity, y, and the mobilities of the ions, f./.i, are
functions of the N - 1 components in the system:

1 1
-=Fl(Ct. C2, ... ,CN-d=( N-l )

Y !IF I Zif./.iCi
i= 1

where

The dependence of the f./.iS on the electrolyte
concentration is a result of ionic strength effects and
varying extents of dissociation of acids and bases.
Although the latter effects can be handled [15], in
this paper we shall treat the f./.iS as constants, which
means that eqn. 7 needs no further consideration.
The partial derivative of eqn. 5 can be expanded as

of= OF.OC1+ OF.OC2+ ... +~.OCN-l (8)
oz OCl oz OC2 oz OCN-l oz

If eqn. 8 is used to calculate the partial derivative
of eqn. 5, the following expression will be obtained:

<:l N-l <:l

~. f./.iCi = I A· k ·~
oz Y k= 1 '. OZ

where Ais a constant (with the units of velocity) and
G'(x) a function, e.g., the injection profile. This

t=O t=t

~ 0.0 A+' rL
:~ u"=:~'

: :
! c' : c'
~~

z~= 0 ---,·z z[= a ---- z

B

Fig. I. Schematic representation ofdisturbances of the concentra
tions of the components after injection. The zones with the
concerted concentration disturbances travel with a fixed velocity
A through the capillary. (A) One-dimensional system; (B) more
dimensional system. Sample ion A + is electrophoresed in B+C -.
The numbers on the z-axis indicate the ion concentration. Note
also the stagnant zone at z = 0 in case of t = t. This zone is nearly
always visible in indirect detection measurements as a system
peak at the position of an electroosmotic flow marker.

(10)

(11)

(12)

(13)

Ai,k = O~k (f./.~C)
This means that eqn. 4 can be rewritten as

<:l N-l <:l

~= - I Aik~
ot k= 1 . OZ

for ions i= 1, ... , N-l.
In vector-matrix notation, eqn. 11 is

C = G(z - At)

o 0
ot . c = IA I . oz . C

If there is only one compound in the system, there
is also only one differential equation and then the
solution is easy to find:
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This gives rise to the following eigenvalue prob
lem in matrix notation:

N-i

- L [Ai,ked = - Aei U= 1, ... , N - 1) (16)
k=i

oG N-i oG
ei' -;-= - I [Ai,keil-;- U= 1, .. ;., N -1) (15)

ut k= 1 uZ

(22)

(24)
egly

(Cgly ~ 0) (21)

=1.
Cgly

A _ flsalCsal [flNa - flgly]
sal.gly - - 2. Y

flsalCsal (J1Na - flgl y] 0
y2

There are two solutions,

Ai = flgly = esal = _ flsal . (flNa - flgly) (25)
y egly flgly (flNa - flsaD

A. - flgl y flglyCgly (J1Na - flgl y] flgly
gly,gly - - - 2 ~ -

Y Y Y

(Cgly ~ 0) (20)

o

A - flsal _ flsalCsal [flNa - flsad ~ 0
sal,sal - 2 ~

Y Y

The first solution corresponds to the electro
phoresis of glycine with the associated disturbance
in the salicylate concentration, expressed as eSadegly,

in the sample zone; esadegly is defined here as the
response factor. Salicylate now allows us to monitor
the passing non-UV-absorbing ion, glycine, by its
change in concentration as a consequence of the
presence of this glycine in the zone. It is noteworthy
that the disturbance is not a direct consequence of
electroneutrality rules; this would give egly = - esa],

which is only true when flgl y = flsal' In that particular
situation, there will be a one-to-one displacement.

The second solution has velocity A = 0, which will
be visualized as a system peak, because it will be
transported by the electroosmotic flow (if present).
(The existence of such a stagnant concentration
disturbance was discussed already in 1967 by
Hjerten [16].) This stagnant zone serves as a very
effective electroosmotic flow marker in this way. In
Fig. lB, this zone is depicted at Z = 0 and t = t.

The Kohlrausch regulating function (KRF),

A2 = 0 = egly = 0 (26)

(Csal (J1Na - flsal] ~ y) (23)

The matrix equation is therefore

A - flglyCgl y [flNa - flsal] ~ 0
gly,sal - - 2 ~

Y

(17)

(19)

To demonstrate the theoretical treatment above,
we use a simple example of the electrophoresis of an
amino acid, glycine (gly), in a BGE of sodium
salicylate (referred to in the equations as Na and
sal). This example was chosen because it shows a
resemblance with the experimental part as described
in this paper.

It will be assumed here that the ions are not
subject to acid-base equilibri<.i: This assumption
leads to a fixed effective mobility. In this paper
mobilities are always indicated as "overall" when
they include the electroosmotic migration and as
effective· when the effects of acid-base reactions
have been taken into account. The A term is now

o [c.] [ 0 (1) 1Oc.]Ai,k = fli' - ~ = fli Ci'- - +~. -' (18)
OCk Y . OCk Y Y OCk

the concentrations as described above are substi
tuted in the set ofcoupled linear equations, the result
is

The Na + ion is selected here as the dependent ion;
the concentration is not explicitly given, but can be
calculated easily from the rules of electroneutrality
in the zone; Cgl y and Csal are taken as the independent
variables. The conductivity in this electrophoretic
system is

The term in between brackets does not depend on
time and position in the capillary.

The set can only be solved if the concerted
disturbances of the vario'us concentrations in the
zone migrate at the same velocity. These distur
bances can be indicated as eigenpeaks with an
associated eigenvalue A, representing the velocity.
The terms in brackets in eqn. 15 can be expressed as

Y = Cgl y [flNa - flgly] + Csal [flNa - flsal]

Combining eqns. 18 and 19 results in
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= __1__ esaJ!egly + (1 + esaJ!egly) (28)
Pgly Psal PNa

The term in the KRF caused by the disturbance is

LlKRF = L [(L1ci)Zi]
i Pi

which cannot change with time, should be fulfilled at
all times for the moving sample zone. This can be
checked by applying the KRF to the disturbances in
the zone. The change in concentration of Na +,

eNa/eglY' can be calculated from electroneutrality:

Combining eqn. 27 and the expression for esaJ!egly

(eqn. 25) results in LlKRF = 0, so that the zone is
indeed allowed to move through the capillary.

For the description of this simple three-compo
nent system, it is not absolutely necessary to use the
eigenvector-eigenvalue treatment; the same results
can be obtained by applying the Kohlrausch func
tion and the rules for electroneutrality. However,
when more than two components are involved in the
BGE and/or the ions possess dissociation constants,
one has to use the eigenzone treatment with suitable
refinement, in which also dp/dpH is allowed for [15].

Chemicals
Sodium salicylate and CAPS were obtained from

Aldrich, valine and serine from Nutritional Bio
chemical, lysine, glutamic acid and sodium chloride
from Merck, proline from Janssen Chimica and
alanine from P-L Biochemicals.

lands) in combination with a FUG (Rosenheim,
Germany) high-voltage power supply and a Spectra
Physics (Eindhoven, Netherlands) UV detector.
This equipment allowed both accurate electrokinetic
and pressure injection.

Separations were performed in 5 and 10 mmol/l
salicylate solutions in a capillary with a total length
of 59.0 em and a length from the injection to
detection point of 36.0 em. Injection was done by
electromigration at 6 kV for 5 s. The separation
voltage was 15 kV with recorded currents between
5.0 and 5.2 pA. The temperature in the air-thermo
stated safety box was 24.0 ± 0.2°C (unless stated
otherwise). In some experiments, KCl or 3-cyclo
hexylamino-l-propanesulphonic acid (CAPS) was
added to the background electrolyte to study the
influence of the ionic strength on plate number,
sensitivity and concentration overload.

UV spectra of I . 10- 4 mol/l sodium salicylate
were measured with a Philips PU 8720 UV-VIS
scanning spectrophotometer, using quartz cuvettes
with an optical path length of 1 em.

(27)esal _ eNa + 1 = 0 => eNa = 1 + esal
egly egly egly egly

EXPERIMENTAL

RESULTS
Instrumentation

The experimental apparatus used was laboratory
built and essentially the same as described previous
ly [17]. All the indirect UV detection measurements
were done at 234 nm. For this wavelength also a
calibration graph for salicylate was measured in the
same way as previously described [18]. The capillary
detection cell was laboratory made and has an
adjustable slit. In all experiments, capillaries of J.D.
50 pm and O.D. 350 pm were used (Polymicro
Technologies, Phoenix, AZ, USA). The slit in front
of the detection window was adjusted to an aperture
width of 50 pm, which gives an optimum signal-to
noise ratio for this type of detection cell [18].
Separations in which potassium chloride was added
to the buffer were carried out on a prototype
PRINCE (programmable injector for capillary elec
trophoresis) from Lauer Labs. (Emmen, Nether-

The application of indirect UV detection has been
demonstrated with the separation of seven amino
acids (listed in Table I) at pH 11, ranging in
concentration from 5 . 10 - 3 to 1 . 10 - 3 mol/l and
dissolved in the BGE. Working at this high pH was
necessary to give the amino acids a net negative
charge and different electrophoretic mobilities. From
Table I, it can be seen that the majority of the amino
acids (except proline) are nearly 100% dissociated at
pH 11.0. Glutamic acid is doubly negatively charged
as a result of the second carboxyl group in the
molecule.

In Fig. 2A and B some typical electropherograms
obtained with this system are depicted. In Fig. 2A,
the salicylate concentration in the background
electrolyte (BGE) was 5 mmol/l and in Fig. 2B
10 mmol/!. The sample concentration of each amino
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TABLE I

DISSOCIATION CONSTANTS, MEASURED ELECTRO
PHORETIC MOBILITIES AND RELATIVE STANDARD
DEVIATIONS AND RESPONSE FACTORS FOR THE
AMINO ACIDS

A

---.-II---,---,.----,,---,.---,r---,---,-
3 6

For experimental conditions, see text.

Amino acid pK. /left

-.II--,---,---r---,---,---.---
3

B

Response
factorb

1.044
1.191
1.144
1.029
1.073
0.937
1.738

1.2
0.6
0.8
0.7
0.5
0.4
0.5

-16.8
-23.0
-24.6
-28.0
-29.5
-32.6
-44.3
-35.4

Value R.S.D.
(10- 5 cm2fV . s) (%)

10.64
9.74
9.74
9.92
9.26
9.96
9.96
'3.11

Proline
Leucine
Valine
Alanine
Serine
Glycine
Glutamic acid
Salicylic acide

a The mobilities are the mean values of six analyses.
b The response factors are calculated by the computer program,

based on the theory as described.
C Values taken from ref. 19.

acid was 1 mmol/l in both instances. These electro
pherograms show again that indirect detection
offers good possibilities for the detection of non
absorbing ions, in agreement with earlier papers by
others [8-11]. The concentration detection limits are
close to 10 - 5 mol/l for this separation and detection
system, which is in the same range as for normal
HPCE with UV detection systems.

As discussed in the theoretical section, a large
system peak can be observed in the electrophero
gram, which migrates with the electroosmotic veloc
ity. The last eluting peak with the lowest overall
mobility is glutamic acid, because it is double
negatively charged and thus travels with the highest
effective mobility, against the electroosmotic flow.
The first appearing peak corresponds to proline.
Proline, having a high pKa value (see Table I), is only
partly dissociated at pH 11.0, which causes the
effective, electrophoretic mobility to be the smallest.
This amino acid is very sensitive to small pH
changes; for instance, a pH change from 11.0 to 10.8
gives a 15% reduction in electrophoretic mobility,
whereas the reduction for the other amino acids is
only between 1 and 3%. This is also an explanation
for the observed higher relative standard deviation

2
3

4S 6

c

----.-11--,.---,---,.---,---,.---,---
3

4
5

6

Fig. 2. Electropherograms of the separation of (I) proline, (2)
leucine, (3) valine, (4) alanine, (5) serine, (6) glyci.,e and (7)
glutamic acid. Background electrolyte: sodium salicylate, pH 11.0.
(A) 5 and (B) 10 mmol/1. Injection: 1 mmol/I of each amino acid.
(C) Injection of 5 mmol/I of each amino acid, BGE = 5 mmol/I
salicylate. For further experimental conditions, see text.
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of the measurements of the electrophoretic mobility
for this amino acid (Table I).

Overload can be very severe in indirect detection
systems [16]. The peak deformation increases at
higher sample concentrations and results in a loss of
efficiency. This effect depends strongly on the
sample/buffer concentration ratio, as can be seen in
Fig. 2A and B. In Fig. 2A, the concentration
overload, as witnessed by the triangular shape, is
much stronger than in Fig. 2B, where 10 mmol/I was
used. The experimentally determined effective mo
bilities of proline, leucine, valine, alanine and serine
are smaller than the effective mobility of salicylate
(see Table I). This results in fronting peaks, which is
more pronounced when the sample/BGE concentra
tion ratio increases. The electrophoretic mobility of
glutamate is larger (more negative), resulting in
badly tailing peaks [20]. The electrophoretic mobil
ity ofglycine nearly equals that of salicylate, which is
why the conductivity of the glycine zone will not
differ much from the BGE conductivity and peak
deformation can be avoided. This is clearly illus
trated in Fig. 2e, where 5 mmol/I ofeach amino acid
was injected in a 5 mmol/l salicylate carrier. With
this extreme example of concentration overload,
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only glycine still has a more or less Gaussian peak
shape. In Table I, the effective mobilities of the
amino acids and their relative standard deviations
(R.S.D.s) are given. Except for proline, all the
R.S.D.s are below 1%.

In Fig. 3, a graph of the plate number N versus the
electrophoretic mobilities of the amino acids is
shown. It clearly demonstrates the above-mentioned
effects with higher plate numbers for peaks having a
mobility close to that of the background ion. It is
noteworthy that the difference in plate number for 1
and 0.1 mmol/lglycine injection is smaller than for
the other amino acids. This can be attributed to the
smaller zone deformation for glycine, as explained
earlier. The same trends as in Fig. 3 can be found for
the situation with 10 mmol/I salicylate in the BGE.
The plate numbers are higher, between 70 000 and
120 000 for injection of 10-4 mol/I of each amino
acid, because the effect of concentration overload is
less pronounced.

To obtain an even better performance in this
respect, one approach could be to increase the
salicylate concentration further. Provided that the
tube diameter is not too large and excessive heat
dissipation can be avoided, this' would certainly
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Fig. 3. Plate number versus electrophoretic mobility of the amino acids for two sample concentrations: solid line, 10- 4 molll amino acid;
dotted line, 10- 3 molll amino acid. Numbers on the graphs correspond to those in Fig. 2.



(29)

104

improve the separation performance. However, in
direct detection is likely to be adversely affected
under such conditions, for two reasons. First, the
UV absorbance signal turns out to be severely
non-linear at salicylate concentrations above
0.01" mol/I, a result of optical non-idealities such as
non-uniform path length and stray light. Hence,
although the replacement ratio salicylate/sample ion
will be virtually the same, the response in experimen
tal absorbance units decreases, leading to a poorer
signal-to-noise ratio. The above-mentioned effect is
illustrated in Fig. 4, where peak area is plotted versus
alanine concentration. Smaller peak areas are found
for a BGE concentration of 10 mmol/l. It must be
noted that as a result of manual electrokinetic
injection and manual triangulation of peak areas to
determine the area, the accuracy is less than that
with an automated injection device.

Second, this degradation of the signal-to-noise
ratio is amplified by the increase in noise at the high
absorbance values occurring in most photometers.
For instance, assuming a constant noise level, a], in
the intensity (1) measurement, the conversion to
absorbance units, A, would give a noise level, aA, of

aA = 0.4343 ( a/I ) = 0.4343aI . lOA
. .110

which would predict a tenfold higher noise level at
A = 1. Most UV detectors do not have a constant aI

value; the aI value rather increases with 1, with an
exponent between 0.5 (shot noise-limited case) and

G. J. M. Bruin el al. / J. Chromalo~r. 608 (1992) 97-107

1.0 (source instability-limited case). For shot noise
limitation one would obtain aA = constant· lOO.SA

instead of eqn. 29. As indeed (partial) shot noise
limitation (i.e., source intensity limitation) is most
common, an incraese in aA with A can still be
expected, although less severe than predicted by
eqn. 29.

Preliminary experiments confirmed these expecta
tions, so that the approach of higher salicylate
concentration was abandoned.

Another approach would be to increase the ionic
strength of the BGE by adding a buffer or a salt. This
was tested by adding various concentrations ofKCI
to the sodium salicylate solution in both the BGE
and the sample. In Fig. 5, the peak area of alanine is
plotted versus KCI concentration. The salicylate
concentration was kept constant at 5 mmol/l. In
creasing the KCI concentration to 25 mmol/I re
sulted in a decrease in sensitivity by a factor of 2 (the
peak area for alanine with 50 mmol/I in the BGE
could not be determined properly, because of in
creasing thermal noise with increasing KCI concen
tration). The smaller sensitivity can be attributed to
the decrease in the ratio e,.de.l. (eqn. 25) (see the
next section). As can be seen in Fig. 5, there is no
large difference between pressure injection and
electrokinetic injection. For the electrokinetic injec
tion the integrated peak area is larger because of the
longer injection plug in this instance. When pressure
injection was applied the integrated area had to be

100 ,---------------------,

concentration KCI (mmol!1 )

Fig. 5. Peak area ofalanine versus KCl concentration. Injection of
0.1 mmol/l alanine dissolved in BGE (5 mmol/l salicylate,
pH 11.0). Solid line, pressure injection, "jp = 80 mba1', I;nj =

1.8 s; dashed line, electrokinetic injection, 6 s, 6000 V. L =

59.0 cm; I;nj-dct = 41.5 cm; voltage, 15000 V; T= 30.0°C.
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Fig. 4. Peak area versus alanine concentration. For experimental
conditions, see text. Salicylate concentration: solid line, 5 mmol/l;
dashed line, 10 mmol/L
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TABLE II

CALCULATED RESPONSE FACTOR OF THE ALANINE
PEAK AND MEASURED ELECTROOSMOTIC MOBILITY
AS A FUNCTION OF KCI CONCENTRATION

Conditions used as input for the computer program: BGE,
5 mmol/I sodium salicylate, adjusted to pH 11.0 with sodium
hydroxide. Absolute mobilities (10- 5 cm2/V . s) for the cations
and anions: Jl(K +) = 76.2, Jl(Na +) = 51.9, Jl(CI-) = 78.83 (all
taken from ref. 21), Jl(salicylate) = -35.4, pK. = 3.1 (ref. 19);
Jl(alanine) = -30.33 (experimentally determined), pK. = 9.92.

[KCI] Response 105Jl,o
(mmol/I) factor (cm2/V . s)

0 1.029 86.6
5 0.863 77.4

10 0.742 72.2
25 0.523 64.9
50 0.351 59.8

corrected by a factor tala(BGEl)jtala(BGE2), where·
tala is the migration time of the alanine zone. This
correction has to be made in order to compensate for
the decreased electroosmotic flow (see Table II) at
higher ionic strength, which should give too high a
peak area compared with the situation without KCl
in the BGE. The correction can be omitted with
electrokinetic injection, because one also injects less
at higher ionic strength; the injection volume is
smaller by the same correction factor. Here, the
reduced injection volume and larger integrated area
cancel. In Fig. 6, the observed plate numbers are

~."""".-

efficiency
0.001 x N 50 ••+••••

20

'0

'"
concentration KCI (mmol/l )

Fig. 6. Effect ofKCl concentration on the efficiency ofthe alanine
peak. Injection of 0.1 mmol/I alanine. Salicylate concentration =
5 mmol/!. Dashed line, electrokinetic injection; solid line, pressure
injection. Experimental conditions as in Fig. 5.
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plotted as a function of the KCl concentration. The
efficiency increases from 27 000 plates at zero KCl
content to 69 000 plates at 50 mmoljl KCI for an
electrokinetic injection of 1 . 10- 4 moljl alanine.
This gain in efficiency can be attributed to a com
bined effect of a smaller contribution from concen
tration overload and injection volume. In pressure
injection, the efficiency is constant, because here the
injection volume is the predominant source of zone
broadening.

Buffering with CAPS, a zwitterion with a low
mobility and buffering capacity at high pH, will
contribute little to the conductivity of the BGE. This
is expected to have a small negative effect on the
sensitivity, whereas the stability of the indirect
detection system will be increased. However, mea
surements showed that adding CAPS resulted in a
threefold decrease in sensitivity (depending on the
CAPS concentration). Also, an extra system peak
with /lei = -18 . 10- 5 cm2 jV . s appeared in
the electropherogram, which partly overlapped the
proline peak.

Computer simulation of indirect detection
The theory described has been implemented in a

computer program. The program itself and the
possibilities are treated more into detail elsewhere
[15]. The computer program can be a valuable tool
to gain some insight into the ionic strength and
conductivity of BGEs, the degree of peak deforma
tion due to concentration overload, the response
when indirect detection is used and the position and
number of system peaks in the electropherogram.

The details of peak construction are also ex
plained in detail elsewhere [15]. Usually, only two
points of a peak are evaluated, one at zero sample
concentration and the other at 10 - 6 moljl concen
tration. The difference in mobility represents the
dependence of migration time on concentration.
This is forced into a linear equation. By applying the
mass balance, one can construct a triangle which
would be the peak without other dispersive sources.
The dispersion term caused by diffusion and injec
tion is added to the width obtained from the non
linearity equation.

Here, some results' from calculations on the
response for the seven amino acids and some
simulated electropherograms are presented in order
to compare them with experimentally obtained
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12.0
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Fig. 7. Constructed electropherograms for two different BGEs at pH 11.0: (A) 5 and (B) 10 mmol/l salicylate. Injection of 10- 3 mol/l of
each amino acid (5 s, 6 kV). /leo = 71.1 . 10- 5 cm2/V . S; L = 59.0 cm; I;nj-det = 36.0 cm; voltage = 15000 V. The small vertical line
through the time axis corrcsponds to the position of the system peak.

results. As can be seen in Table 1, for the glutamic
acid peak the response factor is much larger than for
the other amino acids, because of the double charge
of this ion. Fig. 7A and B show simulated electro
pherograms with 5 and 10 mmol/I salicylate
(pH 11.0) as the BGE. The fronting and tailing of the
peaks, depending on the electrophoretic mobilities

. relative to the salicylate mobility, are well predicted:
fronting for the first five peaks, glycine with a
reasonable gaussian shape and glutamic acid eluting
with a tailing peak shape. The small vertical line
through the time axis corresponds to the position of
the system peak.

Also, the dependence ofthe response factor on the
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composition of the BGE was calculated. In Table II
the dependence of the response factor of alanine is
given as a function of KCl concentration, the
salicylate concentration being kept at 5 mmol/l. As
can be seen, there is a decrease (by a factor of three)
in sensitivity on going to 50 mmol/l KCl. The same
trend was found in the experiment, as can be seen in
Fig. 5. A decrease in sensitivity by a factor of 2 was
observed at 25 mmol/l KCl, whereas the computer
simulation gave a decrease in the response factor
(replacement ratio) from 1.029 to 0.523.

CONCLUSIONS

The separation and detection of amino acids is a
good demonstration of the applicability of indirect
UV detection in HPCE, in which detection limits of
the order of 10- 5 mol/l can be obtained without
difficulty. For 5 mmol/l salicylate in the background
electrolyte, the sensitivity of the detection system
was higher than for 10 mmol/l, because of the non
linearity of the calibration graph of salicylate at
higher concentrations in this concentration range.
However, a low BGE concentration results in lower
efficiencies as a result of the stronger influence of
concentration overload at higher sample concentra
tions. Adding KCl to the BGE diminishes the
sensitivity, but increases the separation efficiency.

Adjusting the effective mobility to a value close to
that of the background ion is one way to increase
both the sensitivity and the efficiency. A problem,
occurring regularly, was the instability of this in
direct detection system. This could be seen as drift
and/or large disturbances of the baseline. Indirect
detection is a universal method; all ionic compounds
that are present in the sample can be detected in
principle, which is why the system is sensitive to
impurities.

The simple background electrolyte used through
out this study, sodium salicylate at pH 11.0, has
some disadvantages. The BGE has to be refreshed
after a few hours of electrophoresis, because the pH
shifts to lower values as a result of ion depletion and
diffusion of carbon dioxide in the solution.
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Membrane fraction collection for capillary electrophoresis

Yung-Fong Cheng, Martin Fuchs, David Andrews and William Carson
Millipore Corporation, Waters Chromatography Division, 34 Maple Street, Milford. MA 01757 (USA)

ABSTRACT

A simple instrument system combining high-performance capillary electrophoresis (CE) and membrane technology is described. CE
fraction collection is successfully implemented using a membrane assembly at the exit end of a capillary to complete the electrical circuit
for electrophoretic separation. This membrane assembly consists of a poly(vinylidene difluoride) membrane, a buffer reservoir (two
layers of3 MM Chrom filter-paper) and a stainless-steel plate as the ground electrode. Two model proteins are separated and collected
on the membrane. Direct protein sequencing is demonstrated from this membrane after CE fraction collection.

INTRODUCTION

Membrane technology has found application in
electrophoretic separations for some time, princi
pally as a blotting medium on to which separated
analytes (proteins or DNA) can be transferred after
denaturing or non-denaturing one- or two-dimen
sional gel electrophoresis [1-4]. Following blotting,
a wide variety of staining, immunoassay and chem
ical analysis techniques can be applied. With the
rapid growth of powerful bioanalytical methods
such as protein sequencing, membrane transfer
media have found increased importance as sub
strates in such systems. Membrane material~ such
as poly(vinylidene difluoride) (PVDF) have been
developed and their physical structures engineered
to produce membranes with properties optimized
for these kinds of applications [4,5]. Beck [6] dem
onstrated the direct blotting of analytes from a slab
gel on to a moving membrane belt submerged in
buffer solution.

In this paper, we demonstrate the feasibility of
membrane fraction collection for capillary electro
phoresis (CE). CE has developed into a powerful
tool for the separation of ions and also neutral ana-

Correspondence to: Dr. Y-F. Cheng, Millipore Corporation,
Waters Chromatography Division, 34 Maple Street, Milford,
MA 01757, USA.

lytes because of its remarkable separation efficiency
[7-11]. In CE, separation occurs in a capillary tube
filled with an electrolyte and with the ends im
mersed in electrolyte reservoirs. Typically, the elu
tion of the analytes is detected near one end of the
capillary, and the separated species are discharged
into the outlet reservoir. Previous attempts at frac
tion collection for CE have used small vials for se
quential capture of eluted species. A high degree of
dilution results. In addition, it is difficult to preserve
the spatial resolution of closely spaced sample
bands even when the capillary outlet is moved from
one fraction vial to another using a programmable
timer [12,13]. Hjerten and Zhu [14] used a variant of
this technique in which analytes eluting from the
electrophoresis capillary emerged into a flowing
buffer stream and were carried to the test-tubes of a
fraction collector.

Another approach for CE fraction collection, re
ported by Huang and Zare [15], utilizes a glass frit
to create an electrical connection on-column. A po
rous frit is made near the exit end of a separation
capillary. This frit is then immersed in a reservoir
filled with electrolyte to complete the electric circuit
for CE separation. This method reduces the dilu
tion effect but it is difficult and time consuming to
construct the fritted hole. In addition, a portion of
the sample can be lost from the capillary through
the frit and into the reservoir.

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved



110

We recently reported a simple and rugged means
for recovering separated samples from a CE process
without significant sample loss or dilution that still
maintains good spatial resolution [16]. This paper
describes further work with this simple instrument
system combining CE separation and membrane
technology. To demonstrate the utility of a mem
brane interface, direct protein sequencing of the re
covered, separated proteins is described.

EXPERIMENTAL

Construction of the CE membrane fraction collector
The experimental configuration is illustrated in

Fig. 1. A high-voltage d.c. power supply (Spellman
High Voltage Electronics, Plainview, NY, USA)
was used to provide a 20-kV potential for electro
phoretic separation. The positive terminal of this
power supply was applied to the sample or buffer
vial and then across an untreated fused-silica capil
lary (Polymicro Technologies, Phoenix, AZ, USA)
(70 cm x 75.um J.D. x 365.um O.D.). On-column
detection was carried out at 58.5 cm from the in
jection end. UV absorbance was monitored at 210
nm (Model 206 PHD spectrophotometer; Linear
Instruments, Reno, NY, USA). The ground termi
nal of the power supply was connected to the stain
less-steel plate of the membrane assembly.

The membrane assembly consisted of an Immo
bilon-P transfer membrane (Millipore, Bedford,
MA, USA), an electrolyte reservoir consisting of
two layers of Whatman 3MM Chrom filter-paper
(Whatman, Maidstone, UK) and a stainless-steel
ground electrode connected to the ground end of

3MM Filter
paper.

MEMBRANE

ASSEMBLY

Fig. 1. Schematic diagram of membrane fraction collection for
capillary electrophoresis.
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the power supply. This membrane assembly was ro
tated by a stepping motor during electrophoretic
separation at ca. 2.2 revolutions per hour.

Sample and reagents
Myoglobin (horse heart, pI 6.76 and 7.16) and

f3-lactoglobulin (bovine milk, pI 5.13) were pur
chased from Sigma (St. Louis, MO, USA). A mixed
myoglobin (8 mg/ml) and f3-lactoglobulin (8 mg/ml)
solution was prepared in 25 mM phosphate buffer
(pH 7); 1 M zwitterion solution (AccuPure Zl
Methyl; Waters, Milford, MA, USA) was prepared
in phosphate buffer (pH 7) to a final phosphate con
centration of 20 mM.

Membrane staining reagent was prepared from
1.25 g of Brilliant Blue R250 (Coomassie Brilliant
Blue R; Sigma) in 500 ml of a fixative solution (200
ml of methanol, 35 ml of glacial acetic acid and 265
ml of water). The destaining solution was metha
nol-water (90:10, v/v).

Procedure
The procedure for membrane fraction collection

for capillary electrophoresis is outlined as follows:
(1) An electrolyte reservoir consisting of two lay

ers of 3MM Chrom filter-paper saturated with
phosphate buffer was laid on top of a stainless-steel
ground electrode.

(2) A PVDF membrane was prewetted with
methanol for 5 s and then laid on top of the electro
lyte reservoir (taking care to remove any air bubbles
trapped in between).

(3) The membrane assembly was raised to pro
vide good contact with the exit end of the capillary.

(4) The sample solution was injected via electro
migration at 6 kV for 10 s. Electrophoretic separa
tion was run at 20 kV using a phosphate buffer with
or without added zwitterions.

(5) Rotation of the membrane assembly was
started at the beginning of the run; the voltage was
turned off after the 20-min CE separation and the
membrane was removed from the assembly.

(6) The membrane was stained with Coomassie
Brilliant Blue solution for ca. 10 min and destained
three times.

Direct protein sequencing
The protein bands were excised with a clean razor

blade and then subjected to automated Edman deg-
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radation in a Waters Model 6600 ProSequencer.
The whole p-lactoglobulin band was subjected to
sequencing, and only a portion of the myoglobin
band was sequenced. No precycling of solvent or
reagents was performed and degradations were
done using the ADSlOO (adsorptive) protocol with
automatic on-line high-performance liquid chro
matographic (HPLC) identification of PTH-amino
acids. PTH-amino acids were measured at 269 nm,
with dehydro derivatives of serine and threonine
residues confirmed by detection at 313 nm.

The PTH-Maxima chromatography analysis
software package (Waters) provides a data analysis
in which successive HPLC traces are first optimally
aligned and then subtracted to give difference traces
for adjacent residues. Difference peak-area data
were reduced to a semilog arithmic plot of log (PTH
yield) versus cycle number and a line fitted by least
squares regression analysis. The average repetitive
sequencing yield was derived from the slope of a
least-squares regression linear fit to the data.

CE fraction collection onto a continuously rotat
ing PVDF membrane is demonstrated in Fig. 3.
This figure, representing a membrane after staining
and destaining with Coomassie Brilliant Blue, iIlus
tates the resulting collection from five consecutive
injections of a two-component mixture of the above
sample solution. The membrane assembly was ro
tated to the same position prior to each run. Many
blue spots are clearly visible in this picture and the
reproducibility of the analysis is unacceptable. This
phenomenon is due to migration time shifts during
successive CE separations. The relative standard
deviation (R.S.D.) was found to be 7.7% and
11.6% for the migration time of myoglobin (peak
Ai in Fig. 2) and p-lactoglobulin (peak B in Fig. 2),
respectively. This observation suggests that the cap
illary inner surface was progressively modified by
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Fig. 2. Electropherogram (lower trace) and current (upper trace)
for the separation ofa mixture of myoglobin and p-Iactoglobulin
in a pure running buffer system.

Membrane fraction collection
The two-component mixture containing myoglo

bin and p-lactoglobulin in phosphate buffer (pH 7)
was injected into the capillary of the system shown
in Fig. 1. The grounding of the capillary was
through the PVDF membrane laid on top of the
filter-paper electrolyte reservoir containing sorbed
buffer solution. The current during the separation is
shown in the upper trace in Fig. 2. The current fluc
tuated between 100 and 125 f.1A. This fluctuation is
due to Joule heating in the capillary and the fact
that the capillary was operated in open air. It was
also found that the current fluctuated between 100
and 125 f.1A for the next four consecutive electro
phoretic separations which used the same applied
voltage and buffer. We have previously reported
that the presence of the membrane assembly does
not significantly affect the current observed during
the separation, indicating that the membrane does
not introduce significant additional resistance to
current flow [16].

The separation of these two model proteins is
shown in the lower trace in Fig. 2. Peaks Ai and A2

are myoglobin (pI 7.16 and 6.76, respectively) and
peak B is p-Iactoglobulin (pI 5.13).
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Fig. 3. Photocopy of membrane after staining and destaining
with Coomassie Brillian Blue from five consecutive CE mem
brane fraction collections in a pure running buffer system.

irreversible adsorption of protein. Similar results
have been observed in other protein separations
[17-20].
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Effect of zwitterion solution of CE membrane frac
tion collection

Some of the methods that have been used to
counteract adsorption include electrophoresis in
buffers with a pH higher than the isoelectric point
of the sample proteins [17], electrophoresis in buf
fers with a very low pH [18] and capillary surface
treatments [19,20]. To improve the migration time
reproducibility in the present experiments, a
zwitterionic compound (AccuPure ZI-Methyl) was
added to the buffer solution. This particular com
pound has a high dipole moment, a zwitterionic
character over a broad pH range, good solubility in
aqueous buffers and low UV absorbance (0.2 absor
bance for a I-M aqueous solution at 214 nm, I-cm
path length).

The lower trace in Fig. 4 shows the electrophe
rogram from one of the four consecutive injections
of the previous two-component mixture containing
myoglobin and f3-lactoglobulin using I M zwitter
ion in phosphate buffer. The current fluctuated be
tween 52 and 56 /lA, as shown in the upper trace in
Fig. 4. Running the experiment with the AccuPure
ZI-Methyl additive greatly improved the reproduc-

Fig. 4. Electropherogram (lower trace) and current (upper trace)
for the separation ofa mixture of myoglobin and j3-lactoglobulin
in a phosphate buffer-I M zwitterion additive system.

ibility and peak shape, also yielding a better signal
to-noise ratio. The R.S.D. was found to be 0.6%
and 1.1 % for the migration time of myoglobin
(peak AI) and f3-lactoglobulin (peak B), respective
ly. Average migration times and R.S.D.s for the
separation of these two proteins with and without
zwitterion modifier are given in Table 1. A longer
migration time was observed when the zwitterions
was added to pure running buffer solution, owing to
the increased viscosity. The resolution between
peaks Al and A2 in a pure running buffer system (as
shown in the lower trace in Fig. 2) is better than in
the I-M zwitterion additive buffer system (as shown
in the lower trace in Fig. 4). Perhaps the zwitterions
interact with the protein analytes.

The improved migration time reproducibility of
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TABLE I

COMPARISON OF AVERAGE MIGRATION TIMES AND
RELATIVE STANDARD DEVIATIONS FOR THE SEPA
RATION OF PROTEIN WITH AND WITHOUT ZWITTER
ION MODIFIER (1 M) IN THE RUNNING BUFFER

Component Migration time (min)

Without zwitterion With zwitterion

Mean R.S.D. Mean R.S.D.
(n = 5) (%) (n = 4) (%)

Myoglobin 5.90 7.7 8.68 0.6
{3-Lactoglobulin 9.12 11.6 10.90 1.1

CE separation when zwitterions were added to the
running buffer solution generated better fraction
collection onto a membrane. Fig. 5 shows, after
staining and destaining with Coomassie Brilliant
Blue, the resulting fraction collection from four
consecutive fraction collections using 1 M zwitter
ion additive in the buffer. Only two elongated blue
spots are clearly visible. Spot A is myoglobin and
spot B is [3-lactoglobulin. The amount of each sol
ute introduced into the capillary is determined by
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Fig. 5. Photocopy of membrane after staining and destaining
with Coomassie Brilliant Blue from four consecutive CE mem
brane fraction collections in a phosphate buffer-1 M zwitterion
additive system.
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the mobility of the solute. On this basis, we calcu
late the total amounts introduced into the capillary
from a total four replicate injections to be 28 pmol
of myoglobin and 10.8 pmol of [3-lactoglobulin.

The spatial resolution of the CE separation is
preserved in the pattern on the membrane. It is pos
sible to reduce the length of the spots along the writ
ing track and to increase the distance between sep
arated species on the track, as one can adjust the
speed of the motorized fraction collection carousel.
From the distance between the on-line detector and
the exit end of the capillary, the calculated mobility
of each analyte and the width of each peak, the
times at which the carousel speed should be reduced
or increased can be calculated.

Direct protein sequencing from the immobilon-P
transfer membrane after CE fraction collec.!ion

Coomassie Brilliant Blue-stained bands from the
above four replicate CE membrane fraction collec
tion were excised from PVDF membrane and sub
jected to sequence analysis. A representative se
quence of the amino terminal fragment is shown in
Figs. 6 and 7 for myoglobin and [3-lactoglobulin,
respectively.

The repetitive yield was 97.8% and 97.6% for
myoglobin and [3-lactoglobulin, as shown in Figs. 8
and 9, respectively. The initial yields were 1.9 and
6.8 pmol for myoglobin and [3-lactoglobulin. Initial
yield is defined as the amount of each protein band
loaded on to the sequencer holder (not the total
amount of each protein injected onto the capillary
for CE separation) that gives a phenylthiohydan
toin (PTH) signal in the first sequencing cycle;
therefore, the recoverd yield for [3-lactoglobulin is
63% (as calculated by 6.8/10.8 picomoles), as the
entire [3-lactoglobulin band was subjected to pro
tein sequencing.

CONCLUSIONS

The feasibility of membrane fraction collection
for CE has been demonstrated. The system is sim
ple, cost-effective, rugged and efficient. The advan
tage of the system is that it enables one to collect
separated sample species from high performance
capillary electrophoresis continuously while pre
serving the spatial resolution and preventing dilu
tion. Sample species collected on a membrane after
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Fig. 8. Yield (0, pm) plot from the direct sequence analysis of
myoglobin after CE membrane fraction collection.

Fig. 9. Yield (0, pm) plot from the direct sequence analysis of
j3-lactoglobulin after CE membrane fraction collection.

CE separation have been successfully sequenced
through direct protein sequence analysis. The com
bination of high-efficiency CE separation and mem
brane technology will provide a powerful tool for
bioanalysis.
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Low-cost laser-induced fluorescence detector for micellar
capillary zone electrophoresis

Detection at the zeptomollevel of tetramethylrhodamine
thiocarbamyl amino acid derivatives

Jian-Ying Zhao, Da-Yong Chen and Norman J. Dovichi
Department of Chemistry, University of Alberta, Edmonton, Alberta T6G 2G2 (Canada)

ABSTRACT

Tetramethylrhodamine thiocarbamyl(TRTC) amino acid derivatives are determined by micellar capillary zone electrophoresis with
laser-induced fluorescence detection. A post-column fluorescence cell, based on a sheath-flow cuvette, is used as the detection chamber.
A low-cost and low-power helium-neon laser, operating in the green at 543.5 nm, is used to excite the TRTC-amino acids. The relatively
long excitation wavelength, the low-light scatter of the sheath-flow cuvette and the low excitation power result in a very low background
signal, which is dominated at room temperature by detector dark current. To minimize the dark current, a cooled photomultiplier tube
was used for photodetection. Detection limits (30") are I . 10 - 21 mol (600 molecules) injected onto the capillary.

INTRODUCTION

Isothiocyanate derivatives of amino acids are of
interest in Edman degradation sequence determina
tion of proteins. The classic Edman reagent, phenyl
isothiocyanate (PITC), is universally used in com
mercial protein sequencers [1]. The products of the
sequencing reaction, phenyl thiohydantoin (PTH)
derivatives of amino acids, have been separated by
capillary electrophoresis and detected by ultraviolet
absorbance [2]. Detection limits are about 100 fmol
of the PTH derivatives with UV transmission detec
tion. Other isothiocyanates may be used in the se
quencing reaction. For example, dimethylamino
azobenzene isothiocyanate is used to produce the
non-fluorescent dimethylaminoazobenzene thiohy
dantoin (DABTH) derivative that absorbs in the

Correspondence to: Professor N. J. Dovichi, Department of
Chemistry, University of Alberta, Edmonton, Alberta T6G
2G2, Canada.

blue portion of the spectrum, with detection limits
of ca. 100 fmol with liquid chromatographic sep
aration and transmission detection. Sub-femtomole
detection limits are produced for the PTH and
DABTH derivatives with capillary electrophoretic
separation and thermo-optical absorbance detec
tion [3,4].

Fluorescent isothiocyanates can produce excel
lent detection limits for amino acids, roughly eight
orders of magnitude superior to classic absorbance
detection limits. This research group has described
high-sensitivity detection of fluorescein isothiocya
nate (FITC) derivatives of amino acid [3,5,6]. Fluo
rescein has strong absorbance at the argon ion laser
emission wavelength of 488 nm, has high fluores
cent quantum efficiency (ca. 0.5), but suffers from
mediocre photobleaching properties [7]. The best
detection limits reported by this laboratory for fluo
rescein thiohydantoin and thiocarbamyl derivatives
of amino acids range from 1 to 2 zepto (l 0- 21) mol
of derivative injected onto the capillary. Recently,

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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other laboratories have reported detection limits of
10-20 zeptomol for fluorescein thiocarbamyl amino
acid derivatives [8,9].'

Tetramethylrhodamine isothiocyanate (TRITC)
is an interesting modified Edman degradation re
agent. The molecule has similar structure to FITC
and should have similar reaction characteristics.
TRITC absorbs strongly in the green portion of the
spectrum and emits in the red. TRITC has been
used to label immunological reagents for histolog
ical applications [10]; the red emission of TRITC
contrasts nicely with the green emission of FITC in
double-labeling experiments. The same chromo
phore is used by Applied Biosystems as their TAM
RA-labe1ed primer for DNA sequencing.

TRITC offers useful spectroscopic properties for
ultra-sensitive detection. The maximum absorbance
is greater than 100000 1 mol- 1 em -1 at 540 nm
while the emission maximum is 567 nm [10]. Soper
et al. [11] have reported a fluorescence quantum
yield of 15% and a photodestruction rate of 5 .
10 - 6 in aqueous solutions. From a practical stand
point, the most important property of the dye is
that is conveniently excited by the recently commer
cialized green helium-neon hiser, which produces a
0.75-mW beam at 543.5 nm. The longer-wavelength
excitation, compared with 488 nm excitation of flu
orescein, produces a decrease in background signal
due to the v4 property of light scatter. This green
helium-neon laser is similar in construction to the
conventional red helium-neon laser and should
have similar lifetime, cost and power.

In this paper, we describe the use of TRITC to
label amino acids for separation by capillary zone
electrophoresis. While this research group has pro
duced zeptomole detection limits for TAMRA-la
beled DNA fragments separated by capillary gel
electrophoresis [12,13], we know of no applications
of the fluorophore for determination of small mole
cules by electrophoresis. The excitation of TRITC
labeled analyte with the green helium-neon laser
results in a low-cost fluorescence detector with de
tection limits of 1 zeptomol.

EXPERIMENTAL

Separation was carried out with a 92 em x 50 flm
J.D. fused-silica capillary. The separation buffer
was 5 mM pH 9.0 boric acid buffer with 10 mM

J.-Y. Zhao et a/.f J. Chromalogr. 608 (1992) 117-120

sodium dodecyl sulphate. Electrophoresis was driv
en at 30 kV; the high-voltage (injection) end of the
capillary was placed in a safety interlock-equipped
Plexiglass box. Sample was injected electrokineti
cally at 1 kV for 10 s. The detector was locally con
structed and is described below.

The beam from a 0.75-mW, 543.5-nm-wave
length, helium-neon laser (Melles Griot, Canada)
was focused with a 4 x microscope objective about
200 flm below the exit of the capillary in a post
column fluorescence flow chamber. The fluores
cence detector is based on a sheath-flow cuvette and
is similar to that used in FITC detection. The local
ly assembled cuvette has a 200-flm 2 flow chamber
(NSG-Precision Cells, Farmingdale, NY, USA)
and 2-mm-thick windows. Fluorescence is collected
at right angles with an 18 x, 0.45 numerical aper
ture objective (Melles Griot) and imaged onto a 0.8
mm-diameter pinhole. A single interference filter
(590 nm center, 40 nm band pass, Model 590DF35,
Omega Optical, Vermont, NE, USA) blocks scat
tered laser light while passing much of the fluores
cence. Fluorescence was detected with a Hamamat
su (CA, USA) R1477 photomultiplier tube, oper
ated at 1000 V and cooled to - 25°C with a Prod
ucts for Research (MA, USA) photomultiplier tube
cooler. The photomultiplier tube output was passed
through a O.l-s resistor-capacitor (RC) low-pass fil
ter and displayed on a strip-chart recorder.

Stock amino acid solutions were prepared in 0.2
MpH 8.6 boric acid buffer. Tetramethylrhodamine
thiocarbamyl (TRTC) amino acid derivatives were
produced by reacting 800 fll of 7 . 10- 5 M TRITC
(Molecular Probes, Eugene, OR, USA) with 500 fll
of 1-3 mM amino acid solution which was allowed
to react at room temperature for 20 h in the dark.
The TRTC-amino acids were diluted to the desired
concentration with the separation buffer.

RESULTS AND DISCUSSION

The reaction ofTRITC with amino acids is rath
er sluggish at room temperature. Samples of
TRTC-glycine were allowed to react over a 10-h
period. Small samples were removed from the reac
tion mixture and analyzed e1ectrophoretically. The
average of two or three determinations of the
TRTC-amino acid peak height is plotted in Fig. 1;
the data are connected by lines as a visual aid. The
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Fig. 2. Electropherogram of twenty TRTC-amino acids. The
symbols for each amino acid correspond to the standard one
letter ahhreviation.

amino acids. As is typical for zone electrophoretic
separation of other thiocarbamyl derivatives of
amino acids, separation is not complete; alanine
and proline co-elute as do lysine, arginine and
TRITe. However, the separation of the remaining
amino acids is good and the total separation time is
12 min. On the other hand, the theoretical plate
count for the separation is on the order of 2 . 106

plates. This separation demonstrates that high plate
counts do not automatically translate into high res
olution. The large size of the derivatizing reagent
dwarfs small differences in the size of the amino
acids. The size-to-charge ratio of the amino acid
derivatives is quite similar and baseline separation
is not achieved.

Detection limits are calculated by the method of
Knoll [14]; the baseline is inspected over a time peri
od given by 50 times the peak width. The maximum
deviation from the average of the baseline is used to
estimate the 30' detection limit. This technique,
based on the Tchebycheff inequality [14], relies on
robust statistics. Very weak assumptions are made
on the underlying noise distribution in the data.
More importantly, correlation introduced between
adjacent datum due to filtering does not artificially
underestimate the standard deviation of the base
line. Relatively precise estimates of the detection
limit are produced by inspecting baseline over a
large number of samples. The 30' detection limit for
TRTC-glycine was 1 . 10- 12 Mlabeled amino acid

121042

Time (hours)

Fig. 1. Reaction efficiency of tetramethylrhodamine isothiocya
nate with glycine.• = TRTC-glycine: • = TRITe.

squares correspond to the production of TRTC
glycine while the circles correspond to unreacted
TRITe. In this reaction, the amino acid was pre
sent in nearly eighteen-fold excess, so that con
sumption ofTRITC and production ofTRTC-ami
no acid are expected to follow first-order kinetics
with the same rate constant. Instead, TRITC dis
appears more rapidly than TRTC-glycine is pro
duced. It appears that TRITC undergoes both reac
tion with the amino acid and decomposition. Simi
lar behavior has been observed in this laboratory
for FITC reaction with amipo acids. The isothio
cyanates are not particularly stable in protic sol
vents, presumably undergoing hydrolysis to gener
ate non-fluorescent products. At room temperature,
TRITC disappears after about 6-8 h. Analyte con
centrations are calculated based on TRITC as the
limiting reagent and the assumption that the reac
tion goes to completion. As a result, the instrumen
tal detection limits quoted below must be interpret
ed as being upper bounds to the actual detection
limit.

Fig. 2 presents the electropherogram of twenty
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injected onto the capillary. Injection volume was
estimated to be 1 nl for this amino acid, so that
detection limits correspond to 1 zeptomol of amino
acid injected onto the capillary. A l-zeptomol
amount of analyte corresponds to 600 analyte mole
cules. The detection volume, defined by the intersec
tion of the laser beam and sample stream, was esti
mated to be 10 pI. There are 5 analyte molecules
present on average in the detection volume at the
detection limit.

Isothiocyanate derivatives are of interest for pro
tein sequencing. However, given the sluggish nature
of the isothiocyanate reaction, other derivatizing re
agents are of interest for general amino acid analy
sis. The most interesting reagents are those that ab
sorb strongly at the excitation wavelength of readily
available lasers [15]. Derivatizing reagents that have
been coupled with laser-induced fluorescence detec
tion include o-phthalaldehyde excited by an argon
ion laser operating in the ultraviolet region at 351
and 363 nm [16], Dansyl excited by a helium--ead
mium laser at 325 nm [17], naphthalenedialdehyde
(NDA) excited by the 457.9-nm line of an argon ion
laser [18], fluorescamine-labeled amino acids excit
ed at 325 nm with a mercury lamp [19] and 3-(4
carboxybenzoyl)-2-quinolinecarboxaldehyde excit
ed at 442 nm with a helium--eadmium laser [20]. It
will be interesting to see if zeptomole amino acid
analysis is possible with these derivatives.

CONCLUSIONS

TRITC may be used to label amino acids, pro
ducing the thiocarbamyl derivatives. These deriv
atives may be separated by capillary electrophoresis
and detected with high sensitivity by a low-cost la
ser-induced fluorescence system. Detection limits
are 1 zeptomole of TRTC-glycine injected onto the
capillary.

Tetramethylrhodamine isothiocyanate reacts rel
atively slowly with amino acids; the reaction rate is
far too sluggish for routine use in protein sequenc
ing. The classic Edman reagent, PITC, will react in
less than 30 min. An equal-concentration mixture
of PITC and TRITC can be used in a double-cou
pling sequencing reaction. The reaction with both
reagents will yield a large excess of the PTH and a
small amount of tetramethylrhodamine thiohydan
toin after each step in the Edman cycle. The PITC is
not detected but instead used to scavenge any unre
acted n-terminal amino acids. The tetramethylrho-

J.- Y. Zhao et al. / J. Chromatogr. 608 (1992) 117-120

damine-Iabeled amino acids can be detected with
exquisite sensitivity. Even if the tetramethylrhoda
mine reaction efficiency is 0.1 % of the reaction effi
ciency of PITC, proteins may be sequenced with
attomol sensitivity.
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Application of capillary isoelectric focusing with universal
concentration gradient detector to the analysis of protein
samples

Jiaqi Wu and Janusz Pawliszyn
Department oj Chemistry, University oj Waterloo, Waterloo, Ontario N2L 3GJ (Canada)

ABSTRACT

The design of a new capillary isoelectric focusing (clEF) instrument, composed of a rugged cartridge holding a short piece of capillary
and a universal, inexpensive concentration gradient detector, was optimized and applied to the analysis of various protein samples.
High-efficiency clEF separations with sub-femtomole detection limits for absolute amounts were obtained using 10 Jim J.D. capillaries
with large O.D.-to-J.D. ratios. An electric field strength of I kV/cm applied in the focusing step resulted in a 10- 8 M on-column
concentration detection limit, which corresponded to 102 amol absolute amount of proteins. The detection volume was estimated to be
2 pi, which is among the smallest values reported to date for any optical or spectroscopic detector. When a 6-cm long capillary was used,
proteins with isoelectric points ranging from 4.7 to 8.8 could be analyzed in about 5 min, the shortest analysis time ever reported for
clEF. Compared with commercial clEF instruments with UV-visible absorbance detectors, the instrument is easier to use and has lower
detection limits and better resolution. Several protein mixtures and real samples were separated with this instrument.

INTRODUCTION

Capillary isoelectric focusing (clEF) is a newly
developed, powerful capillary electrophoretic tech
nique for separations of complex protein samples
based on isoelectric point (pI) differences [1,2].
Because the microbore capillaries (25-200 !lm J.D.)
used in the clEF offer efficient dissipation of Joule
heat, and therefore, eliminate convection effects, a
high separation voltage can be employed. This
permits highly efficient separations as the zone
width of a focused protein decreases with increasing
separation voltage [3]. The technique is able to
resolve proteins which differ in isoelectric point by
less than 0.02 pH unit, and the separation can be
completed in about 15-20 min [2,4], The narrow
capillaries also require only small amounts of sam
ple, which is desirable for the analysis ofbiochemical

Correspondence to: Dr. J. Pawliszyn, Department of Chemistry,
University of Waterloo, Waterloo, Ontario N2L 3GI, Canada.

materials, such as proteins. clEF has great potential
as an analytical tool for protein analysis.

Since 1985, there have been many reports on the
applications of clEF for the separation of protein
samples, most of which were performed on commer
cial capillary electrophoresis (CE) instruments [2,4,
5]. However, there are three main problems with
commercial CE instruments performing in the iso
electric focusing mode. First, although a narrower
capillary offers a higher separation efficiency, most
commercial CE instruments still use 50-75 !lm J.D.
capillaries, because of difficulties in performing
on-column detection with narrow capillaries. For
commercial CE instruments, UV-visible absor
bance is the most commonly used detection method.
Its performance deteriorates when used with capil
laries ofless than 25 !lm J.D. because it is difficult to
send sufficient radiation from a incoherent source
across the narrow capillaries. Second, because of the
presence of the UV-absorbing carrier ampholytes in
clEF, which usually have 100-1000 times higher
concentrations than those of protein samples. a

0021 -9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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wavelength of 280 nm has to be used for the
UV-visible absorbance detector instead of the wave
lengths for optical absorption peaks of proteins
(180-240 nm [2]). The sensitivity of the UV-visible
detector for clEF is much lower than that for other
CE techniques, such as capillary zone electrophore
sis. Finally, the designs of most commercial CE
instruments are not suited to hold short capillaries.
The best isoelectric focusing separations are report
edly achieved on short capillaries (12-14 cm) [2,4],
but much longer capillaries have to be used in most
commercial CE instruments because the physical
size of the UV-visible absorbance detector and the
design of the capillary cartridge of those instruments
restrict the use of short capillaries.

To address these limitations of the current clEF
instrumentation, we proposed a new clEF appara
tus that consists of a specially designed cartridge
accommodating a short piece of capillary and an
inexpensive, universal concentration gradient detec
tor [6]. We have shown the unique compatibility of
the concentration gradient detector and isoelectric
focusing performed on 20-100 J.lm I.D. capillaries
[7]. The detector shows high sensitivity for clEF
owing to the high concentration gradients produced
by the narrow protein zones focused inside the
capillary by the isoelectric focusing process [7]. The
derivative nature of the detector eliminates the high
background signal generated by wide zones of the
carrier ampholytes [7]. All zones can be detected
during mobilization without any derivatization or
decrease in resolution because of the universal
nature and the small detection volume of the
detector [7].

In this work, we investigated further the capabili
ty of the clEF-eoncentration gradient detector
method by optimizing the optical geometry of the
detector so that it can be applied to narrow capil
laries, and using short capillaries for fast separation
ofproteins with wide pI ranges. The potential of this
technique was demonstrated by applying it to the
analysis of a wide range of biological samples.

EXPERIMENTAL

Instrumental
The clEF-concentration gradient detector system

used was described in detail previously [7]. A 10 or 20
J.lm I.D., 350 J.lm O.D., 12 or 6 cm long capillary
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(Polymicro Technologies, Tucson, AZ, USA) was
used for separation. The capillary inner wall was
coated with non-cross-linked acrylamide to elimi
nate electroosmosis [8]. As the viscosity of the
acrylamide solution used for coating the capillary
increased with time, and the solution became diffi
cult to withdraw from the narrow capillaries, the
coating time for the 10 J.lm I.D. capillaries was only 7
min instead of 14-20 min [8] for 20 J.lm I.D.
capillaries. The lifetime of the coating for the 10 J.lm
I.D. capillaries is much shorter than that of 20 J.lm
I.D. capillaries. The laser beam intensity profile
after the beam had passed through the capillary was
measured by a scanning photodiode with a 0.1 mm
slit placed before it.

Reagents
All chemicals were of analytical-reagent grade,

and solutions were prepared using deionized water
and filtered through 0.2-J.lm pore size cellulose ace
tate filters (Sartorius, Gottingen, Germany) prior to
use. The anolyte and catholyte were 10 mM H 3P04

and 20 mM NaOH, respectively [4]. All proteins
were purchased from Sigma. Proteins used include
carbonic anhydrase (bovine erythrocytes), carbonic
anhydrase (human erythrocytes), myoglobin (horse
skeletal muscle), phosphorylase b (rabbit muscle), iX

chymotrypsin (bovine pancreas), ovalbumin (grade
V), hemoglobin (human, 75% methemoglobin, bal
ance primarily oxyhemoglobin), f3-lactoglobulin B
(bovine milk) and albumin (human, fraction V).
Human blood serum samples were obtained from a
local clinical laboratory. Monoclonal antibody to
fluorescein and transferrin (bovine) were donated by
HyClone Laboratories (Logan, UT, USA). Samples
were mixed with carrier ampholyte (Pharmalyte, pH
3-10; Sigma) solution for a final concentration of
2% ampholyte [4]. The protein concentrations intro
duced into the capillary ranged from 0.1 to 0.5
mg/m!. Protein samples were desalted, if necessary,
by using dialysis membranes (molecular mass cut
off 5000) purchased from Baxter (Mississauga,
Ontario, Canada).

The clEF process
First, the sample solution was introduced into the

capillary by pressure, then a high d.c. voltage was
applied to the two ends of the capillary. The voltage
applied for focusing performed on the 20 J.lm I.D.
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capillaries was 8 kV and on the 10,um J.D. capillaries
it was 12 kV. The current passing through the
capillary was monitored to follow the focusing
process. For 12 cm x 20 ,urn J.D. capillaries,
typically, the current dropped from 1 to about 0.1
,uA in 4 min. The final step was mobilization. In the
present experiment, cathadic mobilization was em
ployed, which required exchanging the catholyte
with a solution containing 20 mM NaOH and 80
mM NaCI [4]. The voltages for mobilization were 10
kV for 20,um J.D. capillaries and 12 kV for 10,uM
J.D. capillaries. During the cathodic mobilization
process, the proteins moved through the detector in
order of decreasing pl. All experiments were done in
triplicate to control the reproducibility.

RESULTS AND DISCUSSION

For a sample zone focused in a capillary by the
isoelectric focusing process, its concentration distri
bution along the capillary direction, x, is assumed to
be a Gaussian function [3] with a standard deviation,
(Jx, which can be expressed as [7]

(Jx =J~ (I)

where E = VI!, V is the d.c. voltage applied to two
ends of the capillary, ! is the overall length of the
capillary, D is the diffusion coefficient of the protein
sample and p is given by

du d(pH)
p= d(pH)·~

where duld(pH) is the change in the mobility of the
sample with respect to change in pH. As predicted by
eqn. 1, better resolution is expected when a high
voltage is applied. The upper limit of the applied
voltage is largely decided by the capillary J.D.
Narrower capillaries facilitate the application of
higher voltage because of enhanced heat dissipation
caused by higher surface-to-sample volume ratios
[9]. Hence, narrower capillaries offer higher separa
tion efficiency. On the other hand, the use of narrow
capillaries increases the difficulties for the applica
tion of the concentration gradient detector to clEF.

In the concentration gradient detector, a colli
mated laser beam is focused directly into the separa
tion capillary. The direction of the beam is deflected
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when it encounters a refractive index gradient
produced by a migrating sample zone [6]. This beam
deflection can be created by any sample zone which
has a refractive index different from that of the
buffer inside the capillary. When the detector is used
for clEF, the maximum value of the deflection angle
can be written as [7]

8 = +024. ~. dn . Co! =
m.x _. n dC (J;

+0.24. dn .~. d(pH). LCoV (3)
- dC d(pH) dx nD

where n is the refractive index of the solution in the
capillary, L is the J.D. of the capillary, Co is the
concentration of the introduced sample and C is the
concentration distribution of the sample zone along
the capillary direction after focusing. As dnldC is
approximately a constant for a given solute [6], the
maximum angle is proportional to the concentration
of the introduced sample, Co. The angle ofdeflection
can be detected by a light beam position sensor
which consists of two photodiodes. The photo
current, Jim." created on the position sensor associ
ated with the deflection angle, 8m." can be written as
[6]

8KiF
Jim•x = --. 8m•xnZ

where i is the laser beam light intensity, Fis the focal
length of the laser beam focusing lens, Z is the beam
diameter before focusing and K is the efficiency of
the conversion of light intensity into current by the
light beam position sensor [6]. Jim•x represents the
sensitivity of the whole detection system for clEF.

As described by eqn. 3, the sensitivity of the
detector decreases linearly with decreasing capillary
J.D., L. For example, the sensitivity of the detector
for a 1O,um J.D. capillary is only half of that for a 20
,urn J.D. capillary. A linear relationship between the
sensitivity of the detector and the applied voltage is
also shown in eqn. 3. This means that the decrease in
sensitivity due to decreasing capillary J.D. can be
partly compensated for by increasing the separation
voltage. As discussed earlier, high voltage can be
successfully applied to narrow capillaries.

Another difficulty in applying the detector to a
narrow capillary is associated with focusing the
probe beam into the capillary. The use ofa narrower
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(5)

Fig. I. Capillary cross-section and laser beam ray tracing dia
gram for four kinds of rays.

a

b

= :4 8 12

Scattering angle (deg)

Fig. 2. Laser beam intensity profiles after the beam has passed
through (a) a 20 Jlm 1.0., 140 Jlm 0.0. capillary and (b) a 20 11m
1.0.,360 Jlm 0.0. capillary.

when narrow capillaries are used as shown in Figs.
2a and 3a, which illustrate the probe beam intensity
profiles after the beam has passed through a 20 or 10
pm J.D. x 140 pm a.D. capil1ary. A complicated
interference pattern is observed in the center of the
beam. This effect is particularly noticeable for the 10
flm J.D. capil1ary, where only the center part of the
beam passes through the inner bore of the capil1ary.
The interference in the beam center is mainly due to
the beam rays 1 and 4, which are refracted by the
interface between capillary and air and interfere with
each other in far field, as shown in Fig. I. This
interference pattern also changes or shifts irregularly
as a consequence of changes in the refractive index
of the solution inside the capil1ary, which can be
induced by temperature inhomogeneity or a migrati
ng sample zone. For the concentration gradient
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capillary requires a smaller laser beam spot. A
shorter focal length lens should be used for focusing
the laser beam into the narrower capil1ary, as the
focused laser beam spot diameter, A, is given by

A = 42F
nZ

where }, is the wavelength of the laser beam. In
previous work [7], good results were obtained with a
30 mOl focal length lens and 20-100 pm J.D.
capil1aries. By using this lens, the beam spot after
focusing is calculated to be 24 pm by eqn. 5 from the
0.6 flm wavelength and 1 mOl beam diameter of the
He-Ne laser. For a 10 flm J.D. capil1ary, a smal1er
beam spot is needed. However, the use of a short
focal lens will decrease the sensitivity of the detector
as it is proportional to the FjZ ratio as described in
eqn. 4. For example, a 13 mOl focal length lens is
required to focus the beam into a 10 pm J.D.
capiJIary. This decreases the sensitivity by about
60% compared with that when a 30 mOl focal length
lens is used. Therefore, trade-off exists between the
focal length and the capillary J.D. for obtaining
good sensitivity.

Because the 30 mOl focal length lens gave good
sensitivity when it was used for 20-100 pm J.D.
capil1aries, and a longer focal length also made
optical alignment adjustment easier, we decided to
use this lens for 10 flm J.D. capillaries. When the 30
mOl focal length lens is used to focus the laser beam
for side illumination of a 20 or 10 flm J.D. capillary,
the beam wiJI be scattered over 3600 in the plane
perpendicular to the capiJIary axis since the capil1ary
J.D. is smal1er than the beam diameter [10]. The
resulting fringe pattern depends on the refractive
index of the capillary, the sample in the capil1ary and
the beam polarization. There are four kinds of beam
rays in the probe beam, as shown in Fig. 1: ray 1,
which passes through the center of the capillary
inner bore without any refraction; ray 2, which
propagates through the capil1ary and emerges with
out intercepting the inner bore with two refractions
at two interfaces; ray 3, which is reflected at the
interface between the capiJIary and sample inside its
inner bore; and ray 4, which propagates through
both the capillary wal1 and the inner bore with four
refractions at the interfaces. The fringe pattern is
produced by the interference of al1 these four
scattered rays, and the pattern becomes complicated
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Position
sensor

between rays 1 and 4 is reduced by using larger
a.D.-to-J.D. ratio capillaries as shown in Figs. 2b
and 3b. As expected, the.intensity profile in the beam
center is of good quality, and the interference
pattern is simplified even for the 10 ,um J.D.
capillary. In our experiment, only this part of 'the
beam is intercepted by the photodiode light beam
position sensor as shown in Fig. 3 when a 10,um J.D.
capillary is used. The above discussion suggests that
it is possible to apply the concentration gradient
detector to narrow capillaries without loss of sensi
tivity. It should be mentioned that by intercepting
part of the laser beam by the light beam position
sensor, we should expect a decrease in sensitivity
from eqn. 4 which shows a linear relationship
between the beam intensity and the sensitivity.
However, for the high-intensity laser beam, the
principal noise source of the measurement in the
concentration gradient detector is the pointing noise
[6]. The noise in signals detected by the position
sensor due to the pointing noise is proportional to
the beam light intensity, which means that the
relative noise level due to pointing noise is a
constant. This property allows the interception of
part of the laser beam by the light beam position
sensor for the narrow capillaries without deteriora
tion of the signal:to-noise ratio and, therefore, the
sensitivity of the detector.

Fig. 5 shows the electropherograms of two fo
cused proteins, phosphorylase b (peak I) and oval
bumin (peak 2), in a 20 and a 10 J.lm J.D. capillary,
which are plotted in such a way that the noise levels
o'f the two electropherograms are the same so that
their sensitivities can be compared by their peak

Fig. 4. Propagation directions of the light beam emitted from the
center of the capillary.Scattering angle (deg)

Fig. 3. Laser beam intensity profiles after the beam has passed
through (a) a 10 Jim J.D., 140 J1m 0.0. capillary and (b) a 10 J1m
J.D., 360 J1m 0.0. capillary. The light intensity coordinate in (a)
is expanded twice that"in (b).
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detector, in which the beam deflection along the
capillary axis is monitored, the shifts of the pattern
along the capillary axis can cause noise, baseline
fluctuation or irregular signal peak shape. This
presents a major difficulty when applying the detect
or to narrow capillaries.

This interference pattern can be significantly
simplified by immersing the capillary in a trans
parent liquid having the same refractive index as
that of the capillary [10]. In this way, the refraction
of the beam at the interface between the capillary
and air (now the liquid) is eliminated. However, in
this method, the temperature should be carefully
controlled, as the refractive index of the liquid and
the capillary wall change with temperature, and the
temperature may be different in the liquid and
capillary wall owing to their different heat capaci
ties. In our experiment, the interference pattern is
simplifid by using larger a.D.-to-J.D. ratio capil
laries. In Fig. 4, such a capillary is used (e.g., a 360
,um a.D., 1O,um J.D. capillary). As the laser beam is
focused into the center of the capillary, and the focal
area of the beam is large compared with the capillary
a.D., all light rays can be considered to be emitted
from approximately the center of the capillary. The
propagation directions of these beam rays are
approximately perpendicular to the interface be
tween the capillary and the air. After rays I and 4
have passed through the capillary, they will not be
refracted at the capillary-air interface, and travel
along their original directions. The interference
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heights. Although the capillary I.D. (L) decreases
by half from 20 to 10 lIm, the sensitivity loss due to
this decrease is partly compensated for by an in
crease in the applied voltage (V) which increases
from 8 to 12 kV. From eqn. 3, under these condi
tions, the sensitivity in concentration for the 10 lIm
J.D. capillary is predicted to be 75% of that for the
20 lIm LD. capillary. As expected, the peak heights
in Fig. 5b are about 75% of those in Fig. Sa. Other
peaks are also observed in Fig. 5, which are attri
buted to minor components or impurities in the
sample. This result confirms that the signal-to-noise
ratio does not decrease when only the center part of
the laser beam is detected in the optical alignment
used in the concentration gradient detector. The on
column mass detection limit for the 10 lIm I.D. cap
illary is much lower than that for the 20 lIm J.D.
capillary, as the sample volume needed decreases
from 38 nl for the 20 lIm LD. capillary to 9 nl for
the 10 lIm I.D. capillary. The detection limits in
concentration are calculated from three times the
baseline noise and are 3.4· 10- 8 M for phosphoryl
ase band 6.3· 10- 8 M for ovalbumin. These values
correspond to 270 and 460 amol on-column mass
detection limits for phosphorylase b and ovalbu
min, respectively. This is the first report in which
isoelectric focusing has been performed on a 10 lIm

a
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J.D. capillary and attomole levels of proteins have
been detected by a universal detector.

These experimental results confirm the feasibility
of performing isoelectric focusing on a 10 lIm LD.
capillary and detection in clEF with narrow capil
laries by a concentration gradient detector. Fig. 6
shows a mobilization electropherogram of five pro
teins focused in a 10 lIm I.D. capillary, and detected
by the concentration gradient detector. The concen
trations of these proteins range from 1.6 . 10- 6 to
5.4 . 10- 6 M, which correspond to 15-50 fmol in
absolute amount of proteins introduced into the 12
cm x 10 lIm LD. capillary. From the signal-to
noise ratio in Fig. 6, the on-column mass detection
limit for each protein is again shown to be in the
range of 102 amol.

The detection limit of the concentration gradient
detector for absolute amount is lower than that of a
UV-visible absorbance detector for clEF. Al
though a laser-induced fluorescence detector is the
most sensitive detector for CE, it is difficult to apply
for many real protein samples as the detector re
quires derivatization for proteins, which is impos
sible to perform in pre- or postcolumn modes for
ultramicro amounts of samples at low concentra
tions. Also, the reaction between protein samples
and labeling reagents may be not specific, and many
unwanted products will be created, increasing the
difficulty in identifying and quantifying sample
peaks after they are separated. However, attomole
level proteins at 10 - 7 M concentrations can be sep
arated and detected by our clEF instrument with

2

b

50 60 70

Time (s)

Fig. 6. Mobilization electropherogram of five proteins focused in
a 12cm x 10JlmJ.D.coatedcapillary.I,2 = Humanhemoglo
bin (absolute amount in the capillary 14 fmol) and myoglobin;
3 = human carbonic anhydrase (32 fmol); 4 = bovine carbonic
anhydrase (29 fmol); 5 = f3-lactoglobulin B (50 fmol). Protein
concentrations, 0.1 mg/ml each.

Distance (mm)

Fig. 5. Mobilization electropherograms of phosphorylase b
(peak 1) and ovalbumin (peak 2) focused (a) in a 12 cm x 20 Jlm
J.D. capillary and (b) in a 12 cm x 10 Jlm J.D. capillary. Concen
trations of the introduced samples are 0.5 mg/ml for phosphoryl
ase band 0.1 mg/ml for ovalbumin, respectively, which corre
spond to 40 and 17 fmol, respectively, for absolute amounts of
samples in the IO Jlm J.D. capillary.

250 500
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Time (8)

Fig. 7. Rapid analysis of proteins in wide pH range using a 6 cm
x 20,um J.D. capillary. Samples: 1 = a-chymotrypsin (major
component, pI = 8.76; one minor component, pI = 8.38); 2 =
phosphorylase b (major component, pI = 6.35; minor compo
nents, pI = 5.50-6.25); 3 = ovalbumin (major component, pI =

4.70). Above: integrals of portions of the electropherogram. Pro
tein concentrations, 0.5 mg/ml each.

zation time and makes it difficult to mobilize pro
teins focused near the capillary anode end to the
cathode end when cathodic mobilization is em
ployed. We tested the application of short capillar
ies in the clEF--eoncentration gradient detector in
strument. Because of the unique design of the car
tridge, theoretically there should be no minimum
limitation on the distance from the detection point
to the capillary end, therefore making it possible to
apply short capillaries in the clEF--eoncentration
gradient detector instrument [7]. Fig. 7 shows a mo
bilization electropherogram of three proteins fo
cused in a 6 cm x 20 J-lm J.D. capillary. All proteins
having pI values ranging from 4.7 to 8.8 [II] can be
analyzed in about 5 min, which includes 3 min for
focusing and 2 min for mobilization. This rate is
much faster than those of commercial CE instru
ments, and the highest ever reported for clEF anal
ysis. The use of a short capillary also increases the
sensitivity of the detector as its sensitivity is propor
tional to d(pH)/dx, as described by eqn. 3. Owing to
the small detection volume of the detector, the short
capillary did not affect the resolution for the 6 cm
long capillary. As shown in Fig. 7, the Gaussian
derivatives generated by the concentration gradient
detector can be easily converted into peaks associ
ated with electropherograms produced by conven
tional concentration detection methods. The inte
gration should be performed only on the portion of
the trace around the analyte band of interest to re-
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the universal detector without any derivatization.
Although the 10 J-lm J.D. capillary is applicable to

clEF, its inner wall is difficult to coat by the coating
method used in the experiment where a high-viscos
ity solution must be introduced into the capillary
[8]. This problem prevents the practical use of nar
row capillaries in clEF. In our analysis of protein
samples, we prefer to use a 20 J-lm J.D. capillary as it
is easier to coat. However, it is still possible to use a
10 J-lm J.D. capillary or even narrower capillaries in
practical clEF analyses of protein samples because
the possibility of performing isoelectric focusing on
uncoated capillaries has been demonstrated recent
ly [5].

In the mobilization process, adding salt to one of
the capillary ends causes movement of sodium or
chloride ions into the capillary at that end. A pH
change occurs at this end, and then gradually pro
gresses deeper into the capillary, causing sample
zones to move toward the end of the capillary [4]. A
long capillary prolongs the mobilization process
and also causes pH gradient distortion along the
capillary and, therefore, shape distortion of the
sample zones, during the mobilization. Long capil
laries have to be employed in the commercial in
struments. Because of the size of the UV-visible ab
sorbance detector and the design of the capillary
cartridge, the detection point of the capillary has to
be positioned at some distance from one capillary
end toward which the focused sample zones move
during the mobilization. This arrangement prevents
the detection of the proteins that are focused be
tween the detection point and the capillary end dur
ing the mobilization process. The distance ranges
from 3 to 20 cm depending on the type of instru
ment [4,5]. For the commercial CE instruments, the
pH range of the carrier ampholytes cannot be fully
utilized. To recover those lost proteins between the
detection point and the capillary end, two methods
can be used: lengthening the separation capillary
while keeping the distance from the detection point
to the capillary end constant, or mixing certain re
agents in the carrier ampholytes to extend the pH
range in the capillary end. For example, with
N,N,N' ,N'-tetramethylethylenediamine the pH
range can be extended from 10 to 12 at the cathode
end of the capillary [4,5]. The pH range of the carri
er ampholytes is still not fully utilized by the second
method, and the first method increases the mobili-
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Fig. 10. Mobilization electropherogram of monoclonal antibody
to fluorescein. Capillary, 12 cm x 20 Jlm l.D.; protein concen
tration, ca. 0.5 mgjml.
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Fig. 9. Mobilization electropherogram of bovine transferrin.
Capillary, 12 cm x 20 Jlm l.D.; protein concentrations, ca. 0.4
mgjml.

low, some examples of applying the instrument to
analyses of proteins are given.

Serum transferrin is an iron-transport protein
with different iron-complexed or iron-free isoforms,
which can be separated by isoelectric focusing.
clEF offers a fast and high-resolution separation
method for studying the protein [8]. Fig. 9 shows
the mobilization electropherogram of the bovine se
rum transferrin, which demonstrates the high reso
lution of the method. Each peak in Fig. 9 should
represent a single isoform [8]. Because of the high
resolution of the instrument, transferrin with differ
ent iron contents may be characterized by the meth
od.

Monoclonal antibodies manufactured for clinical
diagnosis and treatment may exhibit micro-hetero
geneity even when they are demonstrated to be pure
on the basis of their amino acid content. This mi-

duce the effects of drift associated with the broad
band of the carrier ampholytes present in the capil
lary [7]. The results confirm the feasibility of em
ploying short capillaries in clEF, and also suggest
that the clEF-eoncentration gradient detector in
strument with a short capillary is suitable for the
rapid screening of proteins in a wide pI range.

The resolution and reproducibility of the instru
ment were evaluated. Fig. 8 shows the mobilization
electropherogram of human hemoglobin when car
rier ampholytes of pH 3-10 were used, in which two
main peaks are observed. The highest peak (peak 1)
corresponds to methemoglobin (pI = 7.20) [12]
which comprises about 75% of the sample, and
peak 2 corresponds to oxyhemoglobin (pI = 7.00
[12] which is less than 25% in the sample. Another
small peakis also observed before these two peaks,
which probably corresponds to the A 2 form (pI =

7.40) of human hemoglobin [12]. The resolution can
be estimated from the peak width in Fig. 8 to be
0.02 pH unit for the 12 em long separation capil
lary; which is in the same order of magnitude as the
best results obtained by commercial CE instru
ments in which longer capillaries are employed
[4,5]. This high resolution is considered to be due to
the small detection volume and the derivative na
ture of the detector [7]. Fig. 8 also shows good re
producibility of the peak shape.

The above results and discussion demonstrate the
high sensitivity and reliability of the instrument. Be-

Fig. 8. Replicate separations of human hemoglobin. 1 = Methe
moglobin; 2 = oxyhemoglobin. Capillary, 12 cm x 20 Jlm I.D.;
protein concentration, 0.3 mgjml.



J. Wu and J. Pawliszyn / J. Chromalogr. 608 (1992) 121-130 129

---I

dd*-" '- tion can even decrease considerably if the electro
pherogram of the focused proteins inside the capil
lary is detected by an imaging system without the
mobilization process [13].

470 500 530 CONCLUSIONS

Fig. 11. Mobilization electropherogram of human serum albu
min (fraction V). Capillary, 12 cm x 20 pm J.D.; protein concen
tration, 0.3 mg/ml.

cro-heterogeneity is usually characterized by con
ventional gel isoelectric focusing. clEF also offers a
high-resolution method for this purpose [2]. Fig. 10
is a high-resolution mobilization electropherogram
of the monoclonal antibody to fluorescein, in which
several narrow peaks can be observed, showing the
micro-heterogeneity of the sample.

Human serum albumin is another important pro
tein, which is often measured and correlated with
various disease states. clEF allows the rapid analy
sis ofisoforms of the protein. Fig. 1I shows a mobi
lization electropherogram of the human serum al
bumin, fraction V, in which three peaks are ob
served around pH 5.8 [11]. Human blood serum ob
tained from a local medical laboratory was also
analyzed by the clEF instrument, and the results
are shown in Fig. 12. Globulins and albumin are
contained in the sample, which correspond to peaks
around pI 4-6 [4]. Because of its high speed and
resolution, the clEF electropherogram pattern of
the serum is possibly employed more efficiently than
gel isoelectric focusing to correlate with various dis
ease states. The analysis time for such an applica-

Time (s)

fig. 12. Separation of human blood serum.

There are many advantages of the clEF-eoncen
tration gradient detector instrument over commer
cial instruments. The sensitivity of the instrument is
higher than those of commercial instruments. The
UV-visible absorbance detector used in commercial
CE instruments usually uses 280 nm as the detec
tion wavelength instead of 180-240 nm because of
the high background of the high-concentration car
rier ampholytes [2,14]. At this wavelength, the sen
sitivity of the detector for proteins is much lower
than that at 180-240 nm. For example, the absorp
tion of bovine carbonic anhydrase at 280 nm is less
than one tenth of that at 200 nm [14]. The derivative
nature of the concentration gradient detector elim
inates the high background generated by the wide
band of carrier ampholytes, and high signal peaks
are created only by narrow protein zones [7]. The
detector has proved to be suitable for narrow capil
laries and, because of the use of a narrow capillary
which can accommodate high voltages, sharp pro
tein zones are focused inside the capillary, resulting
in high sensitivity for the concentration gradient de
tector. The concentration gradient detector also has
a much smaller detection volume than a UV-visible
absorbance detector. The detection volume of the
detector can be calculated from the capillary J.D.,
10 pm, and the laser beam diameter of 24 pm. It is
calculated to be 2 pI, which is among the smallest
values ever reported for an optical and spectroscop
ic detector. Because of the narrow capillary used,
the instrument allows the analysis of the microenvi
ronment of biochemical systems. Short capillaries
can be used in the instrument, which facilitate the
rapid analysis of protein samples. The instrument is
also inexpensive and small-sized because the whole
detection system consists only of a low-power He
Ne laser and a photodiode light beam position sen
sor, and a short capillary is used. The sample in
troduction and change of the buffer solution during
the mobilization process can be easily performed by
just operating a syringe [7]. The cost of the instru
ment is less than US$1000, which is much lower

510

'.6
390

Time (s)

,..
270
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than those of commercial CE instruments with a
UV-visible absorbance detector that requires an ex
pensive monochromator and photomultiplier tube.
The cost and size of the instrument are expected to
decrease even further if a diode laser is used in the
detector. A future avenue of development of the CE
instruments will be the construction of a complete
CE instrument on a single silicon wafer, which in
cludes a diode laser and a photodiode light beam
position sensor as both a.t:e silicon devices.
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Analogy between micelles and polymers of ionic
surfactants

A capillary isotachophoretic study of small ionic
aggregates in water-organic solutions
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75231 Paris Cedex 05 (France)

ABSTRACT

Capillary isotachophoresis (ITP) was applied to monitoring the synthesis of cationic polymers by y-irradiation of various dodecyl
and hexadecylallyldimethylammonium and dodecylvinylimidazolium salts in aqueous solutions at concentrations considerably exceed
ing their respective critical micellar concentrations (CMC). The isotachopherograms obtained under both acidic and basic water
methanol electrolyte conditions showed distinctive steps for polymer and monomer surfactants, and also for amine (oxide) degradation
products. This enables one to determine the amount of remaining monomer as a function ofirradiation time, surfactant counter ion and
initial monomer concentration. It was found, as far as the polymerization yield was concerned, that halide counter ions played a special
(favourable or unfavourable) part in the polymerization reaction, and that bromide was the most suitable ion associated with allylic
surfactants. An optimum irradiation time of ca. 25 h was determined for these allylic species, above which the ratio of degradation
products was observed to increase markedly. Likewise, the initial monomer concentration should not exceed a second critical concen
tration, beyond which the polymerization yield would fall drastically. In addition, it was ascertained that when the reaction was allowed
to take place in an isotropic medium (i.e., at a concentration below the CMC), only low-mobility degradation products were obtained.
ITP also appeared to be well adapted to the physico-chemical characterization of these ionic polymerized surfactants. This method
enables polymers to be compared with dynamic micelles. The mobility of the polymers was found to be much greater than that of the
starting monomer and close to,that of a classical dynamic micelle. The analysis offractions obtained from ultrafiltration assays revealed
that their molecular weight was higher than 5000 g/mol. Hence it can be expected to be of the same order of magnitude than that of
dynamic micelles. However, unlike the latter, the polymers remain stable in methanolic solutions and for monomer equivalent concen
trations less than the CMC. Lastly, the degree of counter-ion binding, also determinable from isotachopherograms, is much higher for
the polymers than for the ionic micelles. Nevertheless, these properties overall justify the term polymerized micelles currently applied to
these polymers.

INTRODUCTION

During the last decade, the use of surfactants has
shown impressive development and, whereas initial
ly it was confined to applications as detergents and
for emulsion stabilization, it has recently gained

diversity. The application area of surfactants has
even entered the field of fine reagents for analytical

Correspondence to: Dr. C. Tribet, Laboratoire d'Energetique et
Reactivite aux Interfaces, Universite Paris VI, 4 Place Jussieu,
75231 Paris Cedex 05, France.
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or preparative chemistry in techniques such as
micellar liquid chromatography [1], sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS
PAGE) [2], micellar electrokinetic capillary chroma
tography (MECC) [3], liquid-liquid extraction [4],
ultrafiltration [5] and micellar catalysis [6].

Of special.interest are the permanently ionic or
ionizable surfactants because the aggregates they
form in solution (micelles, vesicules) are less disperse
than those given by their neutral counterparts. In
addition, they are generally commercially available
in great purity. Nevertheless, these supramolecular
structures have a dynamic character and are chemi
cally fragile, as they must be inevitably in equilibri
um with a fixed concentration ofthe free form of the
surfactant. For the case of micelles, this concentra
tion, commonly called the critical micellar concen
tration (CMC), is typically much higher in organic
(or even water-organic) media than in water, so that
most of the time the micelle structure can neither be
observed nor exploited in those media. Further,
non-aggregated species can cross ultrafiltration
membranes and hence contaminate ultrafiltrates.

This has been an incentive to investigate ways for
stabilizing these aggregates and, among others, the
idea of polymerizing surfactants while they are

CH
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entangled in a supramolecular structure seemed
appealing [7,8]. In this direction, the synthesis of
surfactants containing one unsaturated bond was
soon realized, leading, for instance, to products
such as polyallyldimethyldodecylammonium (poly
ADMDA +) bromide [9] and polydodecylvinylimi
dazolium (polyDVI+) iodide [10], as depicted in Fig.
1.

The analytical characterization of the polymers
produced is not easy and most often so far, general
non-separative techniques have been preferred eH
NMR, fluorescence decay, light scattering, etc.).
However, capillary isotachoresis (ITP) was recently
shown to be an appropriate separation technique
for characterizing high-molecular-weight ionogenic
polymers and copolymers of various types (with
respect to their charge and irrespective of their
molecular weight) [11,12]. On the other hand, the
lack of a versatile high-performance separation and
detection technique allowing the discrimination be
tween surfactant homologues or compounds of the
same group recently prompted us to develop closely
related ITP methods which are suitable for most
groups of monomeric ionic surfactants [13]. In
addition, ITP was shown to provide an easy means
of estimating the physico-chemical parameters per-

Fig. I. Monomeric unsaturated surfactants and the corresponding polymers studied.
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taining to micellar aggregates [14] and we have
recently described a simple model enabling these
parameters to be derived from a well chosen set of
ITP experiments [15].

The purpose of this work was to show that ITP is
also a useful technique for analytical studies of
polysurfactants in water-organic media. More pre
cisely, our goal is to illustrate two complementary
facets ofITP through the study ofa few polymeriza
tion reactions of surfactants (Fig. 1): ITP will serve
first as an analytical method for the quantitative
monitoring of compounds taking part in such
polymerization reactions and second for physico
chemical purposes for the comparison ofpolysurfac
tants with monomeric micelles from the viewpoint of
charge and mobility.

EXPERIMENTAL

Monomer and polymer synthesis
Allyldimethyldodecylammonium (ADMDA +)

bromide and dodecylvinylimidazolium (DVI+) io
dide were synthesized as described [9,10] by allowing
n-dodecyldimethylamine or I-vinylimidazole to re
act with allyl bromide or n-dodecyl iodide, respec
tively. Allyldimethylcetylammonium (ADMCA +)
bromide was obtained in the same way as
ADMDA + bromide, using n-hexadecylamine in
place of n-dodecylamine. The monomers were triply
recrystallized in ethyl acetate. Their purities were
confirmed by 1H NMR.

Ion permutation on an anionic resin (Amberlite
IRA 400AG; Rohm and Haas, Philadelphia, PA,
USA) in its hydroxide form was carried out to ob
tain ADMDA + hydroxide. Apart from ADMDA +
iodide, which was formed from ADMDA + hydro
xide by a second ion-exchange process, the other
salts result from the neutralization of ADMDA +
hydroxide with the stoichiometric amount of the
appropriate acid solution (hydrochloric, acetic or
benzoic acid).

The polymerization reactions were performed in
aqueous solutions of surfactant monomers at vari
ous concentrations, all well above the CMCs. The
solutions were carefully degassed by submitting
them to four freeze-pump-thaw cycles. The flasks
were sealed and then submitted to y-irradiation at a
constant intensity of 2.4 krad/min for 4-30 hours.
With ADMDA + ions, reactions were conducted
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with various counter ions: hydroxide, acetate,
chloride, bromide, benzoate and iodide.

Isotachophoresis
ITP was performed with an LKB (Bromma,

Sweden) 2127 Tachophor apparatus and a laborato
ry-made pilot unit allowing step changes in current
intensity and external control of the strip-chart
recorder. More details of the experimental set-up
were given in a previous paper [13]. The composition
of the operating electrolytes and the current intensi
ties used for separation and detection are given in
Table I.

CMC determinations
The CMCs were determined from electrical con

ductivity measurements of aqueous monomer sur
factant solutions at various concentrations, using a
Tacussel (Villeurbanne, France) CD 60 numerical
resistivimeter. The CMC is the concentration at
which the plot of conductivity versus concentration
changes its slope. The results are given in Table II.

Ultrafiltration
Filtron Novacell 150 devices (Pharmacia, Les

Ulis, France) with a 5000 g/mol molecular weight
cut-off were used to perform the batch ultrafiltra
tions. Volumes of 20 ml of the sample solution were
introduced into the cell and submitted to ultrafiltra
tion under a pressure of 0.5 . 105 Pa.

RESULTS AND DISCUSSION

ITP analysis of crude irradiated reaction mixtures
In previous work on the ITP determination of

ionic surfactant mixtures, the influence of the com
position of the leading electrolyte was studied in
detail [13]. It was shown that the three parameters
playing a prominent part were the methanol content
in water, the leading ion concentration and the
leading electrolyte pH.

Methanol was used as an organic modifier in
order mainly to suppress the micellization phenom
enon. This solvent was selected among other water
miscible solvents as the one maintaining the best re
solution between surfactant homologues, although
an increased tendency for drifting was generally
observed for analyte conductivity steps with con
tents above 50%. The minimum methanol content
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TABLE I

TYPICAL COMPOSITIONS OF OPERATING ELECTROLYTE SYSTEMS

All solutions were prepared in water-methanol (80:20).

Parameter Operating electrolyte system

Leading electrolyte:
Leading ion
Buffer
pH"

Additive

Terminating
electrolyte

Current (pA): separation/detection

K+, 10 mM
Acetate, 13.2 mM
5.5
TEGb

, 2% (v/v)

fJ-Alanine,
lOmM

130/30

K+, 10 mM
fJ-Alaninate, 12 mM
10.6
TEG, 2% (v/v)

Ethanolamine,
10mM

130/30

K+,2mM
Acetate, 2.64 mM
5.5

fJ-Alanine,
2mM

70/20

K+, 2 mM
fJ-Alaninate, 2.4 mM
10.6

Ethanolamine,
2mM

70/20

" pH values obtained with electrodes filled with aqueous electrolytes.
b TEG = tetraethylene glycol.

required for suppressing polymer aggregation
should therefore be employed. As the concentration
in any analyte zone remains proportional to that of
the leading ion in the leading electrolyte, the latter
concentration is another key parameter to be set in
keeping with aggregation suppression. The leading
ion_concentration should therefore be kept below
the CMC values in the solvent mixtures considered.
Most of the following experiments reported here
were performed with 10 mM leading electrolytes,
but analysis of long-chain surfactants (e.g., more
than sixteen carbon atoms in the main chain) are
favoured by lower concentrations. However, in
practice, the range of accessible concentrations will
be limited if both the correct,buffering capacity and

TABLE II

CMC VALUES OF ADMDA + IN WATER ASSOCIATED
WITH VARIOUS COUNTER-IONS

Determination: see Experimental.

Counter CMC Counter CMC
ion (mmol/l) ion (mmol/l)

OH- 29 Br- 13
CH3COO- 20 r 5
Cl- 16 C6HsCOO- 7

low H + and OH - contributions to the total zone
conductivity are to be maintained. Therefore, no
attempt was made to work with leading electrolytes
below 2 mM concentration. The pH of the leading
electrolyte also remains a major parameter in such
separations, even if the main constituents to be
determined are strong electrolytes. As will be shown
later, a proper choice of pH enables one to either
detect or ignore degradation products such as fatty
amines. Eventually, four different electrolyte sys
tems were employed, the compositions of which are
given in Table 1.

Fig. 2 shows an isotachopherogram of a crude
polyADMDA + sample, obtained with a water
methanol (50:50, v/v) acidic leading electrolyte. By
enrichment of the crude polymer sample with known
amounts of monomer, the monomer step was first
identified as the lowest conductivity step produced
by the sample components, while it can reasonably
be accepted that the drifting sample step of highest
conductivity corresponds to the polymer. Hence,
a large separation between the polymer and the
monomer was obtained. Figs. 2 and 3A allow the
influence of the methanol content in the operating
electrolytes to be evaluated and a careful examina
tion of the isotachopherograms shows that a higher
methanol content results in more step drifting,
probably owing to poorer heat dissipation. It should
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/5 /8 time (min) these intermediate steps disappear (Fig. 3B). The
corresponding species could be tentatively recogn
ized as amine or amino oxide degradation products.
Moreover, the lack of intermediate steps between
those of the polymer and the monomer, under basic
conditions, suggests that no, if any, oligomer was
obtained. In addition, the flatness of the polymer
step suggests that a fairly monodisperse polymer
was also obtained in this manner.

The polymerizations of the other two surfactants
studied (ADMCA + bromide and DVI+ iodide)
were followed isotachophoretically in a similar
fashion. However, satisfactory separations between
monomer and polymer can only be obtained if the
leading ion concentration is lowered to 2 mM. With
ADMCA +, the longer hexadecyl chain results in a
very low CMC value (0.8 mM in its bromide form)
and it can be inferred that the monomer micellizes at
a 10 mM concentration level, even with a leading
electrolyte containing 20% methanol. As for DVI+,
it was mentioned in a previous paper [16] that an
interaction between the monomer and the polymer is
likely to occur with concentrations in excess of 2--4
mM in aqueous medium.

In an attempt to establish the best polymerization
conditions, the amounts ofunreacted monomer and
degradation products were studied more systemati
cally in terms of several adjustable parameters.

Fig. 2. Isotachopherogram ofa 25-h-irradiated 100 mM solution
of ADMDA + bromide. Operating electrolytes: L 1 (see Table I)
except for the water-methanol composition (50:50, v/v). Numer
als on the steps: I = electrolyte impurity; 2 = polymer; 3 = fatty
amine (oxide) degradation product; 4 = monomer. Sample
injected: 5 III of the 10 mM diluted solution. R axis, electrical
resistance; dR/dt axis, electrical resistance derivative.

be noted that the leading electrolyte L1 employed in
Fig. 3A sets the analyte concentrations in all zones
below the CMC of the monomer in water (20 mM
for ADMDA + acetate; Table II). Hence, monomer
aggregation cannot be observed. The separation
conditions in Fig. 3A are good enough to distinguish
clearly several species (especially from the differen
tial trace) between the polymer and monomer steps.
By submitting the same solution to basic electrolyte
conditions (leading electrolyte Lz, Table I), most of

Assessment of the best polymerization conditions
A major interest of the ITP technique is that it

enables one to follow quantitatively the remaining
monomer and degradation products according to
reaction time, counter-ion nature and initial mono
mer concentration. To this end, a mere standardiza
tion of the step lengths by injections of pure
monomer is needed, as the response coefficients, k,
defined as the ratio of the step length on the
isotachopherogram (l) to the molecular amount
injected (n) do not vary significantly for analytes of
close mobilities bearing the same charge. According
ly, it can be assumed that the response coefficients
for a monomer and its major degradation product,
whose conductivity step is close (Fig. 3A), are not
basically different from each other.

The polymerization kinetics were first monitored
for 100 mM ADMDA + bromide solution (CMC 13
mM, Table II). Fig. 4 shows that the reaction is
almost completed after ca. 20-25 h ofirradiation. By
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Fig. 3. Isotachopherograms ofa crude polyADMDA + solution (badly degassed in order to enhance the amount of impurities) obtained
under (A) acidic and (B) basic electrolyte conditions. Operating electrolytes: (A) L,; (B) L2 (see Table I). R axis, electrical resistance;
dR/dt axis, electrical resistance derivative.

this time, about 90% of the initial monomer has
reacted and ca. 10% has been converted into
the amine degradation product. Longer irradiation
times (> 30 h) or the presence of small amounts of
oxygen in the flask cause the amount ofdegradation
products to increase drastically. Thus, a 25-h irradi
ation time seems optimum with respect to yield for
flasks previously submitted to four freeze-pump-
thaw cycles.

The polymerization yield was also investigated for
ADMCA + bromide and DVI+ iodide with the elec
trolyte conditions discussed above. It was observed
that the monomer step had totally disappeared from

the isotachopherograms of 50 nmol of equivalent
monomer amount after irradiation times of4 h for a
45 mMDVI+ iodide solution (CMC4.3 mM) and of
25 h for a 10 mM ADMCA + bromide solution
(CMC 0.8 mM). This result clearly indicates that the
polymerization of ADMDA + bromide is not as fast
as those of ADMCA + bromide or DVI + iodide, as a
determinable amount of ADMDA + monomer is
still visible on the isotachopherogram in Fig. 3 after
a 25-h irradiation time. Further, a comparison
between isotachopherograms obtained under acidic
and basic conditions (electrolytes L3 and L4 , Table
I) enabled us to evaluate the amine degradation prod-
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o 5 10 15 20 25 30 time (hoUJS)

Fig. 4. EfTect of irradiation time of a 100 mM ADMDA +

bromide solution on (0) the unreacted monomer ratio and (<»
the degradation product ratio as determined by ITP. Operating
electrolyte: L t (see Table I).

uct that had formed on completion of ADMCA +
bromide polymerization as less than 10%.

In order to optimize the polymerization yield, ir-.
radiations were performed with various ADMDA +
salts, keeping their concentration at 100 mM. The
results are shown in Fig. 5, where these salts are
arranged in increasing order of the counter-ion
binding to micelles. Naturally, these differences in
interaction between the micelle and its counter ion
are also associated with variation of the CMC values
(Table II), but the monomer concentration chosen,
in all instances, remains far above these values.
Apart from a secondary influence of the degree of
counter-ion binding, it clearly appears that halide

o

Remaining monomer ratio

(0/0)90

80

counter ions playa special role in the polymerization
yield. It is likely that bromide ions generate free
radicals in the vicinity of the reactive double bonds,
which are taking part in the polymerization reaction,
hence leading to the best yield. Conversely, iodide
ions might act as a shield impeding the reaction and
thus leading to the poorest yield.

The last parameter studied was the initial mono
mer concentration. ADMCA + bromide was chosen
for this series ofexperiments because ofits low CMC
value (0.8 mM) and its high solubility in water,
which enabled us to vary the initial concentration
over a wide range, between 8 and 100 mM, while
keeping all monomers in the form of a micelle
structure. Such experiments would be less easy to
perform with ADMDA + halides, owing to their
higher CMC values (Table II) and with DVI+
iodide, which is too poorly soluble. It was ascer
tained (Fig. 6) that after a 25-h irradiation time the
monomer conversion ratio is of the order of 90%
(taking the degradation products into the account)
for initial concentrations (8-10 mM) ca. ten times
the CMC value, whereas it falls to only 30% for a
100 mM concentration. Undoubtedly, the initial
monomer concentration plays a key role in the
polymerization reactions and it turns out that it does
not suffice to select any concentration above the
CMC value to obtain a high yield of micelle
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Fig. 6. Variation of the relative amount of ADMCA + remaining
after a 25-h irradiation time in its bromide form as a function of
the initial concentration of this surfactant. ITP operating electro
lyte: L3 •
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Fig. 5. EfTect of counter ion associated with ADMDA + during
the polymeri7.ation reaction (25 h of irradiation) of a 100 mM
solution of this surfactant on the remaining monomer ratio, as
determined by ITP. Operating electrolyte: Lt.
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procedures, while the degree of counter-ion binding
is related to the corresponding step length. Defining
f3 as the ratio of bound counter ion per micelle to the
aggregation number and rx as the fraction of free
counter ion, we obtained, for the case where the
CMC value is negligibly small compared with the
total surfactant concentration [15]:

where mmie and me are the effective mobilities of the
micelle and counter ion, respectively, I is the current
intensity, F the Faraday constant, v the recorder
chartspeed, I, the step length and n the amount of
monomer injected. The ITP behaviour of poly
surfactants can be modelled in a simpler and more
usual way than that of micelles as no equilibrium
between monomer and polymer need be considered.
Eqn. 1 remains valid with n representing injected
amounts expressed in number of moles of monomer
units. On that basis, the analogy between polymers
and micelles can be highlighted on isotachophero
grams in comparing the step lengths and heights
produced by equal amounts of a polymer and
a micelle (expressed as monomer units) injected
successively. The experiment was conducted with
polyADMDA + as a test polymer. However, a direct
comparison between polyADMDA + and micelles
of ADMDA + was not tempted because the CMCs
of ADMDA + are too high, even in purely aqueous
media (Table II). In effect, a leading electrolyte
concentration greater than ten times the CMC value
should be employed so that the amount of free
monomer in the micelle zone would be negligible
(i.e., the CMC value be negligible compared with the
surfactant zone concentration). This is why a more
common surfactant, n-hexadecyltrimethylammoni
urn ion, C16H33Me3N+ (CMC 1.6 mM), was finally
chosen.

As shown in Fig. 7, the steps heights and hence the
mobilities of C16H33Me3N+ micelles and poly
ADMDA + are very close to each other. At this
point, it is worth noting that the initial counter ion of
the analytes (i.e., bromide here) is rapidly eliminated
towards the terminating electrode vessel and re
placed in all the zones by the counter ion of the
leading electrolyte (i.e., acetate here) migrating in
the opposite direction. This aspect is of prime
importance for comparing the degrees of counter-

I I

polymerization. At present, the understanding of
this concentration effect suffers from the lack of a
kinetic model relevant to this specific reaction, so
that we only set forth two putative explanations.
First, it can be considered that the fixed intensity of
y-radiation can no longer produce the number
of free radicals required with high monomer con
centrations. However, this assumption does not
seem consistent with the fact that, for the same
radiation intensity and the same initial concentra
tion (100 mM), 80% of the initial ADMDA +
bromide amount was polymerized while an addi
tional 10% was degraded. In addition, the sudden
variation in reaction yield observed in Fig. 6 after 25
h of irradiation may originate from a change in the
aggregate structure above a second critical concen
tration of the monomer, as recently suggested by
Egorov [17] for a surfactant of similar chain length.
However, this second assumption also seems ques
tionable, as a great change in the rate of radical
propagation would be related to a corresponding
reduction in the fluidity of the micellar surface that
has never been observed, to our knowledge. Hence,
we consider that this point has not received a sound
explanation.

Anyway, the preceding ITP results enable one to
choose the optimum counter ion (bromide), the
optimum initial concentration of the monomer and
the optimum irradiation time, to yield 80-100%
polymer, depending on the monomer. We shall now
concentrate on comparing these polymers with
classical micelles from a physico-chemical point of
view.

Analogy between ionic polymers and micelles
In this study, ITP turned out to be more than an

effective and flexible technique for the determina
tion of surfactant monomers. Owing to the absence
of a stationary phase and the existence of a steady
state, the ITP process is amenable to quantitative
modelling, which conversely can give access to the
evaluation of physico-chemical parameters, such as
absolute mobilities and acidity or complex forma
tion constants. The classical ITP equations can be
easily extended to account for the migration of ionic
micelles in equilibrium with their monomers, as
shown previously [15]. In short, the micelle mobility
can be derived from the measurement of the conduc
tivity step height of the micelle zone using usual

mmicrx= I-f3=-----=.:.::..:--
mmie - me Fv n

(1)
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monomer

R

Fig. 7. Comparison ofthe ITPbehaviours of (A) polyADMDA +
as obtained after a 15-h irradiation of a 100 mM solution of
ADMDA + bromide, and (B) C16H33Me3N+ micelles. Operating
electrolytes: L h except for the solvent, which was water. Samples
injected: 50 nmol of equivalent monomers or C16H33Me3N+. R
axis, electrical resistance.

to the micelle. It can be estimated, at a glance, by
comparing the length of the polymer step with the
length given by an equal amount OfC16H33Me3N+
micellized surfactants. The amount of polymer in
Fig. 7A corresponds to 35 nmol of monomer units.
Clearly, the much larger zone length of the 35-nmol
C16H33Me3N+ step drawn just above indicates a
higher degree ofcounter-ion binding to the polymer.
Similar results were obtained with polyDVr+ and
polyADMCA +. Hence the polymers resulting from
y-irradiation of cationic unsaturated surfactants
behave like dynamic micelles as far as electrical
mobility is concerned, but they seem to interact with
their counter ions more strongly. Moreover, as
shown in Figs. 2 and 3, these physico-chemical
properties are hardy modified when methanol is
added to the electrolyte up to at least 50%.

In an attempt to confirm that, as illustrated in Fig.
3B, very few oligomers are formed using this syn
thesis procedure, and in order to provide further in
sight into the molecular weight of the polymers ob
tained, ultrafiltration experiments were performed
and the resulting two phases (retentate and ultra
filtrate) were analysed by ITP. The ultrafiltration of
dynamic micellar solutions is well controlled at
present. In particular, it has been established that the
surfactant concentration in the ultrafiltrates will
remain near to the CMC if the concentration of the
initial sample is higher than the CMC [5]. This
means that only free surfactant monomers are
allowed to pass through the ultrafiltration mem
brane and that the size of a micelle is larger than the
pore size of the membrane, corresponding to a
molecular weight cut-off of ca. 5000 g/mo!.

In this respect, we decided to ultrafilter a poly
ADMDA + bromide sample resulting from irradia
tion of a 100 mM monomer solution for 25 h. In
order to suppress the micellization of the remaining
monomers (CMC 13 mM, Table II), the sample was
diluted to a 10 mM monomer equivalent concentra
tion prior to ultrafiltration. Two solvents were
tested successively to make the dilution: pure water
and water-methanol (40:60, v/v). The ITP analysis
of the ultrafiltrates revealed that no polymer is able
to cross the membrane when ultrafiltration is carried
out with purely aqueous samples (Fig. 8A). This
behaviour suggests that the synthesized units do
have a permanent structure, independent of the
monomer concentration. However, in water, some

time (min)
~ ..

micelle
tI'

®

15
I

-- - -- -- - ---- ----- -------I
Polymer

®

II

ion binding, {3, to micelles and polymers. It is well
known that {3 varies markedly with the nature of the
counter ion bound, going typically from ca. 0.4 to
0.8 on substituting benzoate for OH-. The present
operating electrolyte enabled us to determine {3
values for micelles and polymers with acetate as
counter ion. The {3 values with other counter ions
could be obtained very simply by changing the
counter ion of the leading electrolyte. Hence rTP
suppresses the need to perform a tedious counter-ion
permutation of the analyte samples on a resin bed on
which polymer adsorption can occur.

Measuring the respective step lengths for the
C16H33Me3N+ micelle and polyADMDA + from
Fig. 7 and using eqn. 1, {3 values of 0.56 and 0.93
were calculated for the micelle and the polymer,
respectively. This result indicates that acetate ions
are much more strongly bound to the polymer than
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Fig. 8. Comparison of ultrafiltrates ofpolyADMDA + bromide
solutions diluted to a 10 mM equivalent monomer concentration
with (A) water and (B) water-methanol (40:60, v/v). Inset: part of
the retentate isotachopherogram with the same electrolyte condi
tions. Numerals on the steps: I = electrolyte impurity; 2 =
polymer; 3 = fatty amine (oxide) degradation product; 4 =

monomer. Ultrafiltration membrane: Filtron Novacell 150,
molecular weight cut-off 5000 g/mol. Operating electrolyte: L3 . R
axis, electrical resistance; A axis, UV absorbance (254 nm).

aggregates ofoligomers might form, hence impeding
their passage through the membrane. This is why the
influence of methanol on the ultrafiltration separa
tion was also examined. Figure 8B shows that in this
instance, a small amount of products having mobil
ities close to that of the polymer and also some
UV-absorbing degradation products are found in
ultrafiltrates (the absence of these species in Fig. 8A
proves that they were probably solubilized within
the polymer aggregates in water). In comparing Fig.
8B with the inset retentate isotachopherogram, it
clearly appears that most of the polymer remains in
the retentate even in water-methanol (40:60) solu
tion. At this stage, it can be concluded that the
molecular weight of the polymer itself is higher than
5000 g/mo!.

Fig. 9. Isotachopherograms ofa 10 mM ofa 10 mM ADMDA +

bromide solution after a 25-h irradiation time. (A) Acidic
electrolyte conditions (L l ); (B) basic electrolyte conditions (L2).

Volume injected, 5 pI. R axis, electrical resistance; dR/dt axis,
electrical resistance derivative.

In order to stress further the analogy between
dynamic micelles and those of ionic polymers, a 10
mM solution of ADMDA + bromide, i.e., at a
concentration below the CMC value, was irradiated
for 25 h. The ITP analysis of the resulting reaction
mixture showed that, under these conditions, the
high-mobility polymer described previously was not
formed at all (Fig. 9A and B). Instead, a large
amount of degradation compounds is produced.
This last experiment indicates that polymerization
only progresses in the core of the micelle and is likely
to stop rapidly in a purely aqueous medium. This
can also be seen as a hint that the polymers and the
micelles are close in size.

CONCLUSIONS

The ITP monitoring ofreaction mixtures of ionic
surfactants submitted to y-irradiation has been
shown to be an efficient means for the optimization
of operational parameters such as the initial surfac
tant concentration, the nature of its associated
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counter ion and the time of irradiation. Once
optimized, these reactions lead to polymeric sur
factants with yields in excess of 80%, and it has been
shown that these ionic polymers behave like poly
merized micelles. In effect, their mobility was deter
mined to be close to that of a classical dynamic
micelle and it can be expected from ultrafiltration
experiments that their degree of polymerization is of
the same order of magnitude as the aggregation
number of the corresponding dynamic micelles.
Further, ITP provides an original means of evalua
ting the degree of counter-ion binding to the surfac
tant aggregates that will be more systematically used
in our laboratory in the future.

ITP has turned to be an invaluable method
allowing the identification and determination of the
major ionic or ionizable compounds present in'
reaction mixtures. Among other advantages are the
absence of a background electrolyte and stationary
phase, the control of the analyte concentration in its
own zone by the leading ion concentration, the
relative ease of modelling, the versatility of conduc
tivity detection and the overall simplicity of imple
mentation and result interpretation.

141
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Effect of total percent polyacrylamide in capillary gel
electrophoresis for DNA sequencing of short fragments

A phenomenological model

Heather R. Harke, Sue Bay, Jian Zhong Zhang, Marie Josee Rocheleau and Norman J.
Dovichi
Department of Chemistry, University of Alberta, Edmonton, Alberta T6G 2G2 (Canada)

ABSTRACT

Polyacrylamide capillary gels were prepared with constant (5% C) cross-linker concentration and with total acrylamide concentra
tion ranging from 2.5 to 6% T. At each acrylamide concentration, peak spacing was constant for DNA sequencing fragments ranging
from 25 to 250 nuc1eotides in length. Peak spacing increased linearly with the total acrylamide concentration. The intercept of the
retention time vs. fragment length plot was independent of %T. Ferguson plots were constructed for short DNA fragments; the
polyacrylamide pore size falls in the 2.5 to 3.5 nm range for the gels studied. Theoretical plate count is independent of total acrylamide
concentration; longitudinal diffusion, and not thermal gradients, limit the plate count. A phenomenological model is presented that
predicts retention time, plate count, and resolution for sequencing fragments ranging in size from 25 to 250 bases and gels that range
from 2.5 to 6% total acrylamide.

INTRODUCTION

DNA sequencing requires separation of labeled
DNA fragments by denaturing gel electrophoresis.
The separation rate of these fragments is propor
tional to the electric field strength; high electric fields
lead to fast separations. However, Joule heating
generates a temperature gradient that limits the
maximum electric field strength. Because of the
strong dependence of mobility on temperature,
2.3% per degree, thermal gradients can produce
band-broadening and degradation of the separation
at high electric field strengths in slab gels [1].

Conventional DNA sequencing slab gels are ca.
0.5 mm thick. Thinner gels, ca. 0.1 mm, generate fast
and efficient separations [2--4]. Difficulties in auto
mation. in maintaining a uniform gel thickness

Correspondence to: Dr. N. J. Dovichi, Department of Chemistry,
University of Alberta, Edmonton, Alberta T6G 2G2, Canada.

across the slab, and in detection have retarded
widespread applications of this technology. On the
other hand, capillary gel electrophoresis offers high
ly uniform chambers and high sensitivity detection
technology. Typical fused-silica capillaries of 50 flm
J.D. produce outstanding thermal properties. Final
ly, the highly flexible nature of the capillaries
simplifies automation.

Several groups have developed DNA sequencers
based on capillary gel electrophoresis and laser
induced fluorescence detection [4-11). In these sys
tems, the capillaries are filled with denaturing poly
acrylamide gels. The sequencing rate observed in
these gels depends on the details of the gel composi
tion. In this paper, we describe and model the
sequencing rate, resolution, and separation efficien
cy in DNA sequencing by capillary gel electrophore
sis.

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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Nucleotide Number

RESULTS AND DISCUSSION

Fig. I. Retention time as a function of fragment length for
single-stranded DNA sequencing fragments separated in a 4%T,
5%C gel at an electric field strength of 150 V cm - I in a 35 cm x
50 /lm J.D. fused-silica capillary. The separation was at room
temperature.

(1)

30025020015010050

retention time = To + M· spacing

the gel-filled capillaries are bubble free and gener
ated useful data. Two or three replicates were taken
with each capillary.

The sample was injected at 150 V cm -1 for 30 s;
after injection, the sample was replaced with a fresh
vial of 1 x TBE. The electrophoresis continued at
150 V cm- 1

. The sheath stream was 1 x TBE at a
flow-rate of 0.10 ml/h. Time is measured from the
application of the separation potential.

Sequencing rate and retention time
Analysis was limited to 250 bases by the signal-to

noise ratio produced by this DNA sample. In all
cases, a plot of retention time vs. fragment length (in
bases) was linear (r > 0.998) for fragments ranging
in size from the primer to at least 250 bases; that is,

where To is intercept, spacing is the peak spacing in
s/base, and M is the fragment length in bases. Fig. 1
presents typical data for a 4%T gel; for these data,
To is 21.0 min and the peak spacing is 8.0 s/base.

The peak spacing increased linearly with %T for
all fragments (Fig. 2). The data are shown at the
95% confidence interval; the line is the result of an
unweighted least-squares fit. Only two runs were
made with the 3% gel, resulting in a large confidence
interval. The slope of this line, 5.0 s/base per %T,
implies that the peak spacing increases by 5 s for
every 1% increase in total acrylamide concentration.
The intercept, - 9.9 s/base, should be related to the
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EXPERIMENTAL

a C = g Bis/%T; T = (g acrylamide + g Bis)/I 00 ml solution.

The two-spectral channel DNA sequencing capil
lary electrophoresis system has been described be
fore [11]. The polyimide coated, fused-silica capilla
ry (Polymicro, AZ, USA) is typically 35 cm long x
190 .urn O.D. x 50.um J.D. The gel formulae are
described below. The injection end of the capillary is
held in a Plexiglass box equipped with a safety
interlock. The other end of the capillary is inserted
into the flow chamber of a locally constructed
sheath flow cuvette. Fluorescence is excited with a
low-power argon ion laser (Uniphase, CA, USA)
operating in the blue at 488 nm; fluorescence is
collected at right angles with a microscope objective
(Leitz/Wild, Calgary, Canada), imaged onto a pin
hole, passed through a 525 nm center wavelength
spectral filter (Omega, VT, USA), and detected with
a photomultiplier tube (Hamamtsu, CA, USA). The
current from the photomultiplier tube is dropped
across a resistor, digitized, and recorded with a
Macintosh IIsi computer.

The sample was prepared from a Genesis 2000
(DuPont, DE, USA) protocol using 3.ug M13mp18
single-stranded DNA, 15 ng-2ll7-mer M13 prim
er, and 2 .ul Sequenase 2.0 (US Biochemicals, OH,
USA) in a standard ddA terminating reaction mix.
The sample was ethanol precipitated and washed
and then resuspended in 4 .ul of a mixture of
formamide-0.5 M EDTA (49:1) at pH 8.0.

Gels are prepared in 5-ml aliquots from carefully
degassed mixtures of acrylamide and N,N'-methyl
enebisacrylamide(Bis) 5%C, 2.5-6%T"; Bio-Rad,
Toronto, Canada), IX TBE, and 7 M urea (lCN,
Montreal, Canada). Polymerization is initiated by
addition of 2 .ul of N,N,N' ,N'-tetramethylethylene
diamine (TEMED) and 20 .ul of 10% ammonium
persulfate. The solution is injected into the capillary
by use of a syringe. To prevent deformation of the
gel into the detection cuvette, the gel was covalently
bound to the last ca. 5 cm of the capillary wall
through use of y-methacryloxypropyltrimethoxy
silane [6]. Although polymerization appears com
plete in 30 min, the capillaries are typically stored
overnight before use. With use of high purity
reagents and careful degassing, more than 95% of
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Fig. 4. Retention time for a vanishingly small DNA fragment as
a function of total acrylamide concentration. Data shown at the
95% confidence interval.

for the 2.5% gel was 1,040 ± 10 bases/h, which is
equal to the highest speed DNA sequencing rates
reported in the literature for both capillary and slab
gel electrophoresis [2,11].

Stegemann et al. [2] reported sequencing rate of
1000 bases/h for a slab gel separation at an electric
field strength of 80 V cm -1. Their data appears to
have been generated at 50°C while our data were
taken at room temperature, 20°C. The difference in
electric field strength necessary to obtain this se
quencing rate is due to the 2.3% °C- 1 change in
mobility with temperature [12].

To, the retention time for a vanishingly small
DNA fragment, is independent of %T (Fig. 4); that
is, the retention time of a hypothetical O-base
fragment does not change with %T. This indepen
dence ofmigration rate is not surprising because the
O-base fragment would experience no retardation by
the gel; similar data are reported by Kambaraet al.
[12] for separations of single-strand DNA per
formed on slab gels at an electric field of 50 V cm -I.

The weighted average To is 21.9 ± 0.2 min, shown
as the horizontal line in the figure. Again, the data
are shown at the 95% confidence interval. One
datum was Q-tested at the 90% confidence level
from the 6% gel data set.

Combining the results from Figs. 2 and 4, the
retention time for a DNA fragment in a 5%C gel at
150 V cm - 1 in a 35-cm long capillary at room
temperature can be written as

retention time =

= 21.9 min + M· %T . 0.083 min/base/%T (2)
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free solution mobility of the DNA fragments; pre
sumably, the negative sign implies that longer
fragments will have a higher mobility than shorter
fragments. The data of Kambara et al. [12] data
show a quadratic dependence of peak spacing on
%T from 2 to 12%T; from 2 to 6%T, their data are
similar to ours.

The inverse of peak spacing is sequencing rate
(Fig. 3); the data in bases/h are shown at the 95%
confidence interval. The sequencing rate observed
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Fig. 2; Peak spacing ofDNA fragments for denaturing polyacryl
amide gels with constant 5%C, room temperature operation, an
electric field strength of 150 V cm -1, and a 35 cm' x 50 /lm J.D.
capillary. The data are shown at the 95% confidence interval and
the line is the unweighted least-squares fit with a linear function.

Fig. 3. Sequencing rate for the data of Fig. 1. Data shown at the
95% confidence interval.

800

:2
1)
~

600e
~

"~
400

f ,
200

•

0
2 4 5 6 7



146 H. R. Harke et al. I J. Chromatogr. 608 (1992) 143-150

0.00020 .,-------------------,

0.233 cm2 V-I

/1(M) = 1300 s + M· ( - 9.8 slbase + 5.0 s/base· % T)

(4)

for fragments ranging from 25 to 250 bases in length,
gels ranging from 2.5 to 6%T, and room tempera
ture operation. This formula was generated from
over 35 electropherograms and represents over 80 h
of instrument time.

(5)In /1(M) = In /1(0) - KR ( M). %T

Fig. 5 presents the predicted mobility for DNA
fragments ranging from 25 to 200 bases in length and
gels ranging from 2.5 to 6%T. The data extrapolate
to a mobility of 1.8' 10- 4 cm2 V-I S-1 for a
fragment of zero bases, independent of percentage
acrylamide. The mobilities that we obtain are ap
proximately a factor of two smaller than that
reported by Holmes and Stellwagen [13] for double
strand DNA separated at an electric field strength of
3.3 Vlcm and at room temperature. Our results are
about 75% of the values reported by Kambara et al.
[12] for separation of single-strand DNA in a slab gel
at 48°C. The thermal coefficient of mobility, 2.3%
°C - 1, exactly accounts for the observed difference
between the data of Kambara et al. [12] and our
data.

According to the Ogston model [13], mobility may
be written as

Using eqn. 4 to calculate mobility, Ferguson plots
[13] were generated in the range of 2.5 to 6%T for
fragments ranging in size from 25 to 100 bases. The
Ogston model is fit to the data. The curves extra
polate to a common intercept, In /1(0) = - 8.41 ±
0.06, corresponding to a mobility in free solution of
2.2 ± 0.1 . 10-4 cm2 V-I S-I. This result is 25%
higher than that estimated above from the peak
spacing data and one half the value reported for
double stranded DNA [13].

According to the Ogston theory, the retardation
of fragments is related to the fractional volume of
spaces in the matrix that are accessible to the analyte
[13]. To find the %T that produces the same pore
size as a particular DNA fragment, the gel composi
tion is found that produces a mobility that is
one-half that estimated for free solution. Taking the
free solution mobility as 2.2 . 1O- 4 cm 2 V- 1 S-I, the
mobility of interest is 1.1' 10-4 cm2 V-I S-I, or
In /1 = -9.12. A 3.5%T gel is estimated to have a
pore size of 3.5 nm, equal to the radius of a 100-mer
single stranded fragment; a 4.1 % T gel has a pore size
of 3.2 nm, equal to the radius of a 75-mer, and a
5.2% T gel has a pore size of 2.8 nm, equal to the
radius of a 50-mer. The DNA fragment size is
estimated from the formula

(3)

200100
Fragment length (Bases)

0.00000+---------.----~----l
o

E

)
0.00005

LIE
/1(M) = retention time

where L is the length of the capillary and E is the
electric field; the ratio LIE = 0.233 cm2 V-I for our
experimental conditions. The retention time rela
tionship ofeqn. 2 is substituted into eqn. 3 to predict
the electrophoretic mobility of DNA fragments
ranging in size from 25 to 250 bases and for gels
ranging from 2.5 to 6%T.

0.00015

Electrophoretic mobility
The relationship presented in eqn. 2 is quite robust

in our laboratory. The equation is used to predict the
electrophoretic mobility of a DNA sequencing frag
ment as a function ofgel composition and nucleotide
size.

Eqn. 4 is a fundamental description of the electro
phoretic behavior of nucleotides in 5%C polyacryl
amide gels. This behavior must be described accu
ra~ely for any successful theoretical description of
DNA sequencing by gel electrophoresis.

and is based on the geometric mean radius for

Fig. 5. Mobility of fluorescent1y labeled DNA fragments. Total
percent acrylamide in the sequencing gel is noted above each
curve.

radius = 0.755 (bases) 1/3 (6)
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where k is the Boltzmann constant. The data of
Nishikawa and Kambara [I] suggest that the diffu
sion coefficient of a 100-mer fragment is about 1.0 .
10 -7 cm 2 s -1 at 50°e. Converting to 20°C, the

the system response time would limit plate counts to
ca. 100 million.

Thermal band broadening could contribute to
plate count. Joule heating will produce a parabolic
temperature profile in the capillary. For all the gels
studied, the electric current was constant, 1.61 ±
0.01 /lA, and independent of gel composition. The
heat generated per unit volume in a capillary of
radius r is

El ACV2 150Vcm- 1 ·1.6·1O- 6 A
Q = ? = -----u- = n(2.5· 10 3 cm)2

= 1.22.101W cm -3 (7)

Note that the heat dissipated in the capillary scales
with voltage squared, at constant molar conduc
tance, )" and ionic strength, C. Knox [14] has stated
that the temperature difference between the axis of
the capillary and the inner wall, e, is given by

Qr2 1.22 x 101Wcm- 3 x (2.5 x 1O- 3 cm)2
e= 41( = 4 x (4 x 10 3 W/cm/K)

= 0.005K (8)

where I( is the thermal conductivity of the solution,
rather arbitrarily estimated as 4 mW cm -1 K -1 for
the 7 M urea, I x TBE, polyacrylamide solution.
The temperature difference across the capillary is
very small for 50 pm LD. capillaries at 200 V cm- 1

electric fields.
The parabolic temperature profile is translated to

a velocity profile by the relative thermal coefficient
of mobility, (dp/dT)/p = 0.023 K- 1 [12] (where
T = temperature). In our gels, the relative mobility
of a fragment at the center of the capillary will be
0.00012 (0.012%) higher than the mobility of a
fragment at the capillary wall. The maximum theo
retical plate count in the presence of this thermally
induced velocity profile is related to the diffusion
coefficient of the DNA fragment; from the Stokes
Einstein formula, the diffusion coefficient of a
molecule is given by [15]

5,---------------,

4

o.J---.J---~--~--:r:--<
2.0 3.0 4.0 5.0 6.0

%T

Fig. 6. Plate count for an 85-base DNA sequencing fragments as
a function of total acrylamide concentration. Data are shown at
the 95% confidence interval; the dotted line is the weighted
average plate count.

double strand DNA [13]. A plot of log pore size vs.
%T is linear (r = 1.000) over the range studied, with
slope -0.56. These data are consistent with those
observed for Ferguson plots produced on slab gels
with double-stranded DNA [13].

Theoretical plates
The theoretical plate count for base 85 was

independent of %T over the range studied, with a
weighted average of 2.2 ± 0.2 . 106 plates (Fig. 6).
The data are shown at the 95% confidence interval
and the dashed line is the weighted average plate
count. Fragments 231 bases in length had separation
efficiency, N = 2.2 ± 0.4 . 106 plates, that also was
independent of %T. Plate counts were estimated
from the second moment calculation. Slab gel data
shows a similar independence of plate count on gel
composition [12], although plate counts appear to
increase slightly with fragment length.

Band broadening -injection, detection and thermal
gradient

It is interesting to speculate on the origin of the
constant plate count. The product of injection
voltage and time was varied by several orders of
magnitude to determine the effect of column over
loading; no improvement in plate count was noted
for the smallest sample loadings. Detection time
constant and volume do not seem to be important;

kT
D=---

6nYJrmolecular
(9)
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diffusion coefficient is expected to be about 9 . 10- 8

cm2s- 1. Substituting the diffusion coefficient, capil
lary length, fraction velocity difference, capillary
radius, electrophoretic mobility, and electric field
strength into Knox's equation

yields Nthermal = 56 billion theoretical plates for an
86-mer fragment! Thermally induced band broaden
ing does not appear to be significant in this capillary
system.

Nthermal scales inversely with the fifth. power of
electric field and thermally induced band-broaden
ing is insignificant except at very high electric fields
in capillaries. For example, an electric field strength
of 800 V cm -1 will produce a temperature difference
ofO.2°C across the 50 Jim J.D. capillary, correspond
ing to Nthermal = 5 . 106 plates. On the other hand,
the thermal plate count scales inversely with the
sixth power of radius. A 0.5-mm diameter capillary
(with similar thermal characteristics as a 0.5-mm
thick slab) will have a limiting plate count of 56 000
when operated at 150 V cm -1. Thermal gradients
dominate the performance of conventional slab gels
at high electric fields.

JiV
Nlongitudinal = 2D

m

(12)

0.233V

677:'10.755M1/3

AM1/ 3 V

1300 s + M· (-9.8 sjbase + 5.0 sjbase· %T)

2kT

1300 s + M· (-9.8 sjbase + 5.0 sjbase· %T)

where A is a constant related to temperature and
cross-linker concentration. For an 85-mer in a 4% T
gel at a voltage of 5250 V, A ~ 2.7· 105 s V- 1

. A
plot of expected plate count vs. fragment length is
shown in Fig. 7. Plate count maximizes for short
fragments, ca. 85-mer, but varies by only 25% for
fragments ranging in size from 25 to 250 bases.
Within experimental error, plate count is indepen
dent of fragment length.

Plate count should increase linearly with applied
potential. Potential can be increased either by
increasing the electric field strength, for a constant
length capillary, or by increasing the length of the
capillary, at constant applied potential. The electric
field strength cannot be increased without bounds.
Polyacrylamide gels are unstable at electric field
strengths greater than about 500 V cm -1 in our

fragment size can be estimated from the mobility
formula ofeqn. 4, the size dependence ofDNA from
eqn. 6, and the longitudinal diffusion equation
above

(10)

- [(0.00012)2(2.5.10 3 cm)2. ]
. (1.0· 1O- 4 cm2V- 1 S-l . 150V cm- 1

= 5.6.1010

2.3.,-----------------,

Band broadening -longitudinal diffusion
Longitudinal diffusion appears to dominate band

broadening in gel filled capillaries. Using the electro
phoretic mobility of 85-mer fragments in 4% T gels,
the plate count due to longitudinal diffusion is given
by

JiV
Nlongitudinal = 2D =

m

2.2

j 2.1
S

~6 2.0
Z

200
1.8+---~--.---~--.--~

o 100

Length (bases)

Fig. 7. Predicted plate count in a 4% total acry1amide gel.

which, given the assumptions in the estimation of
diffusion coefficient, is in remarkable agreement
with the data. The dependence of plate count on
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(13)
. IN spacing

resolutIOn = --. -'---=-
4 tr

95% confidence interval in Fig. 8. The range of
resolution observed for the data, from I to 2, is quite
similar to results from slab gel data [12]. Resolution
degraded with increased length of sequencing frag
ments, for all %T studied; a similar phenomenon is
present in the data of Kambara et al. [12] for
fragments ranging in size from 100 to 400 bases.

Resolution of adjacent peaks is related to the
theoretical plate count and the relative peak spacing
[16,17]

6.05.04.03.0
0.0 +----.,..---~-..----~-_.__-~-_r'

2.0

=.S!
:;
~ 1.0..
i>:

2.0

%T

Fig. 8. Resolution of bases 85-86. Data are shown at the 95%
confidence interval. The smooth curve is the prediction ofeqn. 14;
no parameters were adjusted.

substituting expressions for plate count, peak
spacing, and retention time, the resolution is pre
dicted to be

laboratory. Large bubbles form in the capillary at
high fields, destroying the separation. However,
microbubbles may form at intermediate potentials,
creating eddy diffusion and degrading the separa
tion efficiency. It appears that longer capillaries are
required to produce very high separation efficiency,
albeit at the expense of longer analysis time.

Resolution
Resolution was determined graphically for peaks

85-86 at different %T. The data are shown at the

1.0

0.9

0.8
=.S!
:;
~ 0.7..
i>:

0.6

0.5
2 4 6

%T

Fig. 9. Predicted resolution for adjacent DNA fragments as a
function of tota! acrylamide concentration for fragments 250-251
bases in length.

resolution =

1JAMi
/
3 V '4'( -9.84 s/base + 4.99 s/base· %T)

[1310 s + M·( -9.84 s/base + 4.99 s/base· %T)P/2

(14)

The smooth curve in Fig. 8 is a plot of predicted
resolution for a fragment 82 bases in length and a
potential of 5250 V. Recalling that there are no
adjustable parameters in the theory, the agreement
with the data is outstanding.

Resolution decreases as ca. M- 3/2 for larger
fragments at constant gel composition. For any
given length fragment, resolution is maximized for a
particular gel composition. Fig. 9 presents a plot of
resolution vs. % T for a fragment 250 bases in
length. Under the conditions at which our gels are
run, the optimum resolution for a 250-mer is
produced with a 4%T gel. To analyze long DNA
fragments. it is appropriate to use low %T gels.

CONCLUSIONS

We have presented a phenomenological model of
DNA sequencing in polyacrylamide gels with 5%
cross-linker concentration. The mobility model has
three parameters: fragment length, %T, and the
retention time of a vanishingly small DNA frag
ment. The plate count and resolution model con
tains one additional parameter. the diffusion coeffi-
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cient of a DNA fragment of known size in a gel of
known concentration.

This model is limited to 5%C polyacrylamide gels
ranging from 2.5 to 6%T and operating at 150 V
cm-1 at room temperature. Based on slab-gel data,
eqn. 1 requires a quadratic term to describe se
quencing data for gel compositions extending to
lO%T. Because mobility increases by 2.3% per
degree temperature rise, faster separations are ex
pected at higher temperatures. Similarly, different
cross-linker concentration or composition will lead
to different sequencing rates.

The phenomenological model presented in this
paper is limited to short fragments at an electric field
strength of 150 V cm - 1. Our model is expected to
fail for longer fragments and higher electric fields.
Theory for double stranded DNA states that short
fragments at low electric field exist in a random coil
configuration [18]; the mobility of these fragments
scale inversely with size. At higher electric fields, or
for longer fragments, there is a transition to a
stretched or linear configuration; these fragments
migrate independently of size. Of course, it is
not possible to obtain sequence information from
fragments in the linear configuration. For double
stranded DNA, the transition from random coil to
stretched rod configuration scales as MjE 2 [18].
Extrapolation of our model to fragments longer
than 250 bases or for electric fields higher than 150 V
cm- 1 is not warranted.
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Switching valve with internal micro precolumn for on-line
sample enrichment in capillary zone electrophoresis

A. J. J. Debets, M. Mazereeuw, W. H. Voogt, D. J. van Iperen, H. Lingeman, K.-P.
Hupe and U. A. Th. Brinkman
Department 0/Analytical Chemistry, Free University, De Boelelaan 1083, 1081 HV Amsterdam (Netherlands)

ABSTRACT

The design of a switching valve containing a micro precolumn for on-line sample enrichment in capillary electrophoresis is. described.
Samples are loaded on to the precolumn with a micro liquid chromatographic pump, while desorption is performed by means of the
electroosmotic flow. The influence of the precolumn on the capillary zone electrophoretic separation process was investigated. A
zone-cutting procedure was introduced, by means of valve switching, to prevent excessive band broadening and shifting of the migra
tion times. Using papaverine as a model compound, it was shown that sample volumes of up to 100 III can be enriched on the

. precolumn. Calibration plots are linear over a concentration range of two orders of magnitude. The detection limit of papaverine is 5 .
10- 8 M (5 pmol injected; UV detection at 254 nm). The potential of the sample-enrichment valve for on-line coupling to micro liquid
chromatography is discussed.

INTRODUCTION

Recent developments in micro separation systems
have significantly improved their applicability. Es
pecially in the field ofcapillary electrophoresis (CE),
the combination of high separation efficiency, sensi
tive detection modes (e.g., amperometric, laser
induced fluorescence, mass spectrometry) and spe
cial injection techniques provide low absolute detec
tion limits [1]. Nevertheless, the analysis of complex
samples still requires the development of sample
treatment methods suitable for micro separations.
Apart from the removal ofcomponents that can clog
the analytical separation system, reduction of the
large number of interfering compounds in complex
samples is necessary. In addition, the limited injec
tion volumes commonly used in CE ( < 10 nl) restrict
the detectability of analytes. In addition to off-line
liquid-liquid extraction and precipitation methods.

Correspondence to: Professor U. A. Th. Brinkman, Department
of Analytical Chemistry, Free University, De Boelelaan 1083,
108 I HV Amsterdam, Netherlands.

on-line coupled techniques such as liquid chro
matography (LC)-eapillary zone electrophoresis
(CZE) [2] and isotachophoresis (ITP)-CZE [3] can
be used for sample clean-up. Coupling of ITP to
CZE has also been used to achieve analyte enrich
ment. Electrodesorption in combination with zone
electrophoresis, isoelectric focusing and ITP can
also be used for the desorption of protein ligates
[4-7].

Recently, off-line solid-phase cartridges have been
used to achieve trace enrichment in CZE [8]. In
another study, capillaries with interactive walls, i.e.,
coated capillaries which are frequently used in gas
chromatography (GC), have been used for on-line
preconcentration in CZE [9]. Using these techniques
one order of magnitude analyte enrichment was
achieved. However, so far the off-line techniques
have not been very successful because they are time
consuming and laborious, while the on-line tech
niques lack sample capacity or result in severe band
broadening and, consequently, in loss of resolution.
As the use of precolumns to increase sensitivity in
GC is a well known technique. as an alternative to
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USA) Model 757 UV absorbance detector, modified
for on-column capillary detection.

A laboratory-made six-port injection valve
equipped with a 1.0-ml loop was used to load the
sample. The sample was flushed on to the precolumn
in the switching valve (see below) by means of an
LDCfMilton Roy (Riviera Beach, FL, USA) Micro
metric 5-ml syringe pump.

For the LC separation a slurry-packed 14 cm x
320 /lm J.D. microcolumn containing 5-/lm RoSil Cs
(RSL, Eke, Belgium), was used. An LKB (Bromma,
Sweden) Model 2150 pump was used for mobile

overcome the mentioned limitations, in this work a
laboratory-made rotary-type switching valve was
developed that contains a micro precolumn in order
to obtain on-line sample enrichment in CZE. Sorp
tion on to the precolumn is performed using an LC
pump and desorption is achieved by using electro
osmotic flow.

EXPERIMENTAL

Chemicals and solutions
Phosphoric acid, sodium dihydrogenphosphate,

sodium hydroxide, concentrated hydrochloric acid,
glacial acetic acid, tetrabutylammonium bromide,
octanesulphonic acid and phenol were purchased
from J. T. Baker (Deventer, Netherlands). Aceto
nitrile (HPLC grade) was obtained from Westburg
(Leusden, Netherlands). Codeine, noscapine and
papaverine hydrochloride were a gift from P. de
Goede (Academic Hospital, Free University, Am
sterdam, Netherlands); they were stored as concen
trated 10 mM aqueous solutions in distilled, demin-:
eralized water at 5°C. All diluted samples (1 /lM
0.1 mM) were prepared daily in demineralized,
distilled water. Unless mentioned otherwise, electro
phoresis was performed in an aqueous 7.5 mM
phosphate buffer (pH 4.5) containing 25% (v/v)
acetonitrile. In order to reduce gas bubble forma
tion, sample solutions contained 5% (v/v) aceto
nitrile and were degassed with helium before use.

A o

._.._._._._.._._._.- AXIS

Fig. I. (A) Cross-sectional view of the switching valve with (B) the
precolumn. I = Finger-tight connections; 2 = capillary inlet/
outlet; 3 = 1.5 mm x 0.3 mm I.D. PTFE tubing; 4 = metal
screen; 5 = 1.5 mm x 0.5 mm I.D. PEEK tubing; 6 = PLRP-S
packing material; 7 = PTFE screen.

Instrumentation
CZE was' performed using a modified Branden

burg (Thornton Heath, UK) Alpha Series II high
voltage power supply which was operated in the
constant-current mode (30 /lA, voltage ca. 16 kV).
All instruments were placed in a Plexiglas safety box.
A 200 /lm J.D. (340 /lm a.D.) fused~silicacapillary
obtained from Polymicro Technologies (Phoenix,
AZ, USA) with a total length of 60 cm was used for
the electrophoretic separation. After installation of
the capillary and after every ten experiments the
capillary was washed with 0.1 M hydrochloric acid
and 0.1 M potassium hydroxide in order to clean
and activate the capillary wall. Glass vials con
taining platinum electrodes were used as electrode
vessels. A fan was used to cool the outer wall of the
electrophoresis capillary. Detection was performed
at 250 nm with an Applied Biosystems (Ramsey, NJ,

B

STATOR

STATOR FUTCfl STATOR

3 4 S 6 7

ROTOR STATOR



A. J. J. Debets et al. / J. Chromatogr. 608 (1992) 151-158

phase delivery. Noscapine, codeine and papaverine
were separated using methanol-water (40:60, v/v) ,
containing 1% (v/v) glacial acetic acid, 10 mM
tetrabutylammonium bromide and 2.5 mM octane
sulphonic acid, as the mobile phase. The separation
was performed at ambient temperature.

Switching valve with internal precolumn
The switching valve containing the micro precol

umn was a rotary-type injection valve [I 0], modified
for small sample volumes and containing a labora
tory-made precolumn. Fig. IA shows a cross-sec
tional view of the valve. The polyethylene rotor
(6 mm thick) contains the precolumn and a 200 J.1m
J.D. channel parallel to the precolumn. The precol
umn (Fig. IB) consisted of 1.5 mm x 500 J.1m J.D.
(volume 0.2-0.3 J.11) poly(ether ether ketone) (PEEK)
tubing (Alltech, Zwijndrecht, Netherlands) slurry
packed with 8-J.1m PLRP-S divinylbenzene-styrene
polymer (Polymer Laboratories, Church Stretton,
UK). The inlet of the column was closed with a metal
screen (Metaalgaasweverij Dinxperlo, Dinxperlo,
Netherlands) and the outlet with a PTFE screen
(Alltech). The metal screen was needed for mechani
cal support during the sample loading procedure
and to prevent clogging of the column inlet. A piece
of 1.5 mm x 300 J.1m J.D. PTFE tubing was used to
position the microcolumn in the rotor. The rotor
was mounted between two poly(ethylene tere
phthalate) stators; it can be used at pressures up to
150 bar without leakage. Capillaries were connected
to the valve with laboratory-made finger-tight con
nections.

RESULTS AND DISCUSSION

Performance of the switching valve
In order to study the performance of the precol

umn, the rotary type switching valve was coupled to
an LC set-up (Fig. 2A). For this study the analytical
column in the set-up was replaced with a 25 cm x
200 J.1m J.D. fused-silica capillary. Via the six-port
valve, sample solution was flushed directly on to the
micro precolumn in the switching valve by means of
a micro LC pump (pump I). An LC pump (pump 2)
was used to pump the eluent through the switching
valve, i.e., the precolumn, via the capillary, to the
UV detector.

Papaverine (pKa = 6.6) was chosen as model
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compound. This analyte is hardly ionized in demin
eralized water so that trace enrichment on the
polymer-packed precolumn will present no prob
lems. To obtain information on the breakthrough
characteristics of papaverine, 10- 4 M sample solu
tions were loaded on to the micro precolumn
(1.5 mm x 0.5 mm J.D.) until analyte breakthrough
was observed. Breakthrough volumes larger than
I ml were obtained when papaverine was dissolved
in demineralized water. The addition of organic
modifier to the sample solution resulted in lower
breakthrough volumes: a breakthrough volume of
320 J.11 was obtained with a water-acetonitrile (95:5,
v/v) sample solution, whereas almost immediate
breakthrough (breakthrough volume 2 J.11) occurred
in the presence of 25% acetonitrile.

Because micro separation systems, and particu
larly CE, are sensitive to gas bubbles formed in the
buffers used for the analytical separation, the addi
tion of 5% of acetonitrile was found necessary in
order to obtain efficient degassing. In all further
experiments sample solutions in water-acetonitrile
(95:5, v/v) were used. Furthermore, sample volumes
loaded on the precolumn were 100 J.11 or less in order
to prevent breakthrough.

Loading of the sample on to the precolumn
involves three steps. First, the precolumn is washed
with 10 J.11 of aqueous 7.5 mM phosphate buffer
(pH 2.2)-acetonitrile (75:25, v/v) to remove contam
inants from the precolumn. Next, the precolumn is
conditioned with 10 J.11 of water-acetonitrile (95:5,
v/v) at a flow-rate of 5 J.11/min, after which the sample
is loaded in the forward flush mode. Finally, the
analyte is desorbed by the mobile phase and flushed
to the detector via the fused-silica capillary. The
sample is loaded on to the precolumn using a
flow-rate of 5 J.11/min. Using this flow-rate the peak
width of the desorbed analyte is 30 s and the peak
height is 0.56 absorbance units. If higher flow-rates
(e.g., 10 J.11/min) are used the accuracy for small
sample volumes will decrease [relative standard
deviation (R.S.D.) > 10%] whereas for lower f1ow
rates the peak width increases and the peak height
decreases.

The loading procedure was found to be linear over
a range of 1-100 J.11 of sample solution loaded on to
the precolurim. The plot of peak height (UV absorb
ance) versus sample volume was given by the equa
tion y = 0.40 (± 0.0 l)x + 1.54 (±0.39)(1'2 = 0.994,
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Fig. 2. Set-up of the switching valve coupled to micro separation systems. (A) Switching valve coupled to micro LC system. Pump I is used
to flush the sample solution into the switching valve and pump 2 for eluent delivery. (B) Switching valve coupled to CZE system.
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Fig. 3. LC-UV ofa mixture of codeine (C) (10- 5 M), noscapine
(N) (10- 5 M) and papaverine (P) (10- 6 M) in water after
enrichment of 100 Jll of sample. The 1.5 mm x 500 Jlm I.D.
precolumn was packed with 8-Jlm PLRP-S. UV detection at
250 nm. Eluent flow-rate, 3 JlI/min.

min
10

N

20 30

n = 6, 10- 6 M papaverine), where y and x are in
milliabsorbance units and ,ul, respectively. As an
example, Fig. 3 shows the reversed-phase ion-pair
LC separation of a mixture of codeine, papaverine
and noscapine with on-line trace enrichment.

Rotary switching valve coupled to CZE
The switching valve is made of synthetic material

which allows the direct coupling to a high-voltage
CZE system. The set-up for the CZE experiments is
shown in Fig. 2B. The injection valve was placed
in-line between two electrode vessels. The CZE
separation was performed in a 60 cm x 200,um J.D.
fused-silica capillary. The high-voltage power sup
ply was operated in the constant-current mode. In
this mode temperature changes will have less influ
ence on the electrophoretic separation than when
using the constant-potential mode. In this study
currents ofup to 30,uA (electric field 180-250 Vjcm)
were used. The use of higher currents frequently
caused the formation of gas bubbles, which led to
breakdown of the electrophoretic separation pro
cess.

Instead of a hydrodynamic flow delivered by an
LC pump, an electroosmotic (EO) flow, produced
by means of the high voltage, was used for eluent
delivery. If an electric field is applied over a fused
silica capillary having a negatively charged wall

A
110 mAU

B
1100mAu

(

110mAu

o 4 8 0 4 8 12 16 20 24 28 32 36 0 4 8

min
Fig. 4. (A) Electropherogram of 0.2 Jll of papaverine (10- 4 M) in water-acetonitrile (95:5, v/v) after direct injection. (8)
Electropherogram of 5 Jll of papaverine (10- 4 M) in water-acetonitrile (95:5, v/v) with precolumn on-line during electrophoresis
(current, 20 JlA). (C) Electropherogram of5 Jll ofpapaverine (10- 5 M) in water-acetonitrile (95:5, v/v) after electrodesorption procedure;
desorption time, 45 s; current, 30 JlA. For detailed conditions, see text.
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surface, movement of the ion double layer will cause
an EO flow. The EO flow-rate depends on param
eters such as ionic strength, pH and viscosity of the
buffer solutions and the electric field strength. In this
study the EO flow and the analyte migration were
both towards the negative electrode, which means
that detection should take place at the cathode side
of the capillary (Fig. 2B).

Sample enrichment and desorption. Enrichment of
the papaverine-containing sample solution on the
precolumn in the rotary switching valve was per
formed as described above. The precolumn was
washed with ca. 10 fll of aqueous 7.5 mM phosphate
buffer (pH 4.5)-acetonitrile (25:75, v/v) and condi
tioned with 10 fll of water-acetonitrile (95:5, v/v).
Next, it was loaded with papaverine, dissolved in
water-acetonitrile (95:5, v/v) at a flow-rate of 5 fll/
min and washed with 0.2 fll of water-acetonitrile
(95:5, v/v) to flush the valve dead volume. After
washing, the precolumn was switched on-line with
the CZE capillary. Next, a constant current of30 flA
was applied and the precolumn was desorbed using
the EO flow. During desorption the analyte becomes
charged due to the pH shift (7 -4 4.5) and electro
phoresis will take place.

When papaverine was desorbed in the forward
flush mode, significant band broadening occurred
(compare Fig. 4A and B). This band broadening is
probably caused by a combination of several effects;
apart from the slow desorption, which was also
observed with packed capillaries in other studies
[4-7], the relatively large precolumn volume, the
dead volume of the injection valve and the distur
bance of the EO flow profile caused by the back
pressure of the precolumn are important factors.
In addition, the migration time was considerably
higher, i.e., 13 min, in the presence (Fig. 4B) than in
the absence (Fig. 4A) of the precolumn. The increase
in migration time is the result of a ca. 70% decrease
in the EO flow that occurs on switching the precol
umn on-line with the electrophoresis capillary. The
EO flow will decrease because of the mechanical
resistance of the precolumn and, as the inner
diameter of the precolumn (500 flm) is significantly
larger than that of the electrophoresis capillary
(200 flm), the electric field strength will be smaller.
An increase in migration time was also observed in
experiments with phenol (pKa = 10), instead of
papaverine used as test compound. Under the test
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TABLE I

DEPENDENCE OF ANALYTE RECOVERY ON ELEC
TRODESORPTION TIME

Conditions: loading of 5 ,ul of 10- s M papaverine solution;
1.5 mm x 0.5 mm J.D. precolumn; current, 30 ,uA; n = 2, R.S.D.
<5%.

Electrodesorption Peak height Wo.s
a

time (s) (milliabsorbance units) (s)

30 13 <30
40 34 30
45 44 30
60 42 50

a Peak width at half-height.

conditions phenol is neutral and will therefore have
a migration velocity equal to the EO flow. For
currents of both 25 and 35 flA it was found that the
EO flow-rate decreased by 60-75%, i.e., from 27 and
35 mm/min to 7 and 14 mm/min, respectively, when
the precolumn was switched on-line.

To prevent excessive band broadening and in
creased migration times, desorption of the sample
was carried out in the backflush mode and a zone
cutting procedure by means of valve switching was
used. After loading of the sample on the precolumn
the rotor was switched and backflush desorption of
the analyte was performed by applying the current
(30 flA) for a limited period of time (30-60 s). After
(part of) the analyte had been transferred into the
capillary, the power supply was switched off and the
rotor was switched back to its initial (load) position.
Finally, the high voltage was switched on again and
electrophoresis was continued (current 30 flA). For
the time used for electrodesorption in the backflush
mode, a compromise between sensitivity and separa
tion efficiency had to be found. Large desorption
times will cause an increase in the amount of analyte
transferred into the separation capillary, leading to
an increased peak height but, unfortunately, also an
increased peak width (cl, Table I). Using an electro
desorption time of 45 s (current 30 flA), the band
broadening was dramatically reduced compared
with results obtained with forward flush desorption
(compare Fig. 4C and B). Further, the migration
time now was approximately the same as that ob
tained with direct injection of the sample (Fig. 4A).
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Fig. 5. Yield of the electrodesorption of papaverine for seven
repeated desorption steps by means of valve switching, after a
single sample loading. Backflush time, 45 s; current, 30 /lAo For
detailed conditions, see text.

investigated for sample volumes of up to 100 Ill,
using water-acetonitrile (95:5, v/v) containing
10- 5 M papaverine. The plot of UV absorbance
versus sample volume in Fig. 6A shows satisfactory
linearity (r 2 = 0.992). A linear calibration graph was
also obtained when analysing I-Ill samples con
taining 10 - 5-10 - 3 M papaverine (r 2 = 0.998)
(Fig. 6B). The R.S.D. for four consecutive injections
(5 III of sample, 10- 5 M papaverine) was 6%. With
the described enrichment-desorption and CZE-UV
procedure a limit of detection of 5 . 10- 8 M
papaverine (signal-to-noise ratio = 3; UV detection
at 254 nm) was achieved; using a 100-lll sample an
absolute limit of detection of 5 pmol can be ob
tained.

CONCLUSIONS

To determine the amount of analyte desorbed
during the 45-s desorption step, the valve switching
procedure was repeated seven times (i.e., 7 x 45 s
with a current ono pA) after a single loading of 10 III
of a papaverine solution, without flushing of the
precolumn in between. After the seventh cycle
desorption of papaverine was complete. Fig. 5
shows the yield of papaverine after each desorption
step, expressed as a percentage of the total yield. The
yield after the first injection was 65%. In all further
experiments an electrodesorption time of 45 s was
used. However, it will be obvious that the desorption
time used is optimized for papaverine, and that it
should be modified when other analytes are to be
determined.

The on-line enrichment procedure for CZE was

The rotary switching valve with an internal pre
column has promising features for on-line analyte
enrichment in capillary separation systems. The high
pressure resistance (up to 150 bar) of the valve
allows coupling to micro LC, as demonstrated by
the analysis of the opiate mixture. As the valve
is constructed from synthetic material it can be
coupled to CE systems, which is an advantage over
micro precolumn-containing switching valves de
scribed previously [11]. In comparison with pub
lished sample treatment methods for CZE, the main
advantage of the present system is that it allows (i)
on-line sample pretreatment and, thus, automation,
(ii) the next injection to be carried out while the CZE
separation is still running and (iii) selective sample
pretreatment by using suitable stationary phases. In
addition, the system is easy to operate.
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Fig. 6. (A) Plot of peak height (milliabsorbance units) versus loaded sample volume (Jil) (10- 6 M papaverine). The equation is y =

3.5 (±O.I)x + 9.7 (±5.7), where x represents the sample volume and y the UV absorption signal. (B) Plot of peak height (milli
absorbance units) versus papaverine concentration (/lM) in I Jil of a water-acetonitrile (95:5, v/v) sample solution. The equation is
y = 6.0 (±0.2)x + 2.3 (±8.5), where x represents the sample concentration and y the UV absorption signal.
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Keeping the precolumn on-line with the separa
tion capillary during the electrophoretic run caused
excessive band broadening and increased migration
times. The introduction of a rapid zone cutting
desorption procedure essentially solved this prob
lem. As regards the analytical performance of the
set-up, sample enrichment was linear over a large
range of volumes (1-100 ,ul). This corresponds to an
increase in the sensitivity of2-3 orders of magnitude
compared with a 0.2-,u1 direct injection. Further
more, enrichment was linear over a concentration
range of at least two orders of magnitude.

The present switching valve can also be coupled
to other micro ~eparation systems. For example,
coupling to ITP has the advantage that zone sharp
ening will occur during the ITP run. This ,zone
sharpening effect, which depends on the concentra
tion and mobility ofanalytes and leading electrolyte,
will suppress the zone broadening owing to slow
analyte desorption. This means that ITP can be
performed with the precolumn in-line, that is, quan
titative desorption of the analyte from the precol
umn can now be achieved.

Further investigations are to be made in order to
study the influence of real samples on the recovery,
selectivity and linearity of the desorption procedure.

A. J. J. Debets et al. / J. ChromalOgr. 608 (1992) 151-158
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Short Communication

Capillary electrophoresis washing technique

Samy Abdel-Baky and Roger W. Giese
Department of Pharmaceutical Sciences in the College of Pharmacy and Allied Health Professions, and Barnett Institute, Northeastern
University, 360 Huntington Avenue, Boston, MA 02115 (USA)

ABSTRACT

A technique is described for washing a capillary electropho-
resis column. .

This note presents a convenient technique for in
troducing or changing the solvent in a capillary
electrophoresis column in a manually operated sys
tem. We find it useful for both the washing solu
tions and running buffers. The technique is illustrat
ed in Fig. I. It relies on the use of two easily avail
able components: (I) a steel syringe needle (e.g. 1.5
in., 24 Gauge); and (2) a side-arm vial fitted with an
open-top, screw cap containing a septum (e.g. fab
ricated by attaching a side-arm to a 5.0 ml, screw
thread vial).

The basic idea of the technique is to use a syringe
needle to facilitate insertion of the capillary column
through the septum in the vial cap. Thus the overall
procedure consists of the following steps: (I) insert
the syringe needle through the septum; (2) insert the
capillary column through the syringe needle until
some of it protudes (the step illustrated in Fig. I);
(3) while holding the capillary column above the
syringe needle to fix its position relative to the vial,
pull the syringe needle out of the septum, thereby
achieving a tight seal of the capillary column

Correspondence to: Dr. S. Abdel-Baky, Department of Pharma
ceutical Sciences in the College of Pharmacy and Allied Health
Professions, and Barnett Institute, Northeastern University, 360
Huntington Avenue, Boston, MA 02115, USA.

_ Capillary Column

Vacuum -

Fig. I. Device for washing a capillary column.

through the septum (this step may sound awkward
but is easily accomplished without breaking the
capillary column); and (4) conduct the washing by
using a low vacuum to pull solvent through the cap
illary from the other end.

This technique should be useful not only for the
routine solvents that are frequently employed in
capillary electrophoresis, but also for the more
caustic solvents that are sometimes used. Other
techniques for capillary washing have also been pre
sented (e.g. ref. 1).
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Adjustment of resolution and analysis time in capillary
zone electrophoresis by varying the pH of the buffer

Ernst Kenndler and Werner Friedl
Institute for Analytical Chemistry, University of Vienna, Wiihringerstrasse 38, A-1090 Vienna (A ustria)

ABSTRACT

An expression for resolution in capillary ZOne electrophoresis is derived which is a function of the pH of the buffer. It is based on the
conventional definitions of resolution, but takes into account the dependence of the efficiency term on the effective mobilities, or the
charge numbers, of the separands (monovalent ions). The different shapes of the R vs. pH curves, as derived from the resolution
equation, are discussed and found to agree with the experimental results. An approach for the selection of that single pH where a given
resolution can be achieved within the shortest time of analysis is introduced.

(I)

(3)

INTRODUCTION

In zone electrophoresis, the degree of separation
of two components, i and), is described as in elution
chromatography by a dimensionless number, the re
solution, Rji • It is defined by the distance of the
centres of the peaks, measured not in absolute but in
relative units. The definition introduced by Gid
dings [I] takes the sum of the twofold of the standard
deviations, (J, of the peaks of components i and) as
the scale unit. Because in capillary zone electro
phoresis (CZE) (as in column chromatography) the
peaks are represented in the time domain, the
migration times, t, and the standard deviations
based on time, (Jt, are applied for the definition of the
resolution, which is expressed as

tj - ti
R .. = -,,----"---,-:--

J' 2 (Jt,i + 2 (Jt,j

Using an averaged standard deviation, iit , of the
two peaks, eqn. I can be rewritten as Rji = (t j - ti)/

4 iit • Based on this definition, baseline separation is

Correspondence to: Prof. E. Kenndler, Institute for Analytical
Chemistry, University of Vienna, Wiihringerstrasse 38, A-I090
Vienna, Austria.

established for two peaks with equal areas at a
resolution of 1.5.

Huber [2] introduced a simpler definition of the
resolution for elution chromatography, taking into
account the standard deviation of only one of the
two peaks as the scale unit for expressing the
distance between the two peaks, according to

(2)

This definition, which is also applicable to zone
electrophoresis, is nearly equivalent to that given in
eqn. I for peaks with very similar widths, but it can
be converted into an expression that consists of
operating parameters, as discussed below, without
using averaged parameters. Baseline separation for
peaks with equal areas is established at a resolution
of 6; it can be seen that the conversion factor
between these two resolution expressions is 4. Both
equations are rearranged by substituting t and (J to
obtain expressions with a larger optimization poten
tial. Restricting the following discussion to CZE
without electroosmotic flow, the resolution as de
fined by eqn. I then results in [1,3-5]

I L1v /- I Ui-Uj i-
R ji =4' ~vN=4'~vN

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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(4)

For weak electrolytes the charge number and thus
the effective mobility are determined, according to
the degree of dissociation, by the pH of the buffer in
the separation unit. Hence not only the selectivity
can be adjusted by the appropriate choice of the
electrolyte system, but also the efficiency, and
consequently the resolution. An optimization of the
resolution was presented by Terabe et al. [12] for
components with very similar pK values and equal

diffusion coefficient as given by the Nernst-Einstein
equation, D = U k Tlz eo, where eo is the electric
charge, k is the Boltzmann constant and T is the
absolute temperature.

It can clearly be seen from eqn. 5 that the
resolution consists of two terms, the selectivity term
(with the ratio of the effective mobilities), and the
efficiency term (the square root of the plate number).
The latter also includes the effective mobility.

It was discussed in previous papers [7-11] that the
last term in eqn. 5 (Uact,i UI2 D;) is constant for all
separands at a given voltage for not too high
electrolyte concentrations, where the Nernst-Ein
stein equation for the (normalized) mobility and the
diffusion coefficient is still valid.

Applying the Nernst-Einstein equation, the plate
number can be expressed by

It can be seen that the plate number depends on
the charge number of the separand and on the
voltage. The validity of this equation was demon
strated experimentally (at least for diluted solutions)
for small ions in previous work [7,10], but this
equation must also be valid for large molecules such
as biopolymers, taking into account that Zi is the
effective and not a nominal charge number. For
such molecules this effective charge number must be
related to their zeta potential rather than to their
nominal charge. For polynucleotides, for example,
the effective charge number may then differ from the
nominal charge number as calculated from the base
number [11].

Combining eqns. 5 and 6 leads to the following
expression for the resolution:

Rji = (Ueff'i - I) .fi; Jeo U (7)
Ueff,j 2 k T

(6)
Zi eo U

N i = 2k T

where J vis the velocity difference of the separands, ii
is their average velocity, u(u) is the (average) ionic
mobility and it is the average plate number, given by

- uU
N=~

2D

In this equation U is the effective voltage applied
across the effective length, L, of the capillary,
resulting in a field strength E and jj is the average
diffusion coefficient. Eqn. 4 was derived for the
case where only longitudinal diffusion causes peak
broadening. All other effects are neglected, namely
convective mixing (in the case of hydrodynamic or
electroosmotic flow), Joule heat (occurring especial
ly at high electrical current), electromigration dis
persion (when conductivity gradients are formed
between the sample zone and buffer), adsorption
and extra-column effects. The influence of these
effects on the plate height, H, was extensively
discussed by Hjerten [6]. In the same paper it was
also pointed out that under certain circumstances
the latter effects are negligible compared with longi
tudinal diffusion, which is the aspect focused upon
in this paper. For simplicity, the discussion will also
be restricted to monovalent separands. The more
complicated expressions for multivalent or ampho
teric electrolytes will be discussed in a subsequent
paper.

It was mentioned above that no averaged param
eters occur in the expression for the resolution
derived from the definition given in eqn. 2, leading to
[7]

R
ji

= Ueff,i - Ueff,j Jli; = (Ueff.'i _ I) JUeff'i U =
Ueff,j UefLj 2 D i

(
Ueff'i _ I) J~ JUact'i U (5)
Ueff,j 2 D i

where Ueff,i is the effective mobility and D i is the
diffusion coefficient of separand i. The effective
mobility, Ueff,i, is related by the (effective) charge
number, Zi, to the actual mobility, Uact,i, which is
equivalent to the normalized mobility for mono
valent analytes, the mobility of the separand with
unit charge: Ueff,i = Zi Uact,i' It should be mentioned
that in contrast to the mobility, Zi always has a
positive sign. It will be discussed below that the
actual (or normalized) mobility can be linearly
related under the conditions discussed [7-11] to the
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actual mobilities. In this paper here a concept for the
adjustment of the separation of any pair of analytes
is introduced and an expression for the resolution is
derived and discussed for monovalent ions. It de
pends on the pH (and voltage and temperature) as
experimental variable. From the pH range where all
pairs of components can be separated with a given
resolution, a single pH is selected that results in the
minimum time ofanalysis. A more general approach
for the adjustment of the resolution of multivalent
separands by varying the pH and voltage is the topic
of a subsequent paper.

EXPERIMENTAL

Chemicals
Chemicals used for the preparation of the buffer

solutions were orthophosphoric acid, acetic acid,
malonic acid and lactic acid (all ofanalytical-reagent
grade from E. Merck, Darmstadt, Germany). The
following compounds were used as test substances:
2,4-dinitrophenol (ct-nitrophenol, moistened with
20% water, >97%; Fluka, Buchs, Switzerland),
2,6-dinitrophenol (moistened with 20% water,
purum, >98%; Fluka), 2,3-dimethoxybenzoic acid,
3,5-dimethoxybenzoic acid, 3,4-dimethoxybenzoic
acid (veratric acid) and 2,4-dimethoxybenzoic acid
(all minimum 99%; EGA, Steinheim, Germany).
For the coating procedure, methylcellulose (Metho
cel MC, 3000-5000 mPa s; Fluka) was cross-linked
using formic acid and formaldehyde (both of ana
lytical-reagent grade; Merck) as described below.
Water was distilled twice from a quartz apparatus.

Apparatus
The measurements were carried out with an

instrument which was equipped with a UV absor
bance detector (PlACE System 2100, using System
Gold 6.01; Beckman, Palo Alto, CA, USA). The
absorbance was measured at 214 nm. The separation
capillary was made from fused silica (Scientific
Glass Engineering, Ringwood, Australia) of 75 /lm
l.D. and with a total length of0.269 m. The effective
length (the distance from the injector to the detector)
was 0.201 m. The capillary was thermostated at
25.0°C.

Electrophoresis was carried out without electro
osmotic flow at a total voltage of 5000 V (field
strength 18 600 V1m), leading to an effective poten-
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tial drop of 3740 V along the migration distance.
Injection of the sample was carried out from

aqueous solution (without buffer) by pressure for
1 s.

The calculations were carried out with a personal
computer using MathCAD 2.08 from MathSoft.

Procedures
The pH of the buffers was adjusted by adding

sodium hydroxide solution to the solutions of
the respective acids (total buffer concentration
0.01 mol/1) using a glass--<.:alomel electrode. The
buffers were used in a pH range of ±1 unit around
the pKa of the respective acid (described under
Chemicals).

The following procedure was applied to eliminate
electroosmosis by coating the inner capillary surface
with methylcellulose as described by Hjerten [13]:
400 mg of methylcellulose were dissolved in 100 ml
of water and 7 ml of formic acid and 35 ml of
formaldehyde were added with stirring. This solu
tion can be used repeatedly for at least 6 months if
stored in a refrigerator. The tube was rinsed thor
oughly with distilled water for 10 min. The methyl
cellulose solution was drawn into the dried, clean
tube by suction for ca. 15 min, then the capillary was
sucked dry for 5 min, leaving a thin film of uniform
thickness on the wall. Finally, the tube was placed in
an oven at 120°C for 40 min. Throughout the
coating procedure it is important that air bubbles do
not adhere to the capillary wall and that the quartz
tube is kept in a vertical position. A second treat
ment with methylcellulose is recommended. The film
was found to be stable for several weeks under the
given conditions. The absence of an electroosmotic
flow was controlled by measuring the mobility of a
reference ion from the migration distance and its
migration time.

The ionic mobilities were measured in the usual
way as mentioned before. The pKa values were
determined from the inflection points of the mobility
vs. pH curves.

RESULTS AND DISCUSSION

It was pointed out in the Introduction that all
definitions of the resolution of two compounds
include two effects: the difference in migration and
the broadening of the peaks. In CZE the difference
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in migration is normally expressed by the difference
in the residence times caused by the different
effective mobilities, Ueff, of the separands, and is
related to the selectivity of the separation system. It
can be influenced by solvation, ionic strength, etc.,
but the most pronounced effect is from the degree of
protolysis (or complexation). As the analytes behave
as acids or bases in most instances, the degree of
protolysis or dissociation, IX, for a given pKa is
determined by the pH of the buffer, which is
therefore the most effective tool for adjusting the
selectivity.

The second effect mentioned above, decisive for
the resolution, is the dispersion of the peaks, coun-

teracting the se~ration, and described by the effi
ciency term, -.JN, in the expression for R. The plate
count, or the plate height, H, depends on a number
ofeffects as mentioned in the Introduction, but most
of them can be reduced or even eliminated under the
appropriate conditions, except longitudinal diffu
SIOn.

It follows from eqn. 5 that not only the selectivity
but also the efficiency depends on the effective
mobility via the charge number. For a charge
number of I the plate number calculated from eqn. 6
is 74 800 under the given conditions (3.74 kV, 25°C).
Experimentally a value of ca. 54 000 was found,
about 25% lower than the theoretical value, which is
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Fig. I. Electropherogram showing'the dependence of the plate number on the effective charge number, according to the degree of
dissociation. The degree of dissociation of the separands decreases from D to G. Plate numbers determined from electropherogram at
pH 4.17: D = 46 400, E = 35 600, F = 24 800, G = 16 200. For conditions, see Experimental. The symbols ofthe separands are given in
Table I.
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TABLE I

ACTUAL MOBILITIES, U.ct.i AND pK. VALUES OF THE
TEST SUBSTANCES (T = 25°C)

in agreement with previous investigations [7,10,11],
the reason being discussed there. A voltage of
3.74 kV (5.00 kV total) was selected because it was
observed that under this condition the effect ofJoule
heat is negligible.

The charge number of simple weak electrolytes,
considered here and in previous work [7,10], is
equivalent to their degree of protolysis, a. Both
efficiency and selectivity are influenced by the pH of
the buffer; which determines the degree of dissocia
tion by the well known relationship pH = pKa ± log
(1 - Ija), where the sign before the logarithm is
positive for anions and negative for cations.

Effect ofpH on efficiency
In Fig. 1the electropherogram offour dimethoxy

benzoic acids with very similar ionic mobilities (D,
E, F and G in Table I) is shown. For this type of
compound, the limiting mobilities are only slightly
higher than the actual mobilities (that is, the mobil
Ity of the fully dissociated species at the given ionic
strength), namely about 2-3%. The Nernst-Einstein
equation should be applicable under these condi
tions, and the plate number must therefore depend
on the charge number of the separands, which is
directly related to the degree of dissociation at the
given pH.

Based on the pKa values of the analytes given in
Table I, the following values for a are calculated for
pH 4.17, where the electropherogram was devel
oped: D 0.807, E 0.661, F 0.448 and G 0.304. As a
decreases in this order, an analogous decrease in the
plate number can be expected, according to eqn. 6

Symbol Compound

(9)

Resolution
As both selectivity and efficiency depend on the

charge number, and therefore on the pH for weak
electrolytes, an appropriate expression for the reso
lution must reflect this dependence. Based on the
definitions of the resolution, given in eqns. 1 and
2, replacement of t by LjUeff E and (J by tjjN
consequently leads to the following equations for
the resolution Rji for components i and j:

Ro. - (rij - 1) + (rij .1 j - .1 i ) Jeo U
Jl - (1 + .1 i)3/2 + rij(l + .1Y/2 32 k T (8)

according to eqn. 1 and

Ro. = (rij - 1) + (rij .1 j - .1D Jeo U
Jl (1 + .1D3/ 2 2 k T

(Zi = a;). Indeed, it can be seen that N decreases from
46400 for separand D to 15 000 for G, the compo
nent with the lowest degree of dissociation. If these
plate counts are weighted with Ija, the values found
are 57 000, 53 900, 55 300 and 53 200. This result
agrees with the predicted value of 54 000 for Nja
(eqn. 6).

according to eqn. 2, where rij = Uacl';/Uact,j is the ratio
of the actual mobilities (of the ions with unit charge),
.1 i = 10PKa.,-pH and .1 j = 10PKa,;-pH for anions.

It can be seen from eqns. 8 and 9 that the
resolution depends on the sample properties, namely
the constants Uact,i> uact,j> pKa,i and pKa,j, and the
experimental parameters pH, U and T. Whereas the
former properties are determined by the analytes
and cannot be influenced in a simple way (they can
be affected, e.g., by using organic solvents), the latter
conditions can be varied much more easily (whereby
a change in the temperature will lead to the least
effect). It is well described in the literature that an
increase in the applied voltage can cause an increase
in N, but the voltage raises the resolution by the
square root only, and the resulting increase in the
electrical current (and therefore of Joule heat) limits
the enhancement of the resolution concerning the
voltage. The extent of this effect depends on instru
mental conditions such as current and capillary
inner diameter. This aspect is not discussed further
here.

It can be concluded from eqns. 8 and 9 that the
most powerful parameter in achieving an appropri-

4.16°
4.04°
3.73°
3.58
3.91
4.29
4.56

32.09
31.09
32.96
26.33
26.55
25.72
25.74

Uact,i pKa

(10- 5 cm2/V . s)

Benzoic acid
2,4-Dinitrophenol
2,6-Dinitrophenol
2,3-Dimethoxybenzoic acid
3,5-Dimethoxybenzoic acid
3,4-Dimethoxybenzoic acid
2,4-Dimethoxybenzoic acid

A
B
C
D
E
F
G

° Values taken from the literature [14).
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ate resolution is the pH of the buffer which deter
mines Lt i and Lt j' Its influence is demonstrated using
seven test substances given in Table I.

It should be mentioned that both equations give
nearly the same results for low values of the
resolution (for the case of very similar peak widths
for i andj). As our investigations cover a wide range
of resolution values, eqn. 8 seems to have some
advantage over eqn. 9, and is thus used further.

The resolution of all pairs of separands can be
calculated as a function of pH from the pKa values
and the mobilities. Instead of 1.12 for the constant
factor eo/32 k Twith the square root, a value of0.950
is taken, considering the deviation from the theoreti
cally reachable value of 74 800 for N as discussed
above (the measured plate count was 54 000).

a

16 r-;r-;,.-,,.-,-,--,----,----,--r-r-r-r-r--,
14

12

10

8

.. 6

rr 4

2

Ol----------=-e--..,

Typical examples of the resulting R vs. pH vs. U
curves are shown in Fig. 2. In principle two cases can
be distinguished. In Fig. 2a the case is shown where
one separand has a higher actual mobility (which is
reached at high pH) and a lower pKa value than the
second separand. The first separand will then always
have the higher effective mobility, independent of
the pH of the buffer. The R vs. pH curves (consid
ered at a distinct voltage) have one maximum. These
curves have a similar shape to that derived by Terabe
et al. [12]. This derivation was limited, however, to
the case where the separands have very similar pK
values and identical actual mobilities.

The second case arises if the separand with the
higher actual mobility is the weaker acid, having the
higher pKa of the pair considered. When varying the
pH, the values of the effective mobilities will ap
proach each other and become equal at a certain pH.
Consequently, the resolution is zero at this pH.
Beyond this pH the migration order of the two
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o

a

876

pH value

4 532

Rji

25

20

15

10

5

o

pH value

Fig. 2. Dependence or the resolution, R ji , on pH and voltage U
according to eqn. 8. (a) Uact.i> Uact,j, pKa,i < pKa,j; (b) Uact.i >

Uact,j, pKa,i > pKa,j' Uact.i and Uact,j are the actual mobilities of the
separands. For monovalent species, they are identical with the
normalized mobilities. The curves are calculated based on the
data for (a) components F and G and (b) components Band D
given in Table I. For discussion, see text.
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Fig. 3. Theoretical curves and experimental results of the
dependence of the resolution, Rjio on the pH at constant voltage.
The curves were calculated for the pairs of compo~ents from
Fig. 2 by eqn. 8 for an effective voltage of3.74 kV. The correction
for N was included (see text). (a) According to Fig. 2a; (b)
according to Fig. 2b, 0 = Experimentally determined values of
R ji at different pH of the buffer.

20000
15000

10000
5000 U (V)

o

b

8764 532

Rji

30

25

20

15

10

5

o



E. Kenndler and W. Friedl / J. Chromatogr. 608 (1992) 161-170 167

2

3r----,----.------,----,--,

4.6

8

4.5

76

4.4

54

OL..-__-'----.:>L._--'-__---J..__---'

4.2 4.3
pH value

Fig. 4. Plot of the pH ranges within a resolution ~2.00 is
obtained for different pairs of the seven test compounds. Test
components (A-G) according to Table I. The vertical line shows
the pH value where the pH ranges ofall 21 possible pairs overlap.
Sequence of pairs from bottom to top: A-B, A-e, A-D, A-E,
A-F,A-G,B-C,B-D,B-E,B-F,B-G,C-D,C-E,C-F,C-G,
D-E,D-F,D-G,E-F,E-G,F-G.

Fig. 5. Expanded graph of the dependence of the resolution, Rji ,

on the pH around the critical pH were Rji = O. The curve is a
section of Fig. 3b for the pair B-D at 3.74 kV.

selection of the appropriate pH can be very critical,
because the resolution changes very rapidly with
even small changes in the pH in critical regions. The
slope of the R vs. pH curve is very steep; e.g., for the
pair A-E it has a value of 14 in this example, which
means that the variation of the pH by only 0.01 unit
causes a change in resolution of 0.14. This effect is
clearly demonstrated by the electropherogram in
Fig. 6, obtained at pH 4.40, only 0.03 pH unit lower
than the pH 4.43 given above for a resolution of
2.00. It can be seen from Fig. 6 that this minute
deviation from the optimum pH causes a total loss in
the resolution of components A and E, with E
appearing only as a shoulder on the peak.

The electropherogram obtained at the appropri
ate pH 4.43 is shown in Fig. 7. As expected from the

123
pH value

components will be reversed (and the indices in the
resolution equation change).

The corresponding R vs. pH vs. U curves are
shown in Fig. 2b. The resolution increases with
increasing pH (at a distinct voltage), reaches a
maximum, falls off to the resolution zero, increases
at higher pH and reaches a plateau with a constant
value of the resolution (as in Fig. 2a), because the
analytes reach constant actual mobilities in this pH
range, as they are fully dissociated. For both cases at
constant pH the resolution increases with .)U.

In Fig. 3, two typical examples are given to
demonstrate the accordance of the experimental
data with the curves derived from eqn. 8. The
resolution is shown for the two pairs F-G and B-D
(Table I) from Fig. 2a and b, as a function of the pH
of the buffer for a constant voltage of 3.74 kV. The
experimentally determined values for the resolution
indeed follow the theoretical curves within a reason
able deviation. Similar results were obtained for all
pairs of separands under investigation.

Based on graphs such as those shown in Figs. 2
and 3, the pH at which a certain resolution is
established can be determined. For the case in
Fig. 3b, for example, the resolution of 2.00 is
obtained at pH 1.16, 4.43 and 4.68. In the pH range
1.16-4.43, and at pH > 4.48, the resolution is larger
than 2.00 for this pair of separands. The case shown
in Fig. 3a leads to a resolution of2.00 at pH 1.42 and
6.46. Between these pH values the resolution exceeds
2. In this way the corresponding pH values or ranges
can be calculated and determined for each pair of
separands. A resolution of 2.00 is chosen (rather
than 1.5), because the peak areas in the examples
given below are not equal.

The pH ranges where the pairs ofcomponents are
separated at least with a resolution of2.00 are shown
for all possible cases in Fig. 4. Within the overlap
ping pH ranges all analytes are separated with that
chosen, minimum resolution. This range is repre
sented in Fig. 4 by a single vertical line, because in
this example for 21 pairs (given by the combination
of the seven test components in Table I) the highest
and the lowest pH value of the range are equal by
chance, namely 4.43. It follows that for this given set
of test components no further selection of the pH
can be carried out to vary the time of analysis. For
that purpose another example will be given below.

It can be seen from Fig. 5 that the accurate
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Fig. 6. Electropherogram of seven test components at pH 4.40. The test components are given in Table 1. For details, see text.

calculation based on the equation for the resolution
(eqn. 8), all components are separated, the most
critical pair A and E with a resolution of 1.98, in
agreement with the theoretically predicted value of
2.00.

Time of analysis
It must be taken into account, however, that at a

given voltage not all pH values are equivalent within
the calculated overlapping range, because in addi
tion to the resolution the time ofanalysis is a decisive
parameter. It is not favourable to select too high a
resolution owing to the increase in analysis time.
This time ofanalysis is given by the residence time of

the slowest migrating component, the component
with the lowest effective mobility of all separands.
Generally for anions this shortest time is always
established at the highest pH of the overlapping
range calculated, where the selected minimum reso
lution is reached.

As an example, the pH ranges for a resolution of
2.00 were calculated based on eqn.8 for four test
substances (D-G in Table I). These ranges are
plotted in the same way as above and are shown in
Fig. 8. Here the overlapping pH ranges can be
recognized within the verticallines: between pH 1.99
and 4.99 the resolution of all components must be
2.00 or higher. For a minimum time of analysis, as a
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Fig. 7. Electropherogram ofseven test components at pH 4.43, as calculated from eqn. 8 for a resolution 01'2.00. The test components are
given in Table 1. The resolution determined for A and E is 1.98. For details, see text.

general approach, the highest pH of this range is
selected, namely pH 4.99. The electropherogram
obtained under these conditions is shown in Fig. 9.
The minimum resolution, namely for the pair D-E,
is 1.98, again close to that theoretically predicted,
and the time of analysis is about 10 min.

123
pH value

4 5 6 7 8

Fig. 8. Plot of the pH ranges with a resolution R ji ~ 2.00 for four
test components. As test components, D, E, F and G from Table I
were used. The area within the vertical lines represents the pH
range where this resolution is obtained or exceeded. Sequence of
pairs from bottom to top: D-E, D-F, D-G, E-F, E-G, F-G.
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ABSTRACT

Fluorescein--ethylenediamine conjugates of the four major deoxynucleoside-5'-monophosphates were subjected to capillary electro
phoresis with laser fluorescence detection. Control of pH was an important parameter controlling resolution, as anticipated. For
example, the four conjugates were resolved at pH 10.4, but negligibly at pH 8.7. Apparently secondary effects on solute migration such
as conformation or solvation playa role, since the larger conjugate of adenine migrated faster than that of cytosine at pH 10.4, where
each has the same charge. Further, the guanine and thymine conjugates, in spite of their different size, co-migrated at pH 11.5. The
method promises to be useful for the detection of DNA adducts. .

INTRODUCTION

Previously we reported the separation of fluores
cein-labeled deoxynucleotides by high-performance
liquid chromatography (HPLC) [1]. The purpose of
achieving the separation is to facilitate the detection
ofcovalent damage to DNA, termed DNA adducts,
by environmental or endogenous chemicals. The
overall analytical scheme that we are pursuing is to
sequentially purify the DNA from a biological sam
ple, isolate the DNA adducts as damaged deoxynu
cleotides, label the latter with fluorescein, and then
achieve sensitive detection of the resulting fluores
cein-labeled deoxynucleotide DNA adducts. This
basic strategy is being pursued also by others [2,3].
Potentially the measurement of DNA adducts can
help define how much of the human burden of can-
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122, Northeastern University, 360 Huntington Avenue, Boston,
MA 02115, USA.

." Present address: American Cyanamide Co., Agriculture Re
search Division, Princeton, NJ 08540-0400, USA.

."." Present address: Covalent Associates, Inc., Woburn, MA
01801, USA.

cer and genetic disease results from exposure to tox
ic chemicals and radiation.

Here we extend our prior HPLC work by exam
ining the separation of these types ofcompounds by
capillary electrophoresis (CE). Because of its speed,
resolution, ease of column cleaning, formation of
sharp peaks to enhance detection, and tiny injection
volumes to conserve precious samples, capillary
electrophoresis should be useful for the detection of
DNA adducts.

EXPERIMENTAL

Chemicals and reagents
Trizma base [tris(hydroxymethyl)aminomethane,

or Tris] was purchased from Sigma (St. Louis, MO,
USA). Boric acid, HPLC-grade acetonitrile and
O.22-/lm MSI Cameo filters were from Fisher Scien
tific (Bedford, MA, USA). The fluorescein-ethyle
nediamine-deoxynucIeoside-5'-phosphates (F-ED
dNMPs) were prepared as described [1] using Iso
mer II FITC (fluorescein-6-isothiocyanate) from
Molecular Probes (Eugene, OR, USA). All solution
compositions were v/vunless indicated otherwise.

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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Capillary electrophoresis with laser .fluorescence de
tection

A laboratory-built apparatus was used for CEo
The laser-fluorescence detector was designed and
built by Dr. Edward S. Yeung at Iowa State Uni
versity. It utilized an argon ion laser (Model 2211
30SL; Cyonics, CA, USA) to give excitation at 488
nm. A Model PS/EH60R01.5 regulated high-volt
age d.c. power supply (Glassman High Voltage, NJ,
USA) was used. CE was performed in a 95-cm long
fused-silica capillary (75 ,urn LD.; PolyMicro Tech
nologies, Phoenix, AZ, USA). The polyimide coat
ing of the capillary was burned off to form a flow
cell 50 cm from the injection end (grounded anode
end) of the capillary. All separations were perform
ed at 15 kV and samples were injected hydrodynam
ically: anode end 5 cm higher for 20 S.

New capillary columns were cleaned initially by
syringe-filling (until 4 drops emerged, which was
done for all syringe steps) with methanol-water
(1:1), followed by 0.1 M NaOH, with standing for
30 min each. After washing with water and then
buffer, the buffer of interest was then subjected to
30 min of electrophoresis followed by standing
overnight. Periodically (about once per week) the
capillary was cleaned by syringe injection of 0.1 M
NaOH, standing for 30 min, similarly injecting buff
er, and then operating the electrophoresis for 1 h
before samples were injected.

Solutions
pH 8.7 Buffer. This was prepared by combining

0.8 ml of stock buffer (0.5 M Tris, 0.5 M boric acid,
stored at room temperature), 35 ml of water, and 4
ml of acetonitrile, giving pH 8.7. This buffer (10
mM Tris-borate, 10% acetonitrile) was filtered
(0.22 ,urn) and degassed (bubbling with helium for
15 min) prior to use as a diluent to prepare solutions
for injection. The other buffers were prepared by
titrating the 10 mM, pH 8.7 solution to the desired
pH with 2 M NaOH.

F-ED-dNMP Stock
The stock solution of each F-ED-dNMP was ob

tained as an HPLC peak from a C1s-silica column
in a mobile phase of 5 mM acetic acid with an ace
tonitrile gradient. Immediately after collection, the
pH was adjusted to 8.7 by the addition of 0.5 M
Tris-borate. This solution was kept in a polypropy-

W. Li et al. / J. Chromatogr. 608 (1992) Ill-I74

lene tube, and all dilutions, unless indicated other
wise, were made in polypropylene tubes, and Fisher
Brand 1.5-ml polypropylene snap cap tubes. All di
lutions were made using polypropylene tips. The
stock solutions were stored in the dark at - 20°C.

RESULTS AND DISCUSSION

The four common deoxynucleotides (dCyd-5'-P,
dAdo-5'-P, Thd-5'-P and dGuo-5'-P) were first con
jugated to ethylenediamine via the phosphate moie
ty, and then reacted with f1uorescein-isothiocya
nate. The resulting F-ED-dNMPs were purified by
HPLC, and then subjected, both individually and as
a mixture; to capillary electrophoresis with laser flu
orescence detection. Shown here is a generalized
structure of our analytes.

o

I °" II Base
HN-C-N-(CHz)z -N-P-0\:J0

II H H I
s 0

OH

The first pH that we investigated for the electro
phoretic separation was 8.7. The fluorescence of f1u
orescein reaches a maximum around pH 8.0; pH 8.6
has been recommended for the detection of fluo
rescein conjugates [4]. A Tris-borate buffer was se
lected primarily because of the double dose of buff
ering available from the pKa values of 8.3 for Tris
and 9.2 for borate (25°C). Thus the alkaline pH of
8.7 is half-way between these two pKa values and
close to the recommended pH of 8.6. We included
10% acetonitrile in the buffer since fluorescein, as a
prelimary test solute, gave a narrower peak when
this was done (data not shown).

At pH 8.7 the four F-ED-dNMPs essentially co
elute by capillary electrophoresis, as shown in Fig.
lAo This observation is not surprising since the ef
fective mobilities of uridine, cytidine and adenosine
5'-monophosphates were found to be very similar
previously in this pH zone by isotachophoresis [5].
Further, the extra structural bulk contributed by
the fluorescein-ethylenediamine moiety in our com
pounds probably reduces the degree to which the
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Fig. I. Electropherograms of a mixture of fluorescein--ethylene
diamine conjugates of dCyd-5'-P, dAdo-5'-P, Thd-5'-P and
dGuo-5'-P at pH 8.7 (A) and 10.4 (B). The elution order of the
compounds in (B) (4 major peaks) is C > A > T > G, the
opposite order of their electrophoretic mobilities. In (B), the im
purity at 13.11 min (contributed by the F-ED-dGMP sample),
and the other background peaks, are unknowns.

structural differences among the four bases influ
ence the frictional profiles of the compounds. Fur
ther, at pH 8.7 the four bases are essentially un
charged, since the nearest pKa for any of them is the
one at 9.7 for dGua-5'-P [6]. Next is that at 10.0 for
Thy-5'-P [6]. No acidic pKa values have been report
ed for the bases in dAdo-5'-P and dCyd-5'-P. The
constant effective mobilities of cytidine- and adeno
sine-5'-monophosphate from pH 9 to 12 [5] indi
cates that neither has an acidic pKa in or near this
range.

Mononucleotides can be resolved by capillary
electrophoresis under mildly acidic conditions [7
10], largely due to pKa differences among the bases
in the pH range of 2-4 [5]. A separation of some of
them was also reported near neutral pH [11]. How
ever, as pointed out above, we need to detect our
compounds at an alkaline pH to maintain the in
tense fluorescence of fluorescein. Thus we next test
ed pH values above 8.7 for the running buffer.

As shown in Fig. IB, all four compounds can be
resolved at pH 10.4. The elution order fits the pKa

values, to the extent they are known (see above).
However, it is not clear how F-ED-dAMP achieves
a higher mobility than F-ED-dCMP, since neither
base is ionized at this pH, and adenine is larger than
cytosine. Secondary effects on mobility such as con-

This work was funded by the Office of Health and
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Energy, as Grant DE-FG02-90ER60964. Publica
tion number 541 from the Barnett Institute.

ACKNOWLEDGEMENT

CE promises to be useful for the detection of flu
orescein-labeled DNA adducts, particularly be
cause of the broad pH range that it can utilize to
take advantage of distinctive pKa values that many
adducts possess [6,15].

Given the marginal differences in electrophoretic
mobilities for the compounds tested under certain
conditions, we plan to investigate more complex
conditions involving secondary retention mecha
nisms for more control over resolution.

CE has certainly rejuvenated interest in the elec
trophoretic separation of small molecules. This calls
for further study of the factors which determine the
frictional profiles of such compounds.

CONCLUSIONS

formation or solvation apparently are playing a
role. Perhaps the fact that the calculated dipole mo
ments for cytosine and adenine are 7.6 and 2.9, re
spectively [12], is relevant.

The resolution degrades at pH values above 10.4
(data not shown). For example, at pH 11.5, the
highest pH tested, essentially two peaks are ob
served when a sample containing the four com
pounds is injected: one at 12.2 min for the cytosine
and adenine conjugates, and one at 14.4 min for
those of guanine and thymine. The latter co-migra
tion is another surprise, given the different sizes of
the guanine and thymine bases, and their active role
in the electrophoretic migration of the compounds
at this pH, where each base is fully ionized.

Greater understanding is needed of the factors
which determine the separation, or lack thereof, of
small molecules possessing the same charge and
type of charge in electrophoresis. Clearly small size
differences can be important, e.g. the resolution of
alkyl sulfates up to C12 by CE [13]. However, as an
example that is more similar to one of our observa
tions, Nielsen et al. [14] observed three peptides (5-,
6- and 8-mer) to co-elute at a pH where each pos
sesses the same charge.
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ABSTRACT

The effect of pH on the electrophoretic migration properties of single-stranded oligodeoxyribonucleotides in capillaray gel electro
phoresis was investigated. Different homooligodeoxyribonucleotides of equal chain length showed significant differences in relative
migration when the pH of the gel buffer was varied from pH 6 to 8, parallel with the running buffer. A similar variation in migration
order was observed during the electrophoretic equilibration of a pH 8 gel-filled capillary column with a pH 6 running buffer. In the
latter instance, the current reached the new level after 20 min of electrophoretic equilibration with the pH 6 running buffer. However, it
was observed that the migration order characteristic of the pH 6 gel was achieved only after 4 h of electrophoretic equilibration. To
avoid this time-consuming equilibration process, these results suggest that gel-filled capillary columns should be prepared with the same
buffer (composition and pH) that will be used as the running buffer during the separations.

INTRODUCTION

An instrumental approach to electrophoresis,
capillary electrophoresis, is currently being devel
oped with the potential for automation and increas
ing importance as a separation tool in analytical
biochemistry [1-4]. Using narrow-bore fused-silica
capillaries filled with polyacrylamide gels, separa
tions of biologically important molecules are pos
sible with high performance [5-7]. At present, there
is a great deal of interest in the separation and char
acterization of DNA molecules. We have previously
demonstrated the high resolving power of gel-filled

Correspondence to: Dr. A. Guttman, Beckman Instruments, Inc.,
Fullerton, CA 92634, USA (present address).

capillaries for the separation of oligonucleotides [8].
In continuation of previous work [9], a mixture of
homodecamers was electrophoresed using running
buffer systems with the same and different pH as the
buffer used to prepare the gel, in order to determine
its effect on the migration properties and the elec
trophoretic equilibration time.

EXPERIMENTAL

Apparatus
High-performance capillary gel electrophoresis

was performed in fused-silica capillary tubing
(Polymicro Technologies, Phoenix, AZ, USA) of75
.urn LD. and 375 .urn a.D. with column lenghts of
650 mm. The polyimide coating was carefully
peeled off by means of a razor blade under a micro-

0021-9673(92($05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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RESULTS AND DISCUSSION

Varying the pH of the gel buffer parallel to the run
ning buffer

The effect of the pH of the gel buffer on the sep-

Fig. 1. Separations of the homodecamer test mixture by capillary
gel electrophoresis at different pH values. All the gels were pre
pared at the same pH as the running buffer: (a) pH 8.0; (b) pH
7.5; (c) pH 7.0; (d) pH 6.5; (e) pH 6.0. Peaks: A = p(dA)lo; C =

P(dC)10; T = p(dT)10' Conditions: isoelectrostatic, 300 Vjcm;
polyacrylamide gel, 3% monomer, 0.15% cross-linker, total col
umn length, 650 mm (effective length from the injection point to
the detector point, 500 mm); buffer, 0.1 M Tris-7 M urea, ad
justed to the final pH with boric acid.
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of the gel buffer was decreased. For stabilization,
the polyacrylamide gel was covalently bound to the
wall of the fused-silica capillary column by using a
bifunctional reagent (methacryloxypropyltrimeth
oxysilane). An electric field of 300 Vjcm was applied
to the gel-filled capillary columns in all the experi
ments. In order to remove impurities from the
polyacrylamide gel, the capillary column was pre
electrophoresed with the appropriate running buff
er at 100, 200 and 300 Vjcm for ten min each. The
samples were injected electrokinetically on to the
column by applying ca. 0.1 W s of power.

scope along a 2 mm length at 150 mm from one end
of the capillary. A 60-kV high-voltage d.c. power
supply (Model PSjMK 60POO.5 x 66, Glassman,
Whitehouse Station, NJ, USA) was used to produce
the potential across the gel-filled capillary column.
A UV detector (V-4, ISCO, Lincoln NE, lTSA)
modified as decribed previously [7] was used at a
wavelength of 260 nm. The detector slit was 0.1 x
0.1 mm. The tubing and the detector were cooled
with ambient air using a fan. Each end of the capil
lary was connected to a separate 3-ml vial filled with
the appropriate running buffer. Platinium wire elec
trodes were inserted in the two vials for connection
to the electrical circuit. The electrophoretic data
were acquired and stored on an IBM PC/AT com
puter.

Preparation of capillary gel columns
The fused-silica capillary column was filled with

polyacrylamide gel of 3% monomer (acrylamide +
N,N'-methylenebisacrylamide) and 0.15% cross
linker (N,N'-methylenebisacrylamide) in 0.1 M
Tris-boric acid-7 M urea buffer adjusted to the ap
propriate pH between 6.0 and 8.0 by varying the
concentration of boric acid. The polymerization re
action was driven to completion in 25-30 min in all
instances in order to achieve a similar polymeriza
tion rate, i.e., gel structure. This was accomplished
by using increasing amounts of ammonium perox-·
odisulfate initiator and TEMED catalyst as the pH

Materials
The homodecamers polydeoxyadenylic

[p(dA)lo], polydeoxycytidilic [p(dC)lo] and polyde
oxythymidilic [p(dTho] acids were purchased from
Pharmacia (Piscataway, NJ, USA). The samples
were diluted to 20 Ilgjml with water before injection
and were stored at - 20°C when not in use. Ultra
pure, electrophoresis-grade acrylamide, N,N'
methylenebisacrylamide, Tris, boric acid, urea, am
monium peroxodisulfate and tetramethylethylene
diamine (TEMED) were employed (Schwartz
Mann Biotech, Cambridge, MA, USA). Methacryl
oxypropyltrimethoxysilane reagent was purchased
from Petrarch Systems (Bristol, PA, USA). The
buffer solutions were filtered through a Nylon GC
filter unit of 0.2-llm pore size (Schleicher and
Schuell, Keene, NH, USA) and carefully vacuum
degassed.
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1.6

Fig. 2. Relationship between the pH of the gel-running buffer
system and the electrophoretic mobility of the homodecamers.
Conditions as in Fig. I. * = p(dA),o; 0 = p(dC),o; 0 =

p(dT),o'

aration of the homodecamer mixture of p(daho,
p(dC)lo and p(dTho was examined first. The omis
sion of the p(dGLo from the test mixture was done
on purpose in order to avoid possible self-associ
ation problems [10,11]. Fig. la--e compare the sep
arations obtained when the pH of both the gel buff
er and the running buffer were varied over the range
8.0-6.0. The peak-height differences observed at
different pH values are caused by the pH-dependent
UV absorbance of the nucleotide bases [12]. The
identification of the homooligomers was accom
plished by spiking with the individual compounds.

Fig. la shows the separation of the homodecamer
test mixture [p(dA)lo, p(dCLo and p(dT)lo] when
both the gel preparation buffer and the running
buffer were pH 8.0. At this pH, the p(dALo and
p(dCLo migrated together, preceding the p(dTLo,
which migrate more slowly. When the pH of both
buffers was reduced to 7.5 by increasing the concen
tration of boric acid in the buffer, almost complete
separation of the three components was achieved,
as shown in Fig. Ib [migration order p(dALo,
p(dC)lo and p(dTho]. The separation was even bet
ter when the pH of both buffers was reduced to 7.0,
as shown in Fig. Ic [migration order p(dA)lo,
p(dC)lo and p(dT)lo]. A further decrease in the pH
of both buffers to 6.5 led to incomplete separation
of the components. Fig. Id shows that the p(dCLo
and p(dTho migrated together, preceded by the
p(dALo. At pH 6.0, all three homodecamers were
baseline separated again. with a different migration

Electrophoretic equilibration of a gel-filled capillary
column by varying the pH of the running buffer

It is possible to manipulate the pH of a given gel
by varying the composition of the running buffer as
described by Chrambach [14] in the use of multi
phasic buffer systems in slab or rod gel electropho
resis. A major difference is that in capillary electro
phoresis, the gel-filled tubing can be used for up to
hundreds of runs, not only once as for the slab or
rod gels. Hence it was important to examine the
possibility of changing the buffer system in a gel
filled capillary column after preparation or even af
ter use.

A capillary gel column, prepared with pH 8.0
buffer, was connected to buffer reservoirs filled with
running buffer of pH 6.0, then the electrophoretic
equilibration was started by applying a 300 V jcm
electric field to the capillary. After 20 min, the cur
rent stabilized at a new, higher level that was typical
of a pH 6.0 buffer system. Based on this observa
tion, the entire buffer system appears to have

order ofp(dAho, p(dTho and p(dCho, as shown in
Fig. Ie. As mentioned under Experimental, the
polymerization rate of the gels prepared at different
pH values was maintained at the same level; hence
the porosity of the gel (sieving matrix) may be con
sidered to be similar in the pH range examined [13].
Therefore, the migration inversion effect is assumed
to be due mainly to the pH changes.

The effect of pH on the mobilities of the compo
nents is plotted in Fig. 2; the change in relative mi
gration order of the three homodecamers can be
clearly followed. The plots for p(dALo and p(dTLo
are almost parallel to each other, whereas the mo
bility of the p(dCLo changes differently with pH.

As the pH of both the gel and running buffers
was reduced, the migration times of the compo
nents became higher. This phenomenon can be ex
plained by the fact that with a decrease in pH the
overall charge of a deoxyribonucleotide polyion de
creases so the electrophoretic mobility also decreas
es. However, this migration time shift is different
for the three homodecamers because each homooli
gomer is protonated differently at different pH val
ues [12]. A major pH shift effect can be observed in
the migration behavior of p(dCLo, which migrates
together with the p(dA)lo at pH 8.0, preceding the
p(dTLo, but moves behind both of them at pH 6.0.
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Fig. 4. Relationship between the equilibration time and the elec
trophoretic mobility of the homodecamers in the pH 8.0 gel
filled capillary column running with a pH 6.0 buffer. Conditions
as in Fig. 3. * = p(dA)lo; 0 = P(dC)10; 0 = p(dT)lo'

Fig. 3. Capillary electrophoretic separations of the homodeca
mer test mixture using a pH 8.0 capillary gel column after differ
ent equilibration times with the pH 6.0 running buffer: (a) 20; (b)
60; (c) 120; (d) 180; (e) 240 min. Peaks: A = p(dA)10; C =
P(dC)10; T = p(dT)10' Conditions: gel buffer and running buffer,
0.1 M Tris-boric acid-7 M urea at pH 8.0 and 6.0, respectively,
adjusted with boric acid in both instances. Other conditions as in
Fig. 1.

changed throughout the gel within 20 min. How
ever, when the separation performance of the gel
was checked, almost the same electrophoretic sep
aration and migration order were obtained as with
pH 8.0 gel with pH 8.0 running buffer (Fig. 3a).
Only after 4 h of electrophoretic equilibration did a
retention pattern appear that was characteristic of a
gel prepared and run at pH 6.0. After 60 min of
electrophoretic equilibration, the migration pattern
of the test mixture was similar to that of a column
prepared with a pH 7.5 buffer [Fig. 3b, migration
order p(dAho, P(dC)10 and p(dTho]' After 120 min
of equilibration the gel had a performance similar
to a pH 7.0 gel [Fig. 3c, migration order p(dAho,
p(dCho and p(dT)10]. When the homooligomer test
mixture was injected after 180 min of equilibration
(Fig. 3d), the p(dCho and p(dTho migrated to
gether, preceded by the p(dA)lo, as was observed
on a pH 6.5 gel-filled capillary. The separation

o 10 20
min

shown in Fig. 3e was the result of a 300 Vfcm elec
tric field applied to a pH 8.0 gel-filled capillary col
umn using a pH 6.0 running buffer for 4 h. The
p(dA)lo and p(dTho preceded the p(dCho, as is
characteristic of the pH 6.0 gel column.

In conclusion, it is important to note that the cur
rent does not seem to be a sufficient indication for
determining buffer equilibration in capillary gel
electrophoresis. However, the rapid change in cur
rent indicates that the small buffer ions in the run
ning buffer have replaced the buffer ions in the gel
column, so some other phenomena must occur dur
ing the electrophoretic equilibration of the poly
acrylamide gel-filled capillaries. However, the rea
son for this behavior is not clear, and requires more
investigation into the physical properties of the gel
structure during the electrophoretic equilibration.

Fig. 4 shows plots of the mobilities of the three
homodecamers as a function of the equilibration
time of the pH 8.0 gel-filled capillary column using
a pH 6.0 running buffer. In this instance, as with the
data shown in Fig. 2, the mobility ofp(dCho again
shifts faster than that of the other two components.
The shape of the curves suggest that equilibration is
still not complete after 4 h.

CONCLUSIONS

The pH of the buffer system used in capillary gel
electrophoresis has a marked effect on the migra
tion properties of the different homooligomers. A
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mixture of homooligodecamers was co-electropho
resed using buffer systems of different pH values
between 6.0 and 8.0 in order to determine its effect
on the separation. Gel-filled capillaries, prepared at
pH 8.0, were equilibrated with a running buffer of
pH 6.0 for various times to determine when full
equilibration had taken place, as judged by separa
tion performance. Although it was found to be pos
sible to re-equilibrate the buffer system in a gel-fil
led capillary, it was found to be extremely time con
suming. For example, the electrophoretic equilibra
tion time required for changing the buffer system
from pH 8.0 to 6.0 takes more than 4 h for a 650
mm x 0.075 mm LD. capillary column filled with
3% polyacrylamide gel. Unfortunately, the time re
quired for completion of this equilibration appears
to be much longer than would be appropriate for
the capillary gel electrophoretic analysis of oligonu
cleotides (the average separation time is up to 20-30
min). However, in some instances it is difficult to
prepare polyacrylamide gels at the desired pH, e.g.,
highly acidic gels, special additives. In these instanc
es, after the gel has completely polymerized, equili
bration with a suitable running buffer is necessary.
Based on these results, it is suggested that for capil
lary gel electrophoresis of oligonucleotides, the gel
should be prepared using buffer of the same pH as
the running buffer in order to avoid time-consum
ing equilibration procedures.
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ABSTRACT

A high-performance capillary electrophoresis (HPCE) method for determining vasoactive intestinal peptide (VIP) in rat brain was
developed. Cerebral cortex was first extracted by solid-phase extraction and purified by reversed-phase high-performance liquid chro
matography. The VIP-rich fraction was further analysed by capillary zone electrophoresis (CZE) and micellar electrokinetic chroma
tography using a commercial HPCE instrument with UV detection. The identity of the peak of endogenous VIP was confirmed by
performing multiple CZE analyses at different pH values. This HPCE method allows VIP to be detected and measured with good
molecular specificity and could represent a reference method to validate data obtained by radioimmunoassay.

INTRODUCTlON

Vasoactive intestinal peptide (VIP) is a 28-amino
acid polypeptide which was first isolated from por
cine small intestine [I]. VIP was later shown also to
be present in the central and peripheral nervous sys
tem where it may act as a neurotransmitter or neu
romodulator [2]. Brain VIP appears to have impor
tant biological actions, being involved in cortical
energy metabolism [3], the regulation of hormone
secretions [4,5], the control of circadian rhythms [6]
and the induction of sleep [7].

The determination of VIP in nervous tissue is
mainly performed by radioimmunoassay (RIA), a
highly sensitive technique that allows the quantifi
cation of neuropeptides contained in a complex bi-

Correspondence to: Dr. Luc Denoroy, Department de Medecine
Experimentale, INSERM U52-CNRS URA 1195, Universite
Claude Bernard, 8 Avenue Rockefeller, 69373 Lyon Cedex 08,
France.

ological matrix. Nevertheless, RIA has limited mo
lecular specificity as it is based on the interaction of
the peptide with an antibody and therefore mon
itors a secondary structural parameter and not the
amino acid sequence of the peptide [8]. Further
more, interferences with divalent cations, and also
with macromolecules and structural analogues of
the peptide of interest, are difficult to evaluate and
can hamper the selectivity of any RIA [9,10]. High
performance liquid chromatography (HPLC) fol
lowed by RIA improves the selectivity of the analy
sis, but such an approach is tedious and does not
eliminate the ambiguity due to the detection by
binding to an antibody. Consequently, it appears
that more specific analytical methods in which pri
mary structural parameters (amino acid composi
tion and sequence) are monitored are needed in or
der to determine neuropeptides in biological sam
ples. Recently, multi-dimensional HPLC followed
by mass spectrometry (MS) was used to measure
endogenous opioid peptides in animal and human

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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tissues [8,11,12]. Although such an approach has a
high level of molecular specificity and can give un
ambiguous data, the MS analysis needs expensive
instrumentation and therefore can only be carried
out in a few laboratories.

High-performance capillary electrophoresis
(HPCE) is a very powerful method for the analysis
of biological samples [13-16]. This technique can be
performed in most biochemistry laboratories, as
commercial HPCE instruments are now available.
Two modes of separation can be used to analyse the
polypeptides by HPCE, namely capillary zone elec
trophoresis (CZE) and micellar electrokinetic chro
matography (MECC). In both of these modes, pep
tides are resolved according to their charge to mass
ratio, while their hydrophobicity is also involved in
MECC separations [13-17]. As these two param
eters depend on the amino acid composition and
sequence of the peptides, HPCE can be considered
to monitor indirectly primary structural character
istics and therefore should allow the specific deter
mination of peptides in biological samples.

HPCE is commonly used for the analysis of pep
tide maps and for the quality control of synthetic or
recombinant polypeptides [18-20], but to our
knowledge it has never been used to detect neuro
peptides in brain tissue. The purpose of this study
was to develop an HPCE method to detect VIP in
rat cerebral regions with good molecular specificity.
As a crude brain homogenate is too complex to be
analysed directly by HPCE, a multi-dimensional
approach including solid-phase extraction, re
versed-phase HPLC (RP-HPLC) and finally HPCE
was developed.

EXPERIMENTAL

Chemicals
Synthetic VIP was purchased from Sigma (St.

Louis, MO, USA) and was used without further
purification. Trifluoroacetic acid (TFA) was ob
tained from Pierce and HPLC-grade acetonitrile
from Carlo Erba (Milan, Italy). Citric acid and tri
sodium citrate (Merck, Darmstadt, Germany),
monobasic and dibasic sodium phosphate (Sigma)
and sodium dodecyl sulphate (SDS) (Sigma) were
used to prepare the electrolyte for HPCE. HPLC
grade water obtained with a Milli-Q (Millipore,
Bedford, MA, USA) or a Spectrum (Elga, High

J. Soucheleau and L. Denoroy I J. Chromatogr. 608 (1992) 181-188

Wycombe, UK) purification system was used for
making all the solutions.

Tissue acquisition and homogenization
Male rats (OFA strain) were killed by decapita

tion and the brain was rapidly removed and dis
sected over crushed ice. The cerebral cortex, hippo
campus and cerebellum were weighed, placed in 10
volumes of cold 0.1 M hydrochloric acid and ho
mogenized in a Potter-Elvehjem glass homogenizer.
The homogenates were centrifuged (4000 g for 5
min at 4°C) and the supernatants were collected.

Solid-phase extraction
The supernatant was applied to an octadecylsilyl

(ODS) disposable cartridge (Sep-Pak; Waters, Mil
ford, MA, USA) that had been activated by eluting
in sequence with methanol (2 ml), HPLC-grade wa
ter (5 ml) and 0.1 % (wjv) TFA (10 ml). The super
natant was passed through the cartridge several
times. Thereafter the cartridge was washed with 2
m1 of a 0.1 % TFA solution containing 24% of ace
tonitrile and the VIP-rich fraction was eluted with
1.6 ml of a 0.1 % TFA solution containing 48% of
acetonitrile. The collected effluent was evaporated
to dryness (Vacuum Speed Vac, Savant). The resid
ue was reconstituted in 1 ml of 0.1 % TFA, filtered
through a 0.45-/lm Durapore filter (Millipore) and
injected into the HPLC system.

Reversed-phase high-performance liquid chromatog
raphy

Gradient RP-HPLC separation was performed
using the following instrument: two Waters Model
510 pumps controlled by a Waters Model 680 auto
mated gradient controller (Millipore), a Waters
static mixer, a six-port injection valve with a 1-ml
sample loop (Rheodyne, Cotati, CA, USA), an
SPD-6A spectrophotometric detector (Shimadzu,
Kyoto, Japan) and a Model 330 recorder (Scientific
Instruments, Basle, Switzerland). Separations were
made at ambient temperature on a Brownlee Aqua
pore RP 300 Cg column (220 x 4.6 mm J.D., parti
cle size 7 /lm, pore size 300 A), which was protected
by a Brownlee Aquapore RP 300 Cg precolumn (30
x 4.6 mm J.D.) (both from Applied Biosystems,
Foster City, CA, USA). The mobile phase for gra
dient elution was composed of0.1 % TFA (phase A)
and 0.09% TFA-80% acetonitrile (phase B). The
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monitoring wavelength was 214 nm and the flow
rate was 1.0 mljmin.

The column was equilibrated with a mixture of
95% A-5% B mobile phase, and the sample was
then injected. The gradient was started when the
absorbance returned to the baseline; this gradient
was 5% phase B at 0 min, 65% at 60 min and 80%
at 70 min. The elution time of synthetic VIP was
determined in a separate experiment, after which
the HPLC column was washed to avoid any memo
ry effect. The VIP fraction was collected manually
and evaporated to dryness. The residue was recon
stituted in 10 Jll of HPLC-grade water and analysed
by HPCE.

High-performance· capillary electrophoresis
HPCE separations were performed with a Model

270A capillary electrophoresis system (Applied Bio
systems) and the electropherograms were recorded
on a Chromjet integrator (Spectra-Physics, San
Jose, CA, USA). Separations were carried out with
an uncoated fused-silica capillary (72 cm x 50 Jlm
J.D.) (Applied Biosystem) and on-column UV de
tection at 200 nm was carried out. The capillary was
flushed with 0.1 M sodium hydroxide solution (2
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min) and buffer (5 min) before each electrophoretic
run. Injections were made by vacuum for a fixed
period of time. HPCE analyses were carried out
with two modes of separation viz., CZE and
MECC.

The electrolyte used for CZE was 20 mM sodium
citrate buffer (pH ranging from 2.5 to 5.0). The cap
illary was maintained at 30°C and the running volt
age was 25 kV. A low-pH mobility marker (Applied
Biosystems) was simultaneously injected with the
sample. The electrophoretic mobility (Jl) was deter
mined according to the equation Jl = (LdLtlV) (Ij
t - Ijtm) + Jlm [17], were Ldis the length of the capil
lary from the injection end to the detector, L t is the
total length of the capillary, V is the voltage across
the capillary, t and tm are the migration times of the
sample and of the mobility marker, respectively,
and Jlm is the electrophoretic mobility of the mobil
ity marker [Jlm = 3.95 . 10- 4 cm2 jV . sin 20 mM
sodium citrate buffer (pH 2.5) at 30°C]. If Jlm was
unknown, a relative electrophoretic mobility (Jlr)
was determined according to the equation Jlr =
(LdLtlV) (ljt-Ijtm).

The MECC separations were made with a 10 mM
sodium phosphate buffer (pH 7.0) containing 20

o 1 2 3 4 5

VIP concentration (10- 4M)

Fig. I. Plot of the peak area of synthetic VIP vs. the concentration of the standard solutions. Conditions: 20 mM sodium citrate buffer
(pH 2.5); 30T; 25 kV; vacuum injection for I s. The inset shows the plot for VIP concentrations between 10- 6 and 10- 5 M.
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mM sodium dodecyl sulphate (SDS). A 0.2% mes
ityl oxide solution (used as a marker of electroos
motic flow) was injected simultaneously with the
sample. The capillary was maintained at 35°C and
the running voltage was 25 kV. As a marker of mi
celles migration was not injected, the capacity fac
tor (k') [21] was not determined and only the migra
tion time was expressed.

RESULTS

CZE analysis of synthetic VIP
In the first phase of this work, the characteristics

of the electrophoretic migration of synthetic VIP
were studied using 20 mM sodium citrate buffer
(pH 2.5) as electrolyte. The electrophoretic mobility
of VIP was found to be 2.42 ± 0.05 cm 2 jV . s (mean
± standard deviation) and the limit of detection
was about 10- 6 M (for a I-s injection). The peak

area varied linearly with synthetic VIP concentra
tion between 1 . 10- 6 and 5 . 10- 4 M (r = 0.99975)
(Fig. 1). The relative standard deviation was 1.8%
for the migration time, 1.6% for the electrophoretic
mobility and 4.6% for the peak area.

Detection of VIP in rat brain regions
A sample of cerebral cortex (2.97 g of wet tissue

dissection from three rats) was homogenized and
extracted and the VIP-rich extract was fractionated
by RP-HPLC (Fig. 2). A 0.5-ml fraction was col
lected at the retention time of synthetic VIP and
analysed by CZE. A peak exhibiting the same elec
trophoretic mobility (/1 = 2.44 cmzjV . s) as syn
thetic VIP was present on the electropherogram
(Fig. 3B). The height of this peak increased when
synthetic VIP was co-injected with this sample,
whereas no additional peak appeared (Fig. 3C).
Consequently, this peak of interest may correspond
to endogenous VIP.
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Fig. 2. Reversed-phase HPLC profile of the VIP-rich fraction obtained from the extraction of a cerebral cortex sample. The gradient
profile is shown by the dotted line (expressed as % of mobile phase B). Closed arrow, injection; open arrow, beginning of the gradient.
The fraction indicated by the shaded area was collected and analysed by HPCE. For chromatographic conditions, see text.
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Fig. 3. CZE analysis of the sample of cerebral cortex. Conditions: 20 mM sodium citrate buffer (pH 2.5); 30·C; 25 kV. (A) Injection of
5· 10- 6 M synthetic VIP and of mobility marker (mm). Each solution was injected for 2 s. (B) Injection of cerebral cortex sample (4 s)
and of mobility marker (2 s). The arrow shows a peak with the same electrophoretic mobility as synthetic VIP (2.44 cm 2 jV' s). Sample
corresponding to the RP-HPLC fraction indicated on Fig. 2. (C) Injection of the same sample (4 s) and of 5· 10- 6 M synthetic VIP (2 s).
The height of the peak shown by the arrow is increased as compared with (B).

The mobility is expressed as Il, (see text). Electrophoretic condi
tions: CZE, 20 mM sodium citrate buffer; 30·C; 25 kV. Sample:
cerebral cortex.

TABLE I

ELECTROPHORETIC MOBILITY OF SYNTHETIC AND
BRAIN VIP AT DIFFERENT pH VALUES

A sample of hippocampus (0.99 g of wet tissue
dissected from five rats) was analysed by the same
protocol. The electropherogram showed a small
peak with an electrophoretic mobility equal to 2.44
cm 2/V· s. When synthetic VIP was co-injected with
the sample, the height of this peak increased, sug
gesting that it may be due to endogenous VIP pre
sent in the hippocampus.

Finally, a sample of cerebellum (1.0 g of wet tis
sue) was analysed by the same protocol, but no
peak with the same electrophoretic mobility as syn
thetic VIP was present on the electropherogram.

pH of
electrolyte

Il, (10- 4 cm2jV . s)

Synthetic VIP Brain VIP

HPCE characterization of brain VIP
A sample of cerebral cortex was analysed by

HPCE using different electrolytes in order to char
acterize better the peak which was detected as VIP.

2.5
3.0
4.0
4.5
5.0

-1.56
-1.22
-0.72
-0.48
-0.29

-1.61
-1.24
-0.75
-0.48
-0.31
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Fig. 4. MECC analysis of the sample ofcerebral cortex. Conditions: 10 mM sodium phosphate buffer (pH 7.0) containing 20 mM SDS;
35°C; 25 kV. Left: injection of cerebral cortex sample (2 s) and of 0.2% mesityl oxide (mo; I s). Right: injection of the same sample (2 s)
and of 10 - 5 M VIP (I s). The height of the peak shown by the arrow is increased.

Multiple CZE analyses of the cortex sample and
of the synthetic VIP were made at various pH val
ues. The values of the relative electrophoretic mo
bility (Ilr) of the peak from the brain extract and of
the synthetic VIP were determined. As shown in Ta
ble I, these mobilities exhibited similar changes
when the pH of the electrolyte was increased from
2.5 to 5.0.

Attempts were made to perform CZE separations
at higher pH, but such conditions appeared unsuit
able for analyses for VIP. Synthetic VIP did not
migrate when the electrolyte was 10 mM sodium
phosphate buffer (pH 7.0) or 20 mM borate buffer
(pH 8.25) containing 20 mM sodium chloride. It
was detected as a very broad peak when CZE was
carried out with 20 mM CAPS buffer (pH 11.0).

Conversely, the cortex sample was analysed by
MECC, as VIP migrates in this mode. The electro
pherogram showed a peak with the same migration
time as synthetic VIP. The height of this peak in
creased when synthetic VIP was co-injected, where
as no additional peak appeared on the electrophe
rogram (Fig. 4).

Determinations of VIP in cerebral cortex
Homogenates of cerebral cortex were divided in-

to two equal parts and 500 pmol of synthetic VIP
were added to one part as an internal standard. The
samples were subjected to the entire protocol and
the areas of the peaks corresponding to VIP were

.measured during the CZE analysis. The concentra
tion of VIP in rat cerebral cortex was found to be
25.5 ± 7.5 pmol per gram of tissue.

DISCUSSION

To our knowledge, this is the first work in which
a commercial HPCE instrument with UV detection
has been used to determine a neuropeptide in mam
malian brain. The results presented in this paper
illustrate the molecular specificity of the method.
VIP was identified on the electropherograms as a
peak which was well resolved from other endoge
nous compounds. Such a result was possible owing
to the high separation power of HPCE and the or
thogonal approach which has been developed, i.e.,
gradient RP-HPLC separation followed by HPCE
analysis.

The electropherograms of the CZE analysis ofrat
cerebral cortex showed a peak that seems to corre
spond to true endogenous VIP for several reasons.
First, this peak was present in a fraction that was
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collected at the retention time of synthetic VIP dur
ing the RP-HPLC step. Second, this peak had the
same electrophoretic mobility as synthetic VIP un
der different conditions of CZE analysis, i.e., with
five sodium citrate buffers with pH values between
2.5 and 5.0. These data demonstrated that this peak
corresponds to a compound that has the same
charge to mass ratio as authentic VIP in this pH
range. Third, a peak that has the same migration
time as synthetic VIP was found during the MECC
analysis of the same samples. These data show that
the sample contains a compound that has both the
same hydrophobicity and the same charge to mass
ratio as synthetic VIP. Finally, this peak was found
in samples from cerebral cortex and hippocampus,
two brain regions known to contain VIP neurons,
whereas it was absent from cerebellum, a part of the
brain that is devoid of VIP innervation [22,23].

The marked specificity of the present method
arises from the possibility of performing multiple
HPCE analyses under various conditions of separa
tion. Indeed, as only a small amount of material is
injected into the HPCE instrument, the same sam
ple can be used for many electrophoretic runs. In
addition, most of these HPCE analyses can be per
formed within a day, as the run times are short and
because the equilibration of the capillary seems to
be rapid after each change of electrolyte. Although
the selectivity of the present method seems good, it
may be improved by including more HPCE analy
ses under different conditions of separations, such
as CZE with an electrolyte other than citrate buffer,
CZE at neutral or basic pH in a coated capillary
and MECC in the presence of surfactants other
than SDS. During this work, attempts to perform
CZE analysis in an uncoated capillary at neutral or
basic pH were unsuccessful. Under such conditions,
synthetic VIP did not migrate or was eluted as a
very broad peak, indicating strong interactions be
tween the peptide and the capillary wall. VIP is a
28-amino acid polypeptide that contains two argi
nine and three lysine residues and therefore has a
basic character. Consequently, VIP is still in a cat
ionic form at pH 7.0~8.5 and interacts with the cap
illary wall, which is negatively charged owing to the
dissociation of silanol groups. Such a phenomenom
has been well described for basic proteins and pep
tides [18,24].

The present method seems to be quantitative, al-
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though this aspect has not been fully investigated.
In CZE, the peak area, migration time and electro
phoretic mobility were reproducible. Moreover, a
plot of the peak area of synthetic VIP vs. sample
concentration gave excellent linearity. The HPCE
measurement of VIP in cerebral cortex gave values
that are of the same order of magnitude as the con
centrations determined by RIA in rats of the same
strain [6].

One drawback of the present method is its lack of
sensitivity, mainly due to the low sensitivity of the
UV detection used in the HPCE analysis. More sen
sitive means of detection, such as laser-induced flu
orescence [19,25], should decrease the limit of detec
tion by several orders of magnitude. In addition,
further studies are needed to improve the extraction
and the RP-HPLC fractionation, in order to de
crease the loss of material that occurs in these two
steps.

In comparison with RIA, the present method has
a higher molecular specificity, as HPCE separations
monitor indirectly primary structural parameters.
Nevertheless, it only allows the determination of
VIP that is contained in grossly dissected brain re
gions and cannot determine the low level of VIP
present in discrete brain areas dissected as "punch
es" [6], a measurement that can still only be made
by RIA. Hence, the two techniques appear to be
complementary, RIA allowing highly sensitive mea
surements but with a limited molecular specificity,
whereas the proposed HPCE method can be either
a reference method to validate results obtained by
RIA, or can be used to study neuropeptides with
good molecular selectivity when the amount of bi
ological material is not as limited.
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Monitoring excitatory amino acid release in vivo by
microdialysis with capillary electrophoresis
electrochemistry
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ABSTRACT

Capillary electrophoresis (CE) with electrochemical detection (ED) was used to determine extracellular levels of aspartate, glutamate
and alanine in samples from the frontoparietal cortex of the rat which were obtained by microdialysis. The method was used to monitor
the effect on the overflow of the excitatory amino acids aspartate and glutamate of an influx of high concentrations of potassium ion.
Samples were derivatized with naphthalenedialdehyde---eyanide prior to analysis. Detection limits for aspartate and glutamate were 80
and 100 nM, respectively. CE-ED is extremely useful for the analysis of microdialysis samples because of the very small sample volumes
required by this analytical technique. The use of ED provides the requisite sensitivity and allows verification of peak purity by
voltammetry.

INTRODUCTION

Electrochemical detection (ED) has been shown
to be a sensitive method for use with capillary elec
trophoresis (CE) [1-3]. The combination of an ex
tremely high-resolution separation technique with a
high-sensitivity detector results in a powerful ana
lytical tool. The small sample volume requirement
of CE is an added advantage when coupled to mi
crodialysis sampling, in which collected volumes are
typically a few microliters. Such volume-limited
samples and the ability to easily reduce the volume

Correspondence to: Dr. S. M. Lunte, Center for Bioanalytical
Research, University of Kansas, Lawrence, KS 66047, USA

'" Present address: Briar Cliff College, Sioux City, lA, USA.
"'''' Present address: Boise State University, Boise, ID, USA.

to achieve greater temporal resolution using CE
should prove to be an ideal combination of both
techniques.

Microdialysis, which has recently been reviewed
[4,5], is accomplished by implantation of a small
probe into the tissue of interest. The probe, com
posed of a short length, of di,alysis tubing, is per
fused with an isotonic saline solution. The use of a
precisely controlled flow-rate allows chemicals to be
predictably removed from or introduced into the
extracellular space by establishment of a steady
state flux across the membrane wall. This type of
sampling is advantageous over conventional meth
ods for several reasons. First, continuous sampling
can be achieved without fluid loss. Second, samples
collected are relatively clean, and thus amenable to
direct injection without the necessity of sample
cleanup procedures prior to analysis. Furthermore,

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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post-sampling enzymatic reactions are eliminated
since enzymes are prevented from crossing the dial
ysis membrane.

Many analytes of biological interest, such as ami
no acids, lack properties for direct determination at
physiologically relevant levels. To circumvent this
limitation, chemical derivatization is generally em
ployed to enhance detection sensitivity. Naph
thalene-2,3-carboxaldehyde (NDA) reacts with pri
mary amines in the presence of cyanide to produce
cyano[f]benzoisoindole (CBI) derivatives which are
both fluorescent and electroactive [6,7]. The analy
sis of NDA-labeled amino acids by liquid chroma
tography (LC) with ED has been reported previous
ly [7,8]. We have recently developed a procedure for
the determination of the major NDA-labeled amino
acids involved in neurotransmission using CE with
UV detection [9]. The detection limits obtained with

- this technique were sufficient for the analysis of a
brain homogenate; however, a more sensitive tech
nique is required for the detection of the levels of
amino acids found in brain tissue.

In this study, the combination of microdialysis
sampling and CE-ED is demonstrated for the con
tinuous monitoring of amino acids in the brain. The
ability of the probe to sample a tissue as well as to
deliver a test compound to the tissue is shown by
the K + -induced stimulation of excitatory amino
acid release.

EXPERIMENTAL

Reagents
All amino acids were purchased from Sigma (St.

Louis, MO, USA) and used as received. NDA was
supplied by Oread Labs. (Lawrence, KS, USA). So
dium cyanide and sodium borate were obtained
from Fisher Scientific (Fair Lawn, NJ, USA). Solu
tions were prepared in Nanopure water (Sybron
Barnstead, Boston, MA, USA) and passed through
a membrane filter (0.2 /lm pore size) before use.

Stock solutions
A 10 mM sodium borate solution, amino acid

stock solutions (5 mM) and potassium cyanide (10
mM) were all prepared in Nanopure water. Stock
solutions of NDA (5 mM) were prepared in aceto
nitrile. The Ringer's solution consisted of 147 mM
NaCl, 4.0 mM KCl and 2.3 mM CaClz. For potas-
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sium-evoked overflow, the perfusate was changed
to 51 mM NaCl, 2.3 mM CaClz and 100 mM KCl.

Capillary electrophoresis system
The CE-ED system has been described previous

ly [I]. Briefly, the electrochemical detector is isolat
ed from the applied electrical field using a Nafion
joint on the capillary column. This joint is posi
tioned in the cathodic buffer resevoir and permits
ion movement but not bulk electrolyte flow. This
allows ED to be achieved without adverse effects
from the electrical field. Detection was performed in
the amperometric mode using a 33-/lm-diameter
carbon fiber microelectrode with an exposed length
of 200-250 /lm which was inserted into the end of
the capillary column. A three-electrode cell config
uration was used with the electrode connections
made to a BAS LC-4C amperometric detector
(Bioanalytical Systems, West Lafayette, IN, USA).
The low currents generated at the microelectrode
necessitated the use of a Faraday cage to shield the
electrochemical cell from external electrical noise.
Electrochemical pretreatment of the microelectrode
was accomplished using a function generator (Exact
Electronics, Hillsboro, OR, USA) connected to the
external input of the BAS LC-4C. An oscilloscope
was used to monitor the applied waveform, which
involved the application of a 50-Hz square-wave of
2 V amplitude to the microelectrode for I min. The
pretreatment was performed while the microelec
trode was inserted in the capillary column and buff
er was flowing past its surface.

A separation voltage of 30 kV and a column
length of 1 m were used for all separations. The
capillary columns (50 /lm J.D., 360 /lm O.D.) were
obtained from Polymicro Technologies. The oper
ating buffer was 0.02 M borate (pH 9.0). The detec
tion potential was operated at +800 mV vs. Ag/
AgCl.

Cyclic voltammetry
Cyclic voltammetry experiments were conducted

in a three-electrode cell configuration using a Model
CySy-l computerized electrochemical analyzer (Cy
press Systems, Lawrence, KS, USA). For these
studies, excess amino acid was employed in the de
rivatization step to prevent interference from any
impurities or side-reactions.
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Mierodialysis system: apparatus
Microdialysis sampling was performed using a

CMA/100 syringe pump coupled to a BAS/Carne
gie Medicine CMA-12 4-mm dialysis probe (Bio
analytical Systems) with a MW cut-off of 20 000.
Perfusion was carried out with Ringer's solution at
I ,ul/min for all experiments.

Derivatization procedure
A 1.8-,u1 volume of sodium borate and 0.9 ,ul of

potassium cyanide were added to 3 ,ul of dialysate
sample containing 1.5 ,ul of the a-aminoadipic acid
(internal standard, varying between 2.5 and 22.5
,uM final concentration, depending on the antici
pated concentration of aspartate and glutamate)
followed by 1.8 ,ul of NDA. The reaction was al
lowed to proceed for 30 min.

Mierodialysis probe characterization
In order to determine the in vivo concentration of

amino acids giving rise to the concentrations detect
ed in the perfusion medium, it was necessary to cal
culate the recovery of the dialysis probe. Determi
nation of the recovery was performed by placing the
dialysis probes in standard concentrations of amino
acids. The probes were perfused at I ,ul/min and
samples of the perfusate were collected and ana
lyzed. Recovery is then expressed as the ratio of the
concentration of amino acid in the perfusate to the
concentration of the standard. The average recov
ery of alanine, glutamine and aspartate was 24.3 ±
3.7,20.8 ± 4.3 and 21.1 ± 3.7%, respectively (n =

3). The recovery was independent of concentration
and was determined both before and after implan
tation. This never differed by more than 6%.

In vivo experiments
Male Sprague-Dawley rats six months or older

(400-700 g) were used. Rats were initially anesthe
tized with the inhalation anesthetic isoflurane to
simplify weighing and administration of chloral hy
drate C-IY. Between 0.5 and 1.0 ml of 400 mg/ml
chloral hydrate in isotonic saline was administrated
intraperitoneally to anesthetize rats for surgery.
Anesthesia was maintained during the experiment
by infusion of I ,ul of 200 or 400 mg/ml chloral
hydrate in saline per min via a catheter in the right
jugular vein. In some cases, boosts of isoflurane
were needed during surgery. Caution must be exer-

191

cised when using this combination of anesthetics, as
it can cause respiratory depression.

The rat was positioned in the stereotaxic appara
tus, its scalp was shaved and a sagittal incision was
made from just in front of the ears to just behind the
eyes. The scalp and underlying soft tissues were
scraped back to expose the skull. A hole less than
0.5 mm in diameter and 2.5 mm forward and 2.5
mm to the right of bregma was drilled just through
the skull. A 25-gauge hypodermic needle in the
probe carrier of the stereotaxic device was lowered
until it just touched the membrane covering the
brain. The hole for the dialysis probe (2.5 mm deep)
was created with the needle since this causes mini
mal damage to the tissue. The needle was then with
drawn and the dialysis probe inserted, thus center
ing it in the frontoparietal cortex [10]. The scalp was
then closed with tissue staples and the wound cov
ered with paper soaked with isotonic saline to pre
vent drying.

Experiments were performed by perfusing the im
planted probe with a normal Ringer's solution at a
perfusion rate of I ,ul/min. Samples were contin
uously collected over 5-min intervals. Initial sam
ples were collected for at least I h following inser
tion of the microdialysis probe and discarded. Sub
sequent dialysis samples were derivatized as de
scribed above and analyzed by CE-ED to establish
basal extracellular amino acid concentrations. The
perfusion fluid was then switched to the hyperpo
tassium Ringer's solution using the liquid switch.
Dialysis samples were collected for an additional
hour during continuous perfusion with hyperpotas
sium Ringer's solution. These samples were also de
rivatized and analyzed by CE-ED.

RESULTS AND DISCUSSION

Electrochemistry
Initial studies concerned the investigation of the

electrochemical behavior of NDA-Iabeled amino
acids. Fig. IA shows the voltammetric response for
glutamate at an untreated microelectrode. A broad
peak response was obtained with an E p of ca. +680
mY. It has been recognized that the pretreatment of
carbon fiber microelectrodes has a pronounced ef
fect on the electron transfer properties of many so
lution species, in particular, enhancement of the
electrochemical response [11-13]. Following elec-
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Fig. I. Cyclic voltammograms of 5· 10- 4 M NDA-Iabeled gluta
mate (excess glutamate was used in the derivatization procedure)
in 0.1 M borate buffer (pH 9.0). Scan-rate, 100 mY/so (A) Re
sponse at untreated microelectrode. (B) Response at electro
chemically pretreated microelectrode.

trochemical pretreatment (described in the Experi
mental section), a better-defined peak shape and
nearly five-fold increase in peak current were ob
tained with a cathodic shift in the Ep value to + 650
mV (Fig.IB). The other NDA-Iabeled amino acids
studied exhibited similar voltammetric behaviors.

Electrochemical pretreatment was found to be
necessary between each CE run, as the amino acid
derivatives appeared to foul the microelectrode sur
face. A diminution of ca. 10-20% in peak height
between successive injections was observed. A simi
lar effect was reported by Oates and Jorgenson [8],
who employed carbon fiber microelectrodes for the
detection of NDA-Iabeled amino acids following
open tubular chromatography. However, using the
electrochemical pretreatment regime between each
injection, a reproducible response was obtained
with a relative standard deviation of 1.2% (n = 7).
Hydrodynamic voltammetry was then investigated,
and E 1/2 values for several NDA-Iabeled amino
acids, including y-aminobutyric acid (GABA), ala
nine, glycine, glutamine, aspartate and glutamate,
were found to be 600, 610, 626, 635, 640 and 650
mY, respectively. These values are in agreement
with those given in a report by Nussbaum et al. [14],
which indicated that acidic derivatives were more
difficult to oxidize than the basic derivatives. On the
basis of these studies, an applied potential of + 800
mV was selected for subsequent investigations.
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Detection limit
Fig. 2 shows the separation of alanine, glutamate,

aspartate and the internal standard, a-aminoadipic
acid. Quantitation was achieved using response fac
tors which were based on peak areas and were ob
tained in the range 2· 10- 7 to 1 . 10- 4 M. The limit
of detection (signal-to-noise ratio = 3) for all the
NDA-Iabeled amino acids was extrapolated from
the electropherograms at 2· 10- 7 M levels. For ala
nine, glutamate and aspartate, the limits of detec
tion calculated were 4.9· 10- 8

, 1.1 . 10- 7 and 7.9·
10- 8 M, respectively. Using 8.0 nl as the injection
volume, the corresponding mass detection limits
were 0.4, 1 and 0.8 fmol, respectively. These detec
tion limits were based on derivatizing the actual di
lute solution, resulting in apparent detection limits
which are higher than those previously reported,
where high concentrations of amino acids were de
rivatized and then diluted [15]. In the latter case,
many of the interferences resulting from reagent im
purities and side-reactions are diluted along with
the analyte.

Based on the recoveries of the amino acids with
the dialysis probe, the limits of detection in vivo for
alanine, glutamate and aspartate were 8.2 . 10- 8

•

T
1 nA

-.L

I I I I I
14 18 22 26 30

TIME (min)

Fig. 2. Capillary electrophoretic separation of I . 10 4 M stan
dards ofalanine, a-aminoadipic acid (internal standard, i.s.), glu
tamate and aspartate. Separation conditions: 0.02 M borate
buffer (pH 9.0); voltage, 30 kV; column length, 1 m; detection
potential, + 800 mV vs. Ag/AgCl.
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4.8.10- 7 and 3.7· 10- 7 M, respectively. Standards
of the amino acid derivatives were analyzed period
ically between dialysate samples to ensure that the
detector response remained reproducible over the
course of the study.

TABLE I

VOLTAMMETRIC CHARACTERIZATION

Component Retention Current response
time
(min) +0.45 V/O.SO V +0.65 V/O.SO V

I I I I I I I I I I i I I I I I
13 15 17 19 21 23 25 2713 15 17 19 21 23 25 27

Fig. 3. Derivatized brain dialysate samples obtained by perfusion
with (A) normal Ringer's solution and (B) high-K + Ringer's
solution. Peaks: a = GABA; b = alanine; c = internal standard;
d = glutamate; e = aspartate. Separation conditions as outlined
in Fig. 2.

Peak a 15.9 0.21 0.72
GABA 15.7 0.12 0.65

Peak b 16.2 0.12 0.64
Alanine 16.0 0.10 0.62

Peak d 24.4 0.04 0.55
Glutamate 24.1 0.03 0.55

Peak e 25.7 0.03 0.54
Aspartate 25.9 0.03 0.56

eluting at the same time, confirming peak identifica
tion and purity. However, peak a, tentatively identi
fied as GABA based on its migration time, differed
significantly from the voltammetric behavior of the
GABA standard.

Potassium-evoked amino acid overflow analysis
High K + stimulus of brain tissue is known to

increase the overflow of several amino acids [19,20].
Fig. 3A shows the electropherogram obtained from
a typical NDA-labeled brain dialysate sample using
normal Ringer's solution. Upon increasing the level
ofKCl from 4.0 to 100 mM (while still retaining the
correct osmolality), the electropherogram (Fig. 3B)
showed a substantial increase in the impure GABA
(peak a), glutamate (peak d) and aspartate (peak e).
These increased levels are indicative of their roles as
neurotransmitters. The levels of alanine (peak b) re
mained unaffected by the K + stimulus, which was
expected as it is thought only to have a role in me
tabolic functions. These results are in agreement
with the findings of Tossman et al. [19].

Fig. 4 shows the concentration-time curves ob
tained for alanine, glutamate and aspartate. After
30 min of collecting dialysate samples of the basal
amino acid concentration levels, the K + stimulus
was applied. For both glutamate and aspartate, a
maximum increase over the basal concentration lev
els of nearly four-fold was observed. After an initial
sharp increase, the levels of both amino acids de
creased to a steady-state level approximately 30 min
after the stimulus was introduced. The curve ob-

d

T
O.2nA

..L

TIME (min )

B

e

C d

T
0.2 nA

..L

TIME (min )

A

Voltammetric analysis
A typical electropherogram of a derivatized brain

dialysate obtained by in vivo microdialysis sampling
is shown in Fig. 3A. In addition to co-migration,
the identity and purity of the amino acids were con
firmed by voltammetric characterization. This iden
tification is based on the £1/2 value and the shape of
the current-voltage curve, which together give a
characteristic unique to each compound. It has
been demonstrated previously that the entire vol
tammogram is not required; the comparison of cur
rent response in the region where most change oc
curs is sufficient [16]. The use of current ratios for
compound identification has been previously re
ported [14,17,18].

The current ratios were calculated by measure
ment of the responses in the region where the cur
rent is most dependent on potential (450 and 650
mV) and ratioed to the response where the current
is no longer dependent on potential, i.e., the mass
transport-limited value (800 mV). The current ra
tios recorded are given in Table I. The ratios for
standards of alanine, glutamate and aspartate
agreed well with those of the dialysate components
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Fig. 4. Concentration-time curves of (A) alanine and glutamate and (B) aspartate in rat brain. Arrow indicates application ofpotassium
stimulation.

tained for alanine fluctuated between 5.5· 10- 5 and
6.2 . 10 -:- 5 M and did not show any response to the
K + stimulus. The previous studies of K +-invoked
overflow of amino acids in the brain [19,20] did not
present a concentration-time curve; they reported
only two concentration levels, a basal level and the
level obtained after a 10-min stimulation.

CONCLUSIONS

One of the main advantages of CE as an analyt
ical tool for microdialysis sample analysis over the
more commonly used LC is that it is more amenable
to small sample volumes. In this study, 3-111 samples
were derivatized; however, if microderivatization
procedures [21] were employed, much greater tem
poral resolution could be achieved. Additionally,
because of the small injection volumes (typically of
the order of a few nanoliters), multiple analyses can
be performed on a single sample.

Another purpose of this study was to demon
strate the high sensitivity of ED for CE and the
possibility of analyzing a wider range of analytes
using derivatization chemistry. Curry et al. [3] have
reported the high sensitivity obtainable using CE
ED for the determination of several electroactive
neurotransmitters. Microdialysis sampling com
bined with CE-ED should prove to be a very pow
erful tool for future in vivo neurochemical studies.
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Effect of buffer constituents on the determination of
therapeutic proteins by capillary electrophoresis

Norberto A. Guzman, John Moschera, Khurshid Iqbal and A. Waseem Malick
Pharmaceutical Research and Development, Hoffmann-La Roche, Nutley, NJ 07110 (USA)

ABSTRACT

Capillary electrophoresis has proved to be a versatile method for the determination of proteins, peptides and amino acids in
pharmaceutical formulations. For quantification of the capillary electrophoresis data, however, significant errors may result if the
analysis is performed using improper separation conditions. The peak area response for protein analytes, which is generally low in
conventional UV detection, may also vary dramatically depending on the nature of the buffer used in the separation. This paper
describes the effects of various buffer constituents and analytical conditions on the capillary electrophoretic separation and quantifica
tion of a humanized monoclonal antibody in bulk form and in a typical therapeutic formulation. For optimum peak area response and
reproducibility, protein derivatization with an appropriate chromophore (e.g., fluorescamine) and separation in the presence of a
moderate ionic strength buffer containing lithium chloride, tetramethylammonium chloride or trimethylammonium propylsulfonate is
recommended. General guidelines for the determination of proteins by capillary electrophoresis and a rationale for the use of internal
standards to improve the quantification of data are also discussed.

INTRODUCTION

Capillary electrophoresis (CE) is an analytical
technique capable of yielding remarkable informa
tion in a variety of applications, especially in the
analysis of proteins and peptides [1-5]. Neverthe
less, the technique, in general, has not yet achieved
the same degree of acceptance as more conventional
procedures. such as high-performance liquid chro
matography and conventional gel electrophoresis.
This is partly due to the fact that despite the enor
mous resolving power of CE, quantification of data
has encountered numerous problems (especially in
the separation of protein macromolecules). These
include the potential adsorption of the protein ana
lyte to the capillary walls (which often gives rise to
band broadening and low recovery of the separated
protein analyte), and the necessity to optimize the

Correspondence to: Dr. N. A. Guzman, The R. W. Johnson
Pharmaceutical Research Institute, OPC Administration Build
ing 3021, Route 202, P.O. Box 300, Raritan, NJ 08869, USA
(present address).

running conditions to maximize the yield and de
gree of separation.

Numerous efforts have been made to separate
proteins by free-solution CEo Some of these sep
arationoptimization methods include coating of
the capillary surface, changing the pH of the sep
aration buffer and the addition of additives to the
separation buffer [6--23]. However, most efforts
have been directed to improving the separation pro
file and very little attention has been placed on the
quantitative aspects of the separation.

In a previous paper [24], we demonstrated the
importance of temperature in the separation and
determination of protein drug substances present in
a solution mixture. As little as a SOC variation in
temperature was found to have a critical effect on
the separation profile and stability of the drug sub
stance (recombinant interleukin-IIX). In turn, the
quantitative profile was also affected by chemical
changes produced in the protein (i.e., deamidation).

In this work, we have tried to develop a better
understanding of how chemical factors, such as the
presence of certain salts or zwitterions in the run-

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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+ R-NH 2

Engineering (Austin, TX, USA) and Polymicro
Technologies (Phoenix, AZ, USA).

Instrumentation
A commercially available CE instrument (P/ACE

System 2000, Beckman Instruments, Palo Alto, CA,
USA) was used. The instrument, containing Beck
man system software, was controlled by an IBM
PS/2 Model 50-Z computer. Samples were stored in
a microapplication vessel assembly, consisting of a
150-111 conical microvial inserted into a standard 4
ml glass reservoir and held in position for injection
by an adjustable spring. In order to minimize evap
oration of the sample volume (100 Ill), about 1-2 ml
of cool water was added to the microapplication
vessel housing the microvial. The external water
serves as a cooling bath for the sample in the micro
vial and as a source of humidity to prevent sample
evaporation and concentration. After insertion of
the microvial, the microapplication vessel assembly
was covered with a rubber injection septum and
placed in the sample compartment of the CE in
strument. Samples were injected by pressure and the
data acquisition and analysis were carried out using
System Gold chromatography software (Beckman
Instruments, San Ramon, CA, USA). Data integra
tion was also carried out with a Model D-2500

+ R-NH-R'

Fig. I. Schematic representation of the molecular structure of
(A) fluorescamine, (B) the derivatized reaction product involving
a reacting primary amine functional group-containing analyte
and (C) the derivatized reaction product involving a reacting
secondary amine functional group-containing analyte.

c

II
o

I

Reagents and samples
All chemicals were obtained at the highest purity

available from the manufacturer, and were used
without additional purification. Sodium hydroxide,
sodium tetraborate (NazB4 0 7 . 10HzO), lithium
chloride, N-acetyltryptophan and fluorescamine
were purchased from Sigma (St. Louis, MO, USA),
tetramethylammonium chloride and L-arginine
from Fluka (Ronkonkoma. NY. USA). trimethyl
ammonium propylsulfonate from Waters-Millipore
(Milford, MA, USA), acetone (HPLC grade), pyri
dine (Fisher Certified) and hydrochloric acid solu
tion (12 M) from Fisher Scientific (Fair Lawn. NJ.
USA), and purified bulk drug substance (human
ized anti-TAC monoclonal antibody) from Hoff
mann-La Roche (Nutley, NJ, USA). Reagent solu
tions and buffers were prepared using triply distill
ed, deionized water, and routinely degassed and
sonicated under vacuum after filtration.

Millex disposable filter units (0.22 11m) were pur
chased from Millipore (Bedford, MA, USA) and
fused-silica capillary columns from Scientific Glass

a Humanized monoclonal antibody anti-TAC is an IgG-class ge
netically engineered hybrid antibody, containing approximate
ly 90% human sequence and 10% murine sequence. The anti
body is directed against, and is specifically recognized by, the
human receptor for interleukin-2, which is a well characterized
Iymphokine involved in the complex network of cellular com
munications [25].

EXPERIMENTAL

ning buffer, influence the performance of CE in the
determination of a protein drug substance. We have
selected the humanized monoclonal antibodya anti
TAC [25] as a model protein and have developed
the conditions for CE analysis by approaches simi
lar to those previously described for proteins not
specifically targeted for therapeutic use [12-14]. In
addition, internal standards were used in the CE
separation of the monoclonal antibody to monitor
changes affecting the quantitative profile. In order
to enhance the detection sensitivity, and also to im
prove analyte resolution, samples were derivatized
with the chromophore fluorescamine prior to CE
analysis. The proposed reaction scheme of fluoresc
amine with primary and secondary amines has been
discussed previously [26,27] and is shown in Fig. 1.
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Chromato-integrator (Hitachi Instruments, Danbu
ry, CT, USA)

Sample preparation
Stock solutions were individually prepared by

dissolving L-arginine (50 mg/ml) and N-acetyltryp
tophan (1 mg/ml) in O~ 1 M sodium tetraborate buff
er (pH 9.0). Purified bulk drug anti-TAC (6.7 mg/
ml) was prepared in phosphate buffer (pH 7.0) and
a typical liquid formulation dosage of anti-TAC
(6.0 mg/ml) was prepared in the same buffer. Con
centrated solutions were diluted to their specified
working strengths with the same sodium tetrabo
rate buffer.

Sample derivatization
For CE analysis without f1uorescamine derivati

zation, assay samples were diluted to the desired
concentrations with sample dilution buffer [0.1 M
sodium tetraborate buffer (pH 9.0)] to a total reac
tion mixture of 100 ,ul, and directly transferred into
the conical vial and then inserted in the microappli
cation vessel assembly on the CE instrument.

For CE analysis offluorescamine derivatives, so
lutions of the respective analyte samples (i.e., hu
manized anti-TAC monoclonal antibody concen
tration ranging from 33.5 to 335 ,ug or from 0.22 to
2.23 pmol per 100 ,ul of reaction mixture) were
transferred into a 500-,ul microcentrifuge tube and
their total volume was adjusted to 70 ,ul by addition
of sample dilution buffer. Derivatization was per
formed by the addition of 30 ,ul of f1uorescamine
solution (3 mg/ml of f1uorescamine in acetone con
taining 20 ,ul of pyridine) to the sample while con
tinuously and vigorously vortex mixing. After ca. 2
min, the contents of the microcentrifuge were trans
ferred into the conical microvial and then inserted
in the microapplication vessel assembly for analy
sis.

Operating conditions
Sample solutions for analysis in microapplication

vessels were placed in the sample holder of the ana
lyzer. The analysis program was initiated and the
first sample automatically injected into the capillary
by a positive nitrogen pressure of 0.5 p.s.i. (3500 Pa)
for 5 s. At the completion of each run, the capillary
column was sequentially washed by injection of 2.0
M sodium hydroxide solution, 0.1 M sodium hy-

199

droxide solution and distilled, deionized water, and
then regenerated with running buffer.

The CE separations reported were performed us
ing four different buffers: (I) 0.05 M sodium tet
raborate buffer (pH S.3) containing 0.025 M lithium
chloride; (2) 0.05 M sodium tetraborate buffer (pH
8.3) containing 0.025 M tetramethylammonium
chloride; (3) 0.05 M sodium tetraborate buffer (pH
8.3) containing 0.025 M trimethylammonium pro
pylsulfonate; and (4) 0.05 M sodium tetraborate
buffer (pH 8.3) containing 0.5Q.M trimethylammo
nium propylsulfonate. The CE instrument was
equipped with a 70 cm (63 cm to the detector) x 75
,urn LD. capillary column. The CE separation was
performed at 29 kV. The capillary temperature for
all experiments was maintained at 25°C during the
run. Under these conditions, ca. 30 nl (6 nl/s) were
injected into the capillary column [28]. Monitoring
of the analytes was performed at 214 nm.

RESULTS

Fig. 2 depicts the electropherograms of unde
rivatized and derivatized humanized anti-TAC
monoclonal antibody. The therapeutic antibody
was analyzed in the presence of the commonly used
parenteral excipients L-arginine and N-acetyltryp
tophan. As shown in Fig. 2A, the underivatized
analytes were well separated from each other. L
Arginine (peak 1) migrated very fast, followed by
anti-TAC (peak 2) and N-acetyltryptophan (peak
3). The f1uorescamine-derivatized analytes (Fig.
2B), L-arginine (peak 2), N-acetyltryptophan (peak
4) and anti-TAC (peak 5), were also separated well
from each other and from the peaks corresponding
to the constituents of the derivatization reagent, f1u
orescamine (peak 6) and the organic solvents ace
tone and pyridine (comigrating at peak 1). Deriv
atization with f1uorescamine was observed to have a
marked effect on analyte mobility and peak area in
CE analysis. As shown in Fig. 2B and Table I, de
rivatized L-arginine and anti-TAC migrated slower
than their underivatized counterparts. For N-ace
tyltryptophan, however, the mobility and peak area
were unchanged after f1uorescamine derivatization.
This suggests that the potentially reactive amine
group was blocked, possibly by steric hindrance,
and was unable to react with the reagent.

The linearity of the anti-TAC peak area as a
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MIGRATION TI ME (min)

Fig. 2. Capillary electrophoresis profile of underivatized and flu
orescamine-derivatized analytes. (A) Electropherogram of un
derivatized L-arginine (peak I), anti-TAC (peak 2) and N-ace
tyltryptophan (peak 3). (B) Electropherogram of fluorescamine
derivatized analytes. Peaks: I, acetone; 2, L-arginine; 3, un
known; 4, N-acetyltryptophan; 5, anti-TAC; 6, fluorescamine re
agent. The separation buffer was 0.05 M sodium tetraborate
buffer (pH 8.3) containing 0.025 M LiC!. The concentrations of
analytes, per 100 Jll of reaction mixture, used in this experiment
were as follows: (I) underivatized analytes, L-arginine 1000 Jlg
(5.74 nmol), bulk anti-TAC monoclonal antibody 201 Jlg (1.34
pmol) and N-acetyltryptophan 10 Jlg (40.6 pmol); (2) derivatized
analytes, L-arginine 10 Jlg (57.0 pmol), bulk anti-TAC mono
clonal antibody 201 Jlg (1.34 pmol) and N-acetyltryptophan 10
Jlg (40.6 pmol).

function of concentration was investigated with and
without fluorescamine derivatization. The reaction
was carried out in the presence of fixed concentra
tions of internal standards and increasing concen
trations of anti-TACo As shown in Fig. 3, the peak
area for the derivatized anti-TAC monoclonal anti
body increased linearly with increasing concentra
tion over the range 0.22-2.23 pmol per 100 III of
reaction mixture. The response curve was slightly
sigmoidal in shape. For underivatized anti-TAC,
the peak area also increased linearly with increasing
concentration up to about 1.79 pmol per 100 III or
reaction mixture, but then reached a response pla
teau above which no further increase was observed.
The plateau in the peak area suggests that the solu
bility of the underivatized anti-TAC is decreased in
the running buffer, possibly owing to the presence
of LiCl, and at concentrations above 1.79 pmol per
100 III of reaction mixture (2.68 mg/m!) the analyte
may be precipitating from solution.

The effects of the running buffer additives tetra
methylammonium chloride (TMAC), trimethylam
monium propylsulfonate (TMAPS) and lithium
chloride (LiCl) on the separation and quantification
of the anti-TAC monoclonal antibody were investi
gated. The molecular structures of TMAC and
TMAPS are shown in Fig. 4. TMAC, a quaternary
salt, has been demonstrated to be an effective agent
in preventing adsorption of macromolecules to
glass [29,30]. Similarly, TMAPS, a zwitterion, has
been used to prevent the binding of proteins to
fused-silica capillary columns [31]. Neutral salts,
e.g., LiCl, have also been found to stabilize tertiary
structures of some proteins in solution [30,32]. As
shown in Table II, TMAC, TMAPS and LiCl were
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TABLE I

EFFECT OF FLUORESCAMINE ON THE MIGRATION TIME AND PEAK AREA OF HUMANIZED ANTI-TAC MONO
CLONAL ANTIBODY AND INTERNAL STANDARDS

For this experiment, the data were obtained by using the following concentrations of the various analytes (in 100 JlI of reaction mixture):
(I) native (underivatized), L-arginine 20 JlI (50 mg/ml); bulk anti-TAC 30 JlI (6.7 mg/ml), N-acetyltryptophan 10 JlI (I mg/ml); (2)
fluorescamine-derivatized analytes, L-arginine 10 JlI (I mg/ml), bulk anti-TAC 30 JlI (6.7 mg/ml), N-acetyltryptophan 10 JlI (Img/ml).
Values obtained for derivatized samples were corrected for the same concentration of values obtained for underivatized samples. The
separation buffer was 0.05 M sodium tetraborate buffer (pH 8.3) containing 0.025 M LiC!.

Sample Migration time (min) Peak area (arbitrary units)

Native Derivatized Native Derivatized

L-Arginine 7.48 15.09 I 184351 106059 100
Anti-TAC 10.93 23.37 3192314 7041 242
N-Acetyltryptophan 19.58 19.51 I 548623 I 518 171
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Fig. 3. Calibration graph for anti-TAC monoclonal antibody.
The reaction was carried out in the presence of fixed concentra
tions of internal standards and increasing concentrations of bulk
anti-TACo Typical response curves of(O) native (underivatized)
anti-TAC monoclonal antibody, (e) fluorescamine-derivatized
anti-TAC, (<t) derivatized and underivatized N-acetyityptophan,
(.) underivatized L-arginine and (6) derivatized L-arginine.
The concentrations of analytes used, per 100 JlI of reaction mix
ture, were as in Fig. 2.

each found to have an effect on the separation and
quantification of the anti-TAC monoclonal anti
body. Under conditions ofconstant voltage (29 kV),
constant temperature (25°C) and constant current
(less than 2% drop from the starting current), excel
lent reproducibility was obtained for peak areas
(Table II). The running buffer containing the addi-

TETRAMETHYLAMMONIUM CHLORIDE

TRIMETHYLAMMONIUM PROPYLSULFONATE

Fig. 4. Schematic representation of the molecular structures of
tetramethylammonium chloride and trimethylammonium pro
pylsulfonate.

201

tive TMAPS, however, seems to yield results with
better reproducibility than buffers containing LiCI
or TMAC. In addition, significantly less current
was produced with the TMAPS buffer than with the
buffers containing either of the salt additives. Ap
parently, the lower operating current with the
TMAPS buffer results in the generation of less in
ternal column heat and as a result a slightly higher
degree of reproducibility.

As with the LiCI-containing buffer (Fig. 2), a lin
ear response curve for the fluorescamine-deriva
tized anti-TAC as a function of concentration was
observed with the TMAC and TMAPS buffer sys
tems (Fig. 5). In contrast to the behavior with the
LiCI-containing buffer, however, the underivatized
analyte did not reach an absorption plateau at high
er concentrations, further supporting the hypothe
sis that the LiCI is adversely effecting analyte solu
bility.

Optimization of the buffer constituent concentra
tions seems to be critical for the analysis of quanti
tative data. Anti-TAC was separated to completion
when using 0.05 M sodium tetraborate (pH 8.3)
(Fig. 6A), but the peak area was slightly lower than
when using the same buffer in the presence of 0.025
M TMAPS (Fig. 6B). Further, if the concentration
of TMAPS was increased to 0.5 M,all analytes mi
grated faster, to a point at which both resolution
and quantification were poorer, e.g. when 1.0 M
TMAPS was used as additive to the sodium tet
raborate buffer (results not shown).

The presence of internal standards was useful in
monitoring the performance of the CE system. Dis
turbances in the electroosmotic flow, which might
result in changes in observed peak areas and lead to
errors in quantification, would be reflected in
changes in the internal standard controls.

An interesting observation was made with regard
to the migration and detection of imalytes in a mix
ture of substances. As shown in Fig. 6, the anti
TAC monoclonal antibody (peak 5) migrated much
faster than the fluorescamine reagent (peak 6). Nev
ertheless, the width of the anti-TAC peak was much
greater than that of the fluorescamine reagent.
Hence, in addition to mobility, and the correspond
ing residence time in the optical path of the detec
tor, analyte peak width must also be a function of
other factors. With anti-TAC, for example, such
factors might include capillary wall interaction,
shape of the molecule and solubility.
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TABLE II

EFFECT OF BUFFER CONSTITUENTS ON THE DETERMINATION (PEAK AREA) OF FLUORESCAMINE-DERIVA
TIZED HUMANIZED ANTI-TAC MONOCLONAL ANTIBODY AND INTERNAL STANDARDS

The composition of the buffers was as follows: 0.05 M sodium tetraborate (pH 8.3), (A) contaning no additives; (B) containing 0.025 M
LiC!; (C) containing 0.025 M TMAC; and (D) containing 0.025 M TMAPS. For L-arginine and N-acetyltryptophan experiments, the
mixture consisted of fixed concentrations of L-arginine (10 pi of a I mg/ml solution) and N-acetyltryptophan (10 pI of a I mg/ml
solution) and increasing concentrations of bulk anti-TAC (5, 10, 20, 30, 40 and 50 pI of a 6.7 mg/ml solution). For the anti-TAC
experiment, a fixed concentration ofall three analytes was used: anti-TAC (40 pI ofa 6.7 mg/ml solution), L-arginine (10 pi ofa I mg/ml
solution) and N-acetyltryptophan (10 pi of a I mg/ml solution). For the three experiments, sample volumes were adjusted to 70 pi with
0.1 M sodium tetraborate buffer (pH 9.0) and then 30 pI of fluorescamine reagent were added to the sample as described under
Experimental.

Buffer Parameter" Anti-TAC L-Arginine N-Acetyitryptophan

A n 6 6 6
x 10854734 1 026934 1491201
S.D. 398723 25865 38976
R.S.D. (%) 3.67 2.52 2.61

B n 6 6 6
x 10972 325 1043421 I 501 511
S.D. 364 719 25635 38688
R.S.D. (%) 3.32 2.46 2.58

C n 6 6 6
x 13 324 256 1218024 1585017
S.D. 362654 28001 31820
R.S.D. (%) 2.72 2.30 2.00

D n 6 6 6
x 13009 167 1 024 243 1 369606
S.D. 328 116 22419 26566
R.S.D. (%) 2.52 2.19 1.94

" x = Mean peak area (arbitrary units); S.D. = standard deviation; R.S.D. = relative standard deviation.

DISCUSSION

Therapeutic monoclonal antibodies and recombi
nant proteins in general are gaining great impor
tance in the new generation of drugs targeted for
human and animal consumption [33]. The non-hu
man origin of these materials, however, and the rig
orous purification procedure to which they may be
subjected, make proper quality control of the final
product and the demonstration of an extremely
high degree of purity essential. Many analytical
techniques are routinely required for the monitor
ing of the purity and stability of antibodies. CE is
growing continously in the scope of its applications
and holds the promise of becoming a routine meth
od for the analysis of proteins. However, in order
for any analytical technique to be useful, the results

obtained must be reproducible. For CE, reproduc
ibility of separation (migration time) is commonly
obtained with a relative standard deviation
(R.S.D.) ofless than I % for most tested substances.
Nevertheless, quantification of the analytes (peak
area) varies, for macromolecules such as proteins,
from I to 5% (R.S.D.).

As therapeutic monoclonal antibodies are rou
tinely produced by methods involving extensive pu
rification schemes, many factors must be evaluated
in order to guarantee a product of consistant qual
ity. These laboratory-made proteins are designed to
be similar to, ifnot identical with, their endogenous
counterparts. Therefore, not only must the protein
be chemically pure, it must also maintain a structur
al integrity, i.e., conformation necessary for biolog
ical activity and the maintenance of the native state.
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Fig. 6. Capillary electrophoresis profile of fluorescamine-deriv
atized anti-TAC separated under three different buffer condi
tions: (A) 0.05 M sodium tetraborate buffer, (pH 8.3); (B) 0.05 M
sodium tetraborate buffer (pH 8.3) containing 0.025 M TMAPS;
and (C) 0.05 M sodium tetraborate buffer (pH 8.3) containing
0.5 M TMAPS. The humanized anti-TAC monoclonal antibody
used in this experiment was present in a simple liquid formula
tion dosage form at a concentration of 40 Jll (240 Jlg or 1.60
pmol) per 100 Jll of reaction mixture, containing 0.2 mg/ml of
Tween-80. Peaks as in Fig. 2, except that peak 7 represents an
unknown substance.

buffer constituents proved to be effective substanc
es, when used in combination with moderate ionic
strength buffers, for preventing adsorption of the
monoclonal antibody to the capillary wall.

Apparently, both hydrophobic and electrostatic
forces are involved in the adsorption of proteins to
glass surfaces. There is a significant coulombic at
traction of positively charged regions of the protein
to the capillary surface. Some proteins have more
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Fig. 5. Comparative calibration graphs for anti-TAC monoclo
nal antibody using 0.05 M sodium tetraborate (pH 8.3) as the
separation buffer containing either TMAC or TMAPS. The re
action was carried out in the presence of fixed concentrations of
internal standards and increasing concentrations of bulk anti
TAC solution. Typical response curves of (A) fluorescamine-de
rivatized anti-TAC in the presence of 0.025 M TMAC; (B) fluo
rescamine-derivatized anti-TAC in the presence of TMAPS; (C)
native (underivatized) anti-TAC in the presence of TMAC; and
(D) underivatized anti-TAC in the presence of TMAPS.
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The proper interpretation of data necessitates that
precautions be taken in designing the technical as
peets of the analysis. CE has many operational fac
tors that must be considered in order to obtain con
sistant reproducibility values for migration time
and peak area. At pH > 3.0, the surface of the
fused-silica capillary column is negatively charged
and proteins with a strong positive charge (basic
proteins) have a greater tendency to adhere to the
walls of the capillary column. As a consequence,
separation and recovery are poor and often the ad
sorption is irreversible.

The experiments described here demonstrate the
importance of blocking the negative charges in or
der to improve separation and quantification. Lithi
um chloride, tetramethylammonium chloride and
trimethylammonium propylsulfonate as running
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affinity to silicic acid groups than others because of
the nature and structural conformation of the mole
cule. The protein-adsorption blocking power of
some buffer constituents (e.g., tetraalkylamines)
can be attributed to their dual character as hydro
phobic electrolytes as the molecules have both apo
lar and polar properties. Zwitterions, having both a
positive and a negative charge in the molecule, can
also compete for the groups which attract proteins
to their surfaces and, in turn, prevent adsorption of
the proteins to the capillary walls. Adsorption is
only one of the factors that may affect the quantita
tive precision and accuracy of open-tubular free
solution CE [34]. It is possible that alternative ap
proaches, such as the use of gel-filled capillaries,
will minimize some sources of CE variability (e.g.,
diffusion) that may lead to quantification errors.
Many practical problems, however, remain to be
solved.

CONCLUSIONS

Resolution, recovery and reproducibility for pro
teins separated by CE are strongly compromised
when adsorption of proteins to fused-silica capil
laries occurs. Addition of alkylamines and/or zwit
terions improves the performance of separation and
enhances the efficiency, resolution and reproduci
bility for protein analytes. In addition, the forma
tion of f1uorescamine derivatives significantly af
fects the separation and enhances the sensitivity for
therapeutic proteins.
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ABSTRACT

The highly basic washing enzyme Savinase and various analogues were analysed by micellar electrokinetic chromatography (MEKC)
and electrophoresis. Broth samples were withdrawn during the cultivation of Savinase by recombinant microorganisms. Savinase peak
areas obtained by MEKC-electrophoretic analysis were normalized with respect to migration time and compared with traditional
enzyme activity measurements. The electropherograms indicated thermal degradation of the Savinase molecule at high field strengths.
Baseline separation of Savinase and two analogues was achieved.

INTRODUCTION

Analytical developments are essential in order to
achieve a more detailed knowledge of each of the
phases present during the production of a protein
by recombinant microorganisms. This includes all
the steps from the cultivation process via down
stream processing to the final product. During the
cultivation period, analysis should be performed at
frequencies that make it possible to follow the time
varying concentrations of the protein product and
key metabolites. For control purposes on-line mea
surements are preferred.

Whereas, e.g., pH, temperature and pOz are mea
sured on-line on a routine basis, the concentrations
of the protein product and key metabolites are most

Correspondence to: Dr. A. Vinther, Receptor Chemistry, Novo
Nordisk A/S, Novo Allt':, DK-2880 Bagsvaerd, Denmark.

often measured off-line with a time lag which makes
concentration-based control impossible. In some
instances the analytical results are obtained even
days after the cultivation process has been finished.

During the last 2-4 years, capillary electrophore
sis (CE) has evolved into a highly efficient separa
tion technique for the analysis of, e.g., peptides and
proteins [1-5]. With its simple automated instru
mentation and analysis times of the order of 5-15
min, CE is an obvious choice as a potential on-line
technique for the analysis of species where changes
are not too significant in that time range. Further
more, sample preparation prior to analysis can nor
mally be reduced to centrifugation and subsequent
ly dilution of the cultivation broth. The dilution
step is used to avoid reversed sample stacking con
ditions (which lead to excessive peak broadening
[6,7]) when high ionic strength samples (often the
case with cultivation broths) are analysed.

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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Generally, in CE the elution order of the analytes
is manipulated by changing the running buffer com
position rather than changing a column. As an ex
ample, one might determine the concentration of
the protein product in one running buffer, flush the
capillary with another buffer, introduce a new sam
ple plug from the sample vial and then determine
the concentration of various carboxylates and inor
ganic anions [8-10].

So far only a few groups have reported on the use
of CE during the cultivation and downstream
processing of recombinantly produced protein.
Paulus and Gassmann [11] used CE to control the
purity of recombinantly produced hirudin at differ
ent stages during the purification process. The full
length hirudin molecule (hirudin-65) was separated
from two major degradation products, hirudin-64
and -63 (missing one and two amino acids at the
C-terminus, respectively). Hurni and Miller [12] ap
plied CE analysis to samples from each of the indi
vidual purification steps during the production of a
recombinant hepatitis B vaccine expressed in Sac
charomyces cerevisiae. Banke et al. [13] used a com
mercial CE instrument for the fraction collection of
analyte bands in electropherograms of Aspergillus
cultivation broth samples. The fractions were ana
lysed for alkaline protease activity.

When cultivation broths are subjected to CE
analysis, the electropherograms are "fingerprints"
of the cultivation process at the specific time of sam
pling. Hence, in addition to being used to determine
the actual concentrations of various identified spe
cies, the electropherograms might be used in neural
nets for control purposes. In that way a knowledge
based correlation between the fingerprints and suc
cessful cultivations might be developed.

Savinase is a protease that is used as an ingre
dient of washing powder. It consists of 269 amino
acid residues and the relative molecular mass is ap
proximately 27 000. The isoelectric point is above
10.5 [14]. Here we report the CE analysis of culti
vation broth during the production ofSavinase by a
recombinant Bacillus strain.

EXPERIMENTAL

Materials
Samples of Savinase cultivation broth and stan

dards of Savinase and various analogues were ob-

A. Vinther et al. / J. Chromatogr. 608 (1992) 205-210

tained from Novo Nordisk A/S (Gentofte, Den
mark). Sodium dodecyl sulphate (SDS), disodium
hydrogen- and sodium dihydrogenphosphate were
purchased from Merck (Darmstadt, Germany), hy
droxypropylmethylcellulose (HPMC) from Sigma
(St. Louis, MO, USA) and 3-(cydohexylamino)-I
propanesulphonic acid (CAPS) from Fluka (Buchs,
Switzerland). The fused-silica capillaries were ob
tained from Polymicro Technologies (Phoenix, AZ,
USA). The pH of all buffers was adjusted with ei
ther I M HCI or I M NaOH.

Methods
All the CE experiments were performed on an

Applied Biosystems ABI Model 270A CE instru
ment. The fused-silica capillaries were total length
45 cm x 50 J.lm J.D. x 192 J.lm 0.0. The distance
from the introduction end to the point of detection
(effective length) was 25 cm. Sample was introduced
by means of a 16.8-kPa vacuum at the detector end
of the capillary. An air-bath thermostated the capil
lary at 30°C. The electropherograms were obtained
by UV absorbance detection at 200 nm. Hence, the
ordinate of the electropherograms shows the absor
bance and the abscissa the analysis time in minutes.
Sample preparation of the Savinase cultivation
broth samples prior to CE analysis consisted ofcen
trifugation and dilution with distilled water.

The traditional determination of Savinase in cul
ture broth is based on the hydrolysis of dimethylca
sein (DMC). The primary amino groups in the pep
tides formed in this process react with trinitroben
zenesulphonic acid (TNBS) to form a coloured
complex, which is continuously detected in order to
calculate the change in absorbance per unit time
[15].

RESULTS AND DISCUSSION

At neutral pH the surface of an uncoated fused
silica capillary is negatively charged. Hence, owing
to its high isoelectric point, positively charged Savi
nase molecules adsorb on the capillary surface
when CE analysis is performed in the free solution
mode (FSCE) at neutral pH. One way to reduce the
coulombic attraction between the Savinase mole
cules and the capillary surface is to titrate most of
the negative surface charge off the capillary wall by
lowering the buffer pH [5]. However, even in a 25
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mi n

Fig. I. MEKC--electrophoresis of Savinase cultivation broth
sample I. The pH 7.2 running buffer consisted of 25 mM phos
phate and 50 mM SDS. 9 kV was applied during analysis.

MIN
o.....

ther resolution was not achieved by addition of the
viscosity-increasing hydroxypropylmethylcellulose
(HPMC) at a 0.05% concentration.

Covalently coated capillaries have recently be
come commercially available. In these capillaries
the electroosmotic flow is eliminated, thus greatly
reducing coulombic interactions between the ana-

Fig. 2. MEKC-electrophoresis analysis of Savinase cultivation
broth sample II. The pH 9.5 running buffer consisted of 30 mM
phosphate and 50 mM SDS. 6 kV was applied during analysis.

mM phosphate buffer of pH 1.6, tailing of the Savi
nase peak indicated adsorption on the capillary
wall.

Another approach is to perform the analysis at a
pH above the Savinase isoelectric point where it is
net negatively charged. FSCE analysis was per
formed in a 100 mM CAPS buffer (pH 11.0). Con
cerning the sample solution, dilution of the culti
vation broth with the running buffer was superior
to dilution with distilled water or dilute acid with
respect to resolution between the Savinase and neu
tral species peaks. A highly alkaline pH of the sam
ple zone results in net negatively charged Savinase
molecules migrating electrophoretically in the op
posite direction of the detector and away from the
neutral zone. In general, however, separation of the
Savinase and neutral peaks was not satisfactory.

Addition of the anionic detergent SDS to the
buffer at a sub-micellar concentration did not im
prove the separation.

The next approach was to perform the CE analy
sis in the micellar electrokinetic chromatographic
(MEKC) mode [16,17]. In MEKC a detergent is
added to the buffer at a concentration above its crit
ical micellar concentration. Separation of the ana
lytes is based on a combination of differences in
electrophoretic mobilities (if the analytes are
charged) and different degrees of partitioning with
the charged detergent micelles. The detergent of
choice was the anionic SDS. Addition of SDS im
proved the separation of the Savinase and neutral
peaks. When a high concentration of anionic de
tergent molecules is added to the buffer at a pH
below the protein isoelectric point, the negatively
charged detergent molecule is attracted by the posi
tively charged protein. Further, the hydrophobic
tail of the detergent molecules can interact either
with other detergent molecules or with the hydro
phobic moieties of the protein. In this way the posi
tively charged protein has acquired a net negative
charge, thus no longer being attracted by the capil
lary wall. Hence, separations are based on MEKC
in addition to electrophoresis. This means of dy
namically coating the protein was performed at var
ious pH values below the isoelectric point of Savi
nase. Figs. 1 and 2 are electropherograms of two
Savinase cultivation broth samples obtained by
MEKC-electrophoresis analysis in pH 7.2 (Fig. 1)
and pH 9.5 (Fig. 2) SDS-phosphate buffers. Fur-
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lytes and the capillary surface. No attempts were
made, however, to perform the analysis in the
FSCE mode at neutral pH either in covalently or
dynamically [5] coated capillaries.·
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Thermal degradation of Savinase at high field
strengths

Fig. 3a-e show electropherograms of one Savi
nase cultivation broth sample obtained at 3, 9, 15,
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Fig. 3. Thermal degradation of Savinase at high field strengths. At high applied vohages the electropherograms indicate thermal
degradation of the Savinase molecules during CE analysis. Applied potential: (a) 3; (b) 9; (c) 15; (d) 18; (e) 20 kY. The pH 9.5 running
buffer consisted of 30 mM phosphate and 50 mM SDS.
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Fig. 4. MEKC-electrophoresis of Savinase cultivation broth.
Relative cultivation time: (a) 7.5%; (b) 48%; (c) 100%. The pH
9.5 running buffer consisted of 30 mM phosphate and 50 mM
SDS. 9 kV was applied during analysis.

Savinase concentration vs. cultivation time
Cultivation broth was sampled six times during

an extended Savinase cultivation and analysed by
HPCE in the MEKC-electrophoresis mode at pH
9.5. Three of the electropherograms are shown as
Fig. 4. Savinase elutes at ca. 7 min. In the initial
phase of the cultivation period Savinase is being
produced rapidly by the recombinant microorgan
isms. At later stages the Savinase peak area levels

18 and 20 kV, respectively, (field strength 65-450
Vjcm). Stacking conditions prevailed [6,7]. The
lower is the applied field strength, the larger are the
peak areas owing to decreasing velocities of the
analyte bands.

At potentials above 15 kV the electropherograms
indicate degradation of the Savinase molecule dur
ing analysis. At 20 JV it is almost totally degraded
owing to elevated temperatures in the capillary
tube. At 20 kV the current was 94 J1.A and the power
induction ca. 4.2 Wjm. The corresponding values at
18 kV were 79 J1.A and 3.2 Wjm. Conversion of the
power values to temperature elevations of the run
ning buffer by the use of the thermal model as de
scribed by Vinther and Soeberg [7] yielded temper
atures of 50 and 4YC, respectively. As stacking
conditions prevailed, the Savinase analyte zone
reaches even higher temperatures while still in the
originally introduced sample zone. Owing to the
thermolability of Savinase, high applied voltages
should therefore not be used in order to speed up
analysis.
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210 A. Vinther et al. f J. Chromatogr. 608 (1992) 205-210

peak areas therefore seem to be a simple and rapidly
obtained measure of Savinase activity.

Separation of Savinase variants
A sample containing Savinase and two variants

of Savinase were baseline separated by MEKC
electrophoresis at pH 7.2 (Fig. 6). Variant 2 =

M222A + G195E, variant I = GI95E + HI20D
+ K235L + *36D + N76D (amino acids number
ing according to the sequence of BPN' [18]).
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Fig. 6. Separation ofSavinase and two of its variants by MEKC
electrophoresis using a 25 mM phosphate-50 mM SDS buffer
pH 7.2. 8 kV was applied.

off and during the final part of the cultivation peri
od the peak area even decreases. The reason for the
decreasing peak area is probably autoproteolysis of
Savinase.

The six broth samples were also analysed with
respect to protease activity. Plots of relative enzyme
activity and integrated Savinase' peak areas (nor
malized with respect to migration time) are shown
versus the relative cultivation period in Fig. 5. The
Savinase peak areas were multiplied by an arbitrari
ly chosen constant in order to relate them to enzyme
activity (at the time of analysis the Savinase stan
dard was partly degraded). In the autoproteolysis
part of the cultivation period two peaks ascended in
the proximity of the Savinase peak, one on each
side. If these peak areas are added to the Savinase
peak area, the curve labelled MEKC corr curve in
Fig. 5 is obtained; this curve agrees well with the
enzyme activity curve. The integrated Savinase
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ABSTRACT

High-performance capillary electrophoresis (HPCE) was used to separate successfully distinct phosphorylated derivatives cifindivid
ual histone H I variants. With an untreated capillary (50 cm x 75 Jlm J.D.) the electrophoresis was performed in about 15 min.
Inconvenient interactions of these highly basic proteins with the capillary wall were eliminated by using O. I M sodium phosphate buffer
(pH 2.0) containing 0.03% hydroxypropylmethylcellulose. Under these experimental conditions the histone HI variants HIb and Hlc
obtained from mitotic enriched NIH 3T3 fibroblasts and isolated by reversed-phase high-performance liquid chromatography were
clearly separated in their non-phosphorylated and different phosphorylated forms. This result was confirmed by acid-urea gel electro
phoresis, comparison with non-phosphorylated histones HIb and HIc, isolated from quiescent 'NIH 3T3 cells, and incubation of
r.nulti-phosphorylated histone Rib with alkaline phosphatase and subsequent acid-urea and capillary electrophoresis. The results
illustrate that the application ofHPCE to the analysis of histone modifications provides a new alternative to traditional gel electropho
resis.

INTRODUCTION

One of the most widely utilized electrophoretic
methods for the study of histones and histone mod
ifications has been polyacrylamide gel electrophore
sis [1-4]. All methods of gel electrophoresis, how
ever, have shortcomings, e.g., the preparation and
the staining and destaining of gels is labour inten
sive and time consuming. In addition, with low
sample concentrations, specialized staining proce-

Correspondence to: Dr. R Lindner, Institute of Medical Chem
istry and Biochemistry, Fritz-Preglstrasse 3, A-6020 Innsbruck,
Austria.

dures are often required. Finally, gel electrophoretic
methods are unsatisfactory for precise quantifica
tion.

High-performance capillary eletrophoresis
(HPCE), combining the substantial advantages of
conventional gel electrophoresis and high-perform
ance liquid chromatography, was introduced by
Jorgenson and Lukacs [5] and has opened up new
prospects for the separation of biomolecules. In
HPCE, compounds are resolved according to their
ability to migrate in an electric field inside a fused
silica capillary. Nanolitre volumes or less of sample
can be separated and, in contrast to common gel
electrophoresis, rapid, quantitative, fully automat-

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.Y. All rights reserved
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ed and highly efficient analyses can be achieved. Al
though HPCE is still in its infancy, we have previ
ously shown the application of this technique to the
separation of core histones and their acetylated
modifications [6].

In this paper, we describe an efficient and rapid
method for analysing phosphorylated histone HI
variants by HPCE using untreated fused-silica cap
illaries.

EXPERIMENTAL

Chemicals
Hydroxypropylmethylcellulose (HPMC) (4000

cP) and trifluoroacetic acid (TFA) were obtained
from Sigma (Munich, Germany), ethylene glycol
monomethyl ether (EGME) from Aldrich (Stein
heim, Germany), Triton X-100, Tris and phenyl
methanesulphonyl fluoride (PMSF) from Serva

. (Heidelberg, Germany) and colcemid, foetal calf se
rum (FCS), Dulbecco's minimum essential medium
(DMEM), phosphate-buffered saline (PBS) and
HAM's medium F12 from Boehringer (Mannheim,
Germany). All other chemicals were purchased
from Merck (Darmstadt, Germany).

Cell line and culture conditions
Mouse NIH 3T3 fibroblasts were grown in

monolayer cultures and cultivated in DMEM sup
plemented with 10% FCS, penicillin (60 ,ugjml) and
streptomycin (100 ,ugjml) in the presence of 5%
COz. For synchronization, cells were seeded at a
density of 4· 105 cells per dish (48 cmZ

) and grown
for 12 h in normal supplemented DMEM. The cells
were then washed once with prewarmed PBS and
then incubated in starvation medium (a 1: 1 mixture
of HAMs medium F12 and DMEM) supplemented
with 0.1 % FCS for 72 h to accumulate the cells in
GOjG1 phase. To release the cells from the GOjG1
phase arrest, fresh medium supplemented with 10%
FCS was added. After 18 h of stimulation, colcemid
(0.06 ,ugjml) was added to the cultures for 6 h, then
the cells were harvested.

Isolation of whole histones
GOjG1 phase- and colcemid-treated cells were

washed twice with ice-cold PBS and incubated in
iJCe-cold lysis buffer [0.05 M Tris-HCl (pH 7.5)
0.025 M KCl-O.Ol M CaClz-0.01 M MgCl z-0.25
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M sucrose-0.01 M 2-mercaptoethanol-0.001 M
phenylmethanesulphonyl fluoride-O.l % Triton
X-lOa] for 5 min and were removed from the dish
with a "rubber policeman". Nuclei were pelleted at
2500 g for 15 min at 4°C and washed with lysis buff
er without Triton X-100. Whole histones were iso
lated from the resulting nuclear preparation by ex
traction with 0.2 M HzS04 at 4°C for 1 h. After
centrifugation at 10 000 g in a microfuge for 20 min,
the supernatant was mixed with five volumes of
chilled acetone-HCl (98:2). After 12 h, the precip
itated histones were centrifuged at 10 000 g for 20
min, washed twice with pure acetone, dissolved in
water containing 0.01 M 2-mercaptoethanol and
lyophilized.

High-pelformance liquid chromatography
The equipment used consisted of two Model

114M pumps, a Model 421A system controller and
a Model 165 variable-wavelength UV-VIS detector
(Beckman Instruments, Palo Alto, CA, USA). The
effluent was monitored at 210 nm and the peaks
were recorded using Beckman System Gold soft
ware. The protein separations were performed on a
column (125 mm x 8 mm LD.) filled with Nucleosi1
300-5 C4 (Machery-Nagel, Duren, Germany). The
lyophilized proteins were dissolved in water con
taining 0.1 % of trifluoroacetic acid and samples of
100 Jig of histones were injected on to the column.
At a constant flow-rate of 1 mljmin the HI histones
were eluted within 35 min using a linear gradient
from 41 to 61 % B (solvent A = water containing
10% of EGME and 0.1 % of TFA, solvent B
10% EGME-70% acetonitrile-O.1 % TFA).

Polyacrylamide gel electrophoresis
Histone fractions from HPLC runs were collect

ed, lyophilized and stored at - 20°C. Histones HI
were analysed by SDS polyacrylamide gel electro
phoresis (PAGE) (15% polyacrylamide, 0.1 % SDS)
as described by Laemmli [1], and by acid-urea (AU)
PAGE (15% polyacrylamide, 0.9 M acetic acid, 2.5
M urea) according to Lennox et al. [4]. The gels
were stained with 0.1 % Serva Blue R in 40% etha
nol~5% acetic acid and destained overnight in 20%
ethanol-5% acetic acid.

Incubation of histones HI with alkaline phosphatase
To prevent the appearance of phosphorylated
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bands in AU-PAGE and in HPCE, the isolated his
tones were incubated with alkaline phosphatase.
About 100 J1g of whole histones in 0.25 ml of 0.01 M
Tris-HCl (pH 8.0) and 0.001 M phenylmethylsul
phonyl fluoride were mixed with 210 J1g of Escher
ichia coli alkaline phosphatase (60 units/mg; Sigma)
for 12 h at 37°C according to Sherod et al. [7].

Capillary electrophoresis
HPCE was performed on a Beckman system P/

ACE 2100 controlled by an AT386 computer. Data
collection and post-run data analysis were carried
out using PlACE and System Gold software (Beck
man Instruments). The capillary cartridge used was
fitted with 75 J1m J.D. fused silica of 58.8 em total
length (50 em to the detector). Protein samples
(concentration 0.5 mg/ml) were injected by pressure
for 5 s and on-column detection was performed by
measuring UV absorption at 200 nm. An untreated
capillary was used in all experiments, but after every
5-10 injections the capillary was rinsed with water,
0.1 M NaOH, water, 0.5 M H 2S04 , water and final
ly with the running buffer. Washing with each sol
vent was applied for 2 min. Runs were carried out in
0.1 M phosphate buffer (pH 2.0) containing 0.03%
HPMC at constant voltage (16 kV) and a capillary
temperature of 20°e.

RESULTS AND DISCUSSION

The utility of HPCE for the separation of small
molecules has been demonstrated [8-10]. However,
the application of this new technique to the analysis
of proteins can be problematic as they often tend to
interact with the negatively charged silanol groups
of the capillary wall. These interactions result in
band broadening and tailing with significantly re
duced separation efficiency and a non-linear rela
tionship between measured absorption values and
analyte concentration. Such non-specific adsorp
tion effects may be overcome by the use of buffer
pH values higher than the pI of proteins [11], the
use oflow-pH buffer systems [12], the application of
dynamic coating agents, which interact weakly with
the capillary surface and are generally added to the
separation buffer [13], and chemical derivatization
of the silanol groups [5,14,15]. Combinations of
these systems have also been described [16].

For the analysis of core histones and their acetyl-
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Fig. I. Separation of HI histones by RP-HPLC. Amounts of 100
pg of protein samples isolated from mitotic enriched NIH 3T3
fibroblasts were injected on to a Nucleosil 300-5 C4 column.
Flow-rate, I ml/min. A linear acetonitrile gradient was used with
an increase in solvent B (70% acetonitrile) from 43 to 63% with
in 45 min. Absorbance was monitored at 210 nm. The purified
HI subtypes were lyophilized and analysed by HPCE and
PAGE.

ated modifications, we have recently described an
efficient HPCE method [6]. In this work, we have
investigated the potential utility of HPCE for the
separation of distinct phosphorylated linker histone
variants. For this purpose, whole histones were ex
tracted from mitotic enriched mouse NIH 3T3 fi
broblasts containing highly phosphorylated HI his-
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- -
Hlb Hlc

b

P3
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-==- ---:::: P1
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Fig. 2. Gel electrophoresis of multi-phosphorylated histone HI
variants separated by the HPLC system used in Fig. 1. (a) SDS
gel electropherogram; (b) AU gel electropherogram.
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tone variants. In order to obtain these HI subtypes
we used reversed-phase (RP) HPLC, which has
been demonstrated to be an excellent technique for
the separation of the very lysine-rich histones [17
19]. As shown in Fig. 1, five HI subfractions were
clearly separated from each other: histone HI0

,

HIb, HIa, a mixture of HId and HIe and finally
HIe. For our investigations we used the subtypes
Hlb and HIe, which are known to be phosphory
lated in interphase and mitotic cells to a larger ex
tent [20]. The purity of the histone samples was
checked by SDS-PAGE (Fig. 2a). Neither fraction
Hib nor HIe is contaminated with any other pro
teins, but they consist of a mixture ofnon-phosphor
ylated and different phosphorylated forms which
are resolved in acid-urea gels (Fig. 2b). These mod
ified protein variants, however, cannot be separated
by RP-HPLC. It should be mentioned that the mi-

nor band migrating just above the main component
in Fig. 2a represents phosphorylated histone HI b,
whose shift is caused by a conformational change of
the modified histone [4]. The histone fractions HI b
and HIe obtained by HPLC (Fig. 1) were subjected
to capillary electrophoresis.

Fig. 3a and b show the HPCE runs of the histone
fractions Hib and HIe, respectively, obtained by
HPLC (Fig. 1). The parent histone variants and the
different phosphorylated derivatives were clearly
separated in 0.1 M phosphate buffer (pH 2.0) con
taining 0.03% HPMC within about 15 min. The
histone fraction HI b (Fig. 3a) was baseline separat
ed into six peaks: HI b-po, the fastest migrating
component representing the non-phosphorylated
HI b variant, followed by five different phosphoryl
ated forms designated HI b-p 1 to HI b-ps. The num
ber of peaks in the e1ectropherogram (Fig. 3a) cor
responds to the number of bands in the acid-urea
gel (Fig. 2b, left) In addition, the relative amounts
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Hlb Hlc

Fig. 5. AU gel electrophoresis of non-phosphorylated histone H I
variants. Non-phosphorylated histone variants Hlb and Hlc
were isolated from quiescent NIH 3T3 fibroblasts by RP-HPLC
as in Fig. I and subjected to AU gel electrophoresis.

of the individual peaks coincide with those of the
bands. The histone fraction Hlc consisting of four
bands in the AU gel (Fig. 2b, right) was separated
by HPCE (Fig. 3b) into five peaks, a non-phosphor
ylated (Hlc-po) and four phosphorylated HI de
rivatives (Hlc-P1 to Hlc-P4)'

In order to prove the existence ofmulti-phosphor
ylated forms of histones Hlb (Fig. 3a) and Hlc
(Fig. 3b), we analysed these two histone HI variants
obtained from quiescent NIH 3T3 fibroblasts by
HPLC (data not shown) and subsequently by
HPCE. As slowly or non-dividing cells contain HI
histones primarily in their non-phosphorylated
form [7], we expected only a single peak in the cor
responding electropherogram. In fact, we found
that both histone fractions HIband Hlc consist of
a single peak each, designated HI b-po (Fig. 4a) and
Hlc-po (Fig. 4b), respectively. The purity of these
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Fig. 6. Removal of phosphate from histone Hlb by alkaline
phosphatase. Multi-phosphorylated histone variant HI b was
isolated from mitotic enriched NIH 3T3 fibroblasts RP-HPLC as
in Fig. I, digested with alkaline phosphatase as described by
Sherod et al. [7] and subjected to HPCE. Electrophoretic condi
tions as in Fig. 3. The inset shows the corresponding analysis by
AU gel electrophoresis. HI b-po = Non-phosphorylated histone
Hlb; Hlb-Pl and Hlb-P2 = distinct phosphorylated forms of
histone Hlb.
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histone variants was checked by AU-PAGE (Fig.
5).

In a further experiment, the same material as
used for the HPCE analysis shown in Fig. 3a was
digested with alkaline phosphatase. After treatment
with the enzyme, the sample was chromatographed
(data not shown) and subjected to HPCE (Fig. 6).
In contrast to Fig. 3a, only three peaks of histone
HI b were detectable: one prominent peak consist
ing of non-phosphorylated histone HI b (designated
HI b-po) and two minor peaks of different
phosphorylated histones HI b (P1 and pz). There
fore, the total loss of the highly phosphorylated
forms of Hlb-P3 to Hlb-ps and the dramatic de
crease in Hlb-pz and Hlb-p'1 confirm our assign
ment in Fig. 3.

CONCLUSION

The first application of HPCE to the analysis of
phosphorylated HI histones has been described.
With an untreated capillary and a phosphate buffer
system (pH 2.0) containing the dynamic coating
agent hydroxymethylpropylcellulose, remarkable
results were obtained. This new technique permits
an excellent resolution of non-phosphorylated and
different phosphorylated HI histone variants within
about 15 min and therefore provides an important
alternative to the traditional gel electrophoresis.
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ABSTRACT

This paper describes an ultramicro method for achieving enzyme assays. Enzyme saturating concentrations of substrate, coenzyme
when appropriate, and running buffer were mixed and used to fill a deactivated fused-silica capillary in a capillary zone electrophoresis
apparatus. The enzyme glucose-6-phosphate dehydrogenase was injected by either electrophoresis or siphoning and mixed with the
reagents in the capillary by electrophoretic mixing. Enzyme activity was assayed by electrophoresing the product, reduced nicotinamide
adenine dinucleotide phosphate, to the detector where it was detected at 340 nm. Under constant potential, the transport velocity of
enzyme and the product was generally different. This caused product to be separated from the enzyme after it was formed. Because
product formation was much faster than the rate of enzyme-product separation, product accumulated. The amount of accumulated
product was inversely related to operating potential. In the extreme case, the operating potential was zero. Zero potential assays were
generally carried out by electrophoresing the enzyme partially through the capillary and then switching to zero potential. This capillary
was left at zero potential for several minutes to allow additional product to accumulate. After this additional amplification step,
potential was again applied and the product transported to the detector. Product formed under constant potential appears as a broad
peak with a flat plateau. When the voltage is switched to zero at intermediate migration distance, a peak will be observed on top of this
plateau. Either the eight of the plateau or the area of the peak may be used to determine enzyme concentration. The lower limit of
detection was 4.6 . 10- 17 mol of glucose-6-phosphate dehydrogenase.

INTRODUCTION

Correspondence to: Dr. F. E. Regnier, Department of Chem
istry, Purdue University, West Lafayette, IN 47907, USA.

Enzymes are often identified and quantitated by
measuring their biological activity, i.e. their cata
lytic behavior. The Michaelis-Menten equation

shows that the initial reaction rate of a single sub
strate with an enzyme is related to three variables;
the maximum velocity (Vrnax ) of the enzyme at sub
strate saturation, substrate concentration [S], and a
rate constant (Krn) unique to each enzyme. At high
concentrations of substrate, v will approach Vrnax

and remain constant until either (i) substrate deple
tion begins to occur or (ii) sufficient product accu
mulates to cause product inhibition. Short reaction
times circumvent both of these problems. This

equation shows that an enzyme may be assayed in
two ways by measuring either the rate of product
formation or the amount of product formed in a
fixed time. To assay an enzyme by either of these
techniques requires three steps: initiation of the re
action by rapid mixing of the reactants, a period of
incubation during which product accumulates, and
a method for measuring the amount of product
formed.

There are several problems associated with assay
ing enzymes in very small volumes of liquid, partic
ularly in the case of enzymes that have been sep
arated in a capillary electrophoretic system. The
first is to mix the reactants rapidly without perturb
ing the separation. One technique is to attach a
post-column reaction detector to the capillary [1] as
has been done in liquid chromatography [2-4]. Sub
strate is added to the system through a mixing-tee at
the end of the electrophoresis column and the reac
tion mixture is pumped into a second capillary.

(1)v = (Vrnax[S])/(Krn + [S])

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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Product detection is achieved at the end of the sec
ond capillary with a conventional capillary electro
phoresis detector. Because the transit time between
the mixing-tee and detector is constant, this system
approximates a fixed time assay.

A second problem is to minimize band spreading
during the mixing and incubation phases of the re
action. The challenge in post-column reaction de
tectors attached to a capillary separation system is
to blend nanoliter streams of eluent and substrate
within a few seconds and transport the reactants
through a laminar flow system to the detector with
minimal band spreading.

Still another problem is how to deal with enzymes
that are dilute or have a low turn-over number.
Longer incubation times are required to accumulate
sufficient product for detection. It is very difficult to
achieve incubation times of more than a few min
utes in post-column reaction detectors [5]. To do so
requires either very long reactors or stopped-flow.

This paper reports a new technique for achieving
enzyme assays in a capillary electrophoretic systems
using glucose-6-phosphate dehydrogenase (G-6
PDH, Ee 1.1.1.49) as a model enzyme. G-6-PDH
has be found in almost all animal tissues and micro
organisms in which it catalyzes the first reaction in
the hexose monophosphate shunt pathway. Since
the erythrocyte lacks the citric acid cycle, it depends
on the pentose phosphate pathway for its only sup
ply of NADPH, which is required to maintain the
intracellular concentration of reduced glutathione.
Deficiency of G-6-PDH is an inherited trait, for
which more than 80 variants of the enzyme have
been described. The clinic biochemistry of G-6
PDH deficiency is of great importance and has been
extensively reviewed [6].

THEORY

Enzymatic catalysis may be portrayed as the re
action of an enzyme (E) with a substrate (S) to form
an enzyme-substrate complex (ES) which then de
composes to a product (P) and regenerates the en
zyme.

(2)
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Depending on the charge characteristics of these
substances, they may have different electrophoretic
mobilities. This simple fact could be of great use
when carrying out ultramicro enzyme assays. As
suming that an enzyme has a net charge of + 10, the
substrate a net charge of - 2, and the product a net
charge of -1, the electrophoretic mobility of the
enzyme would be much greater than that of the sub
strate or product and in the opposite direction. A
band of enzyme could be made to rapidly overtake
a band of substrate by applying potential across the
system. The use of electrophoretic transport to
merge reagents is a form of mixing. This electropho
retic mixing has several advantages. First, there is
little or no dilution when two zones are electropho
retically mixed. Simple diffusion is the only force
working to spread and dilute bands in electropho
retic systems [7]. The second advantage of this ap
proach is that turbulence is not required for mixing
and band spreading will be minimal. The only ex
ception would be in systems that are dominated by
electro-osmotically driven turbulent flow. A third
positive feature of electrophoretic mixing is that
mixing may be achieved in seconds when the bands
or zones are small.

Following mixing, most of an enzyme will be se
questered in the enzyme-substrate (ES) complex. In
the example given above, the charge of ES would be
the net of E + S, i.e. 10 - 2 = 8. The fact that the
electrophoretic mobility of the ES complex can be
different than either E or S is well known in affinity
electrophoresis [8,9]. Techniques have even been de
veloped to determine binding constants based on
the differential electrophoretic mobility of the reac
tants [10]. Because enzyme assays are carried out
under substrate saturating conditions, we will as
sume in the remainder of this discussion that the
electrophoretic mobility of the enzyme is that ofES.

Subsequent to the mixing of reactants, incuba
tion in an electrophoretic system could be carried
out in two ways. One would be in the zero potential
or stopped-flow mode. At zero potential, neither
electrokinetic nor electrophoretic transport occurs
and the reactants would stay mixed in a single zone
where product would accumulate. This corresponds
to a fixed time reaction in conventional enzyme as
says. A second method would be to carry the assay
out under constant potential. In this model, the re
actants would be mixed and separated from prod-
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A

TIM!;:

Fig. 1. Predicted models showing various electropherograms in
capillary electrophoretic enzyme assay. The moving velocities
are (A) ES > P and (B) P > ES. A multiple isoenzyme form is
shown in (C) with the moving velocity of their common product
smaller than those of these isoenzymes.

(iii) capillaries would have been sufficiently deacti
vated that adsorption of enzymes to the capillary
walls does not occur, (iv) the enzyme does not ab
sorb at the wavelength chosen for product detec
tion, and (v) assays will be carried out in a conven
tional capillary zone electrophoresis system.

The theoretical elution profile of an ES-P system
in which the transport velocity ofES > P would be
as shown in Fig. lAo Because the ES complex mi
grates at a higher velocity than the product, the first
product detected at point A in the e1ectrophero
gram will be that which was formed as the enzyme
migrated past the detector. In contrast, product de
tected at point B is that which was formed when the
enzyme was introduced at the inlet of the capillary.
The peak or spike at B is an artifact that is the result
of product formed between the time that enzyme
was introduced into the capillary and potential was
applied. During this time the capillary was at zero
potential and product accumulated. The electro
pherogram for an ES-P system in which the trans
port velocity ofP > ES would be the opposite (Fig.
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uct continuously. Product accumulation and the
possibility of an assay would seem to be precluded
by continuously separating the enzyme from prod
uct. However, enzyme catalysis occurs orders of
magnitude faster than the rate of separation. In es
sence, enzyme assays carried out under constant po
tential correspond to short, fixed time assays. Prod
uct formation on a molar basis could be 102-104

times greater than the amount of enzyme, depend
ing on the turn-over-number of the enzyme and the
potential applied across the zone.

Product detection in the electrophoretic systems
described above could be achieved in several ways.
In the first, the incubation chamber and optical part
of the detector could be juxtapositioned in a man
ner that would allow absorbance measurements to
be made on the incubation mixture. This would be
technically difficult and would probably introduce
large measurement errors in microsystems. Detec
tion systems that image the whole capillary would
probably be the only way detection could be
achieved in this manner [11]. A second method
would be to transport the product to a fixed detec
tor by some combination of electrophoretic and
electrokinetic transport. This approach would
adapt readily to capillary electrophoretic (CE) sys
tems. The negative feature of this product transport
solution is that some band spreading would occur
during transport. Because CE systems produce
more than 105 theoretical plates, this will probably
be a small problem.

An enzyme assay could be carried out in the fol
lowing way. A surface-deactivated capillary would
be filled with an enzyme saturating concentration of
substrate, buffer, and all the ingredients necessary
for the enzyme assay. Enzyme would be introduced
as in any CE system; either by suction or by electro
kinetic injection. Subsequent application of poten
tial to the capillary would mix the reactants and
allow the reaction to start. As noted above, product
and enzyme-substrate complex would be transport
ed through the capillary at different velocities in all
but rare cases. Product formation would continue
until the enzyme exits the system. In all of the sys
tems discussed below it is assumed that (i) there will
be some small negative charge on the walls of the
fused-silica capillary, (ii) this negative charge would
produce electro-osmotic flow that transports liquid
from the anodic to the cathodic end of the capillary.
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Capillary Coating
An epoxy based coating was applied to the fused

silica capillaries used in this study [13,14]. Fused
silica capillaries were activated with 1.0 M NaOH
prior to derivatization with GOX. The GOX-bond
ed phase was further crosslinked with EGDE using
DABCO as the catalyst. Non-bound monomer and
oligomers were forced out of the column with pres-

Materials
G-6PDH, G-6-PDH reagent and G-6-PDH sub

strate solutions were purchased from Sigma (St.
Louis, MO, USA). Reagents were prepared and the
assay carried out according to the literature [12].
Ethyleneglycol diglycidylether (EGDE), 3-glyci
doxypropyltrimethoxysilane (GOX), 1,4-Diazabi
cyclo[2.2.2]octane (DABCO), mesityl oxide, sol
vents and buffers were obtained from Aldrich (Mil
waukee, WI, USA). Buffers were prepared with
deionized, doubly distilled water.

EXPERIMENTAL

tion period. An illustration of the use of this pro
grammed potential during the course of an assay to
enhance sensitivity is shown in Fig. 2. Either peak
height or area above the «onstant potential plateau
can be used in quantitation.

Instrumentation
Assays were carried out on two systems. The first

was an ISCO 3850 CE system (Instrument Special
ties, Lincoln, NE, USA) which was interfaced to a
personal computer using Inject software to collect
and process data. This software was obtained from
Bioanalytical Systems (Lafayette, IN, USA). The
second CE system was in-house design [14]. Poly
amine-coated, fused-silica capillaries (Polymicro
Technologies, Phoenix, AZ, USA) of and 35-60 cm
x 50 Jim I.D. x 360 Jim O.D. were used to prepare
the columns. The separation lengths were varied
from 15-40 cm. Detection was achieved with a vari
able-wavelength UV absorbance detector (Model
V4, Instrument Specialties). Protein elution was
monitored at 200 nm and the product NADPH at
340 nm. The neutral marker mesityl oxide was de
tected at 254 nm. Strip chart recordings were ob
tained with a Linear 2000 (Linear, Reno, NV, USA)
recorder.

.------------- ON

_f

I---.JL...--.l..------------ opp

TIME .

Fig. 2. Proposed potential program and the corresponding elec
tropherogram.

High Potential

IB). The first product to reach the detector at point
A would be that which was formed at the capillary
inlet. The last product arriving at point B would be
that which was formed as the enzyme passes the
detector. The transport time of the enzyme and rel
ative transport velocities of ES and P are easily rec
ognized in the electropherograms. When the arti
fact peak elutes last at point B, the transport veloc
ity of ES > P and point A is the transit time of the
enzyme. The opposite is true in the case where the
transport velocity of P > ES. In the case of isoen
zymes it is expected that one would see multiple
peaks similar to the illustration in Fig. 1C.

The height of the plateau above the baseline in
dicated by C in Fig. 1 will be directly proportional
to enzyme concentration at constant potential. Sen
sitivity will be inversely related to potential, highest
sensitivity being obtained at low potential where the
greatest amount of product can accumulate before
the separation ofES and P. The extreme case would
be at zero potential. Switching to zero potential for
a fixed time intermediate in the transit of enzyme
through the system enables more product to be ac
cumulated and sensitivity to be enhanced. The idea
is to stop the power supply before the enzyme pas
ses the detection window and let the enzyme cata
lyze the reaction to accumulate NADPH in its posi
tion. When the power is turned on again the enzyme
will be separated from the formed NADPH and a
peak will be seen on the plateau and indicate the
amount of NADPH formed during the accumula-
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surized nitrogen and the column was washed with
methanol.

Electrophoresis procedures
Protein samples were injected by siphoning. The

inlet end of the capillary was inserted into the pro
tein sample and raised about 5 cm for 5 s. Neutral
marker was introduced into the capillary in the
same way. The running buffer contained all the re
agents necessary to assay G-6-PDH. Assay reagents
were reconstituted according to the reagent supplier
(Sigma). The buffer solution contained 0.7 mmol/I
glucose-6-phosphate (G-6-P), 0.5 mmol/I of the
coenzyme nicotinamide dinucleotide diphosphate
(NADP) and 4 mmol/I maleimide, in addition to a
stabilizer and lysing agent. Operating current was
controlled within the range 35-50 /lA by limiting
the applied potential. In no case was a capillary op
erated above 60 /lA. All assays were carried out at
ambient temperature without temperature control.
Capillaries were cleaned by flushing with 0.01 M
sodium hydroxide, doubly distilled water, and then
the working buffer solution.

RESULTS AND DISCUSSION

Assay system
G-6-PDH, also referred to as D-glucose-6-phos

phate:NADP oxidoreductase, was chosen to exam
ine ultramicro enzymes assays because this enzyme
may be readily assayed spectrophotometrically [15].
G-6-PDH oxidizes G-6-P to 6-phosphogluconate
(6-PG) while reducing NADP to its reduced form
NADPH in the presence of G-6-P.
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Fig. 3. The absorbance as a function of wavelength, in (A) G-6
PDH, (B) running buffer.

idized to produce a second mole of NADPH. Addi
tion of maleimide to the incubation mixture will in
hibit 6-PGDH.·

It is necessary to eliminate protein adsorption in
fused-silica capillaries used for enzyme assays. En
zyme immobilized by adsorption at the capillary

G-6-P +NADP+ G-6-PDH> 6-PG +

NADPH + H+ (3)

O.IOC-O----.--.,-----.----.--.-----.---,

0.080

The absorbance spectrum of the product NADPH
is uniquely different than that of either the assay
reagents or the enzyme (Figs. 3 and 4) and may be
used to monitor the reaction [IS]. It is seen that
NADPH has an adsorption maximum at 340 nm
(e = 6.22· 106 cm2/mol). The enzyme 6-phospho
gluconate dehydrogenase (6-PGDH) can interfere,
such as in serum samples contaminated with 6
PGDH from erythrocytes. In the presence of 6
PGDH, 6-phosphogluconic acid may be further ox-
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Fig. 4. The absorbance of the reaction system around 340 nm
increases as a function of time. (A) 2, (B) 4, (C) 6, (D) 8, (E) 10
and (F) 28 min.
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wall causes a series of problems including (i) mixed
homogeneous and heterogeneous catalysis, (ii) er
rors in quantitation from a reduction in product
yield, and (iii) increased signal background in sub
sequent assays. Deactivation was achieved by using
a covalently bonded epoxy polymer layer [13,14].
This coating has been shown to give more than 95%
recovery of proteins in capillary zone electrophore
sis (CZE). Electro-osmotic flow in these deactivated
capillaries is substantially reduced and negatively
charged species, such as NADPH, can require 20
30 min pass to through 30-cm capillaries. Because
G-6-PDH has a relatively high pI value, it is trans
ported more quickly. The electrophoretic mobilities
of G-6-PDH and NADPH were found to be 5 and
18 min, respectively (data not shown).

Assay protocol
A CZE system was used in which the buffer tanks

and capillary had been filled with running buffer
containing all the reagents necessary for an assay
except the enzyme. Sample enzyme was introduced
into the capillary by injection as in CZE and poten
tial applied to mix the reactants. Product formation
was measured with a UV detector at 340 nm. As
says were carried out in two ways: (i) a constant
potential mode in which the reactants remained un
der constant potential throughout the course of the
assay and (ii) a zero potential mode in which the
separation of reactants is stopped during part of the
assay.

Constant potential assays. The electropherogram
in Fig. 5a of a G-6-PDH assay obtained under con
stant potential has the general shape predicted in
the Theory (Fig. 1) for an enzyme having a greater
transport velocity than the product of the reaction
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Fig. 5. Typical electropherograms showing the formation of
NADPH during the process of G-6-PDH migration through the
capillary. (A) Short separation length or high potential situation,
(B) long separation length or low potential situation.

Fig. 6. Electropherograms showing the accumulated peak result
ing from the packed reaction at different running times. (A)
NADPH accumulated at the beginning before the electrophore
sis started, (B) NADPH accumulated just before G-6-PDH
passed the detection window.
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Fig. 8. The relationship between the accumulated NADPH peak
area and the concentration of enzyme.
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Fig. 7. The accumulation ofNADPH by switching to zero poten
tial results in a distinct peak on the plateau. The area of this
typical peak may be integrated to give information on enzyme
activity.
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electropherogram of a sample estimated to con
tained 4.6 . 10 -1 7 mol of G-6-PDH is shown in Fig.
7. This estimate is based on the assumption of a 2-nl
injection volume. Note the peak at 20 min which
resulted from the 5-min zero potential incubation.
The dose response curve for G-6-PDH using this
assay procedure is shown in Fig. 8. Data for this
figure were obtained from Table I. Quantitation is
based on determinations of the peak area above the
constant potential product plateau in the electro
pherogram. A solution containing one unit/ml of
G-6-PDH is approximately 3· 10- 8 M. No attempt

it catalyzes. This is interpreted to mean that the the
ory proposed to describe enzyme assays in a capil
lary electrophoretic system is generally correct. The
total time required for the assay in this case is slight
ly less than 12 min. When a longer capillary was
used with a more dilute solution of enzyme it is seen
(Fig. 5b) that plateau height is lower and the elution
time of the enzyme is longer. Data collection was
terminated in this case before the trailing injection
artifact peak eluted. The height of the injection arti
fact peak was variable and of no analytical value.
The size of the injection artifact peak was found to
be related to the volume and degree of mixing dur
ing the injection, enzyme concentration in the sam
ple, and the time elapsed between injection and the
start of electrophoresis. An example of allowing
several minutes to elapse between injection and the
start of electrophoresis is shown in Fig. 6a. For
comparison, the sample was injected quickly and
the potential dropped to zero for several minutes
before the enzyme passed the detector (Fig. 6b).
The large peak at approximately 8 min is the result
of an interruption of several minutes in the poten
tial, 5 min into the run.

Analysis time could also have been decreased be
low 12 min without loss in sensitivity by shortening
the capillary. The optimum length in terms of mini
mizing analysis time would be the length required
for the product elution curve to plateau. Increasing
the potential to shorten analysis time was found to
be counter-productive. As predicted, increasing the
potential diminishes product accumulation and sen
sitivity.

The small peak eluting at 3.5 and 6.0 min in Figs.
5a and 5b was not predicted in the Theory. This
peak adsorbed at 200 and 340 nm and is thought to
be a protein in the sample that either adsorbs at 340
nm or binds NADPH but does not play a role in
catalysis.

Zero potential assays. Switching the potential to
zero before the enzyme elutes from the capillary al
lows one to increase the incubation time and con
commitantly sensitivity. Zero potential assays were
carried out in a 4l-cm segment of capillary with the
detector set 17.8 cm from the inlet. At 8700 V G-6
PDH reached the detector in approximately 6 min.
The potential was interrupted after 3 min and held
at zero potential for 5 min after which the potential
was returned to 8700 V for product elution. An
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TABLE I

G-6-PDH ACTIVITIES OBTAINED BY CAPILLARY ELECTROPHORESIS ASSAY

Experimental conditions: column, 41 cm GOX-EGDE coated capillary with a separation length of 17.8 cm (50}lm I.D.); power supply,
8700 V, 50 }lA; detectio'n, 340 nm; sensitivity, 0.02 a.u.; injection, 10 s.

Assay G-6-PDH G-6-PDH G-6-PDH Peak area
number activity concentration quantity (arbitrary)

(EU)" (M) (mol)

1 0.75 2.3' 10- 8 4.6' 10- 17 85241
2 1.50 4.6' 10- 8 9.2: 10- 17 164554
3 3.75 1.15· 10- 7 2.3 . 10- 16 386763
4 7.50 2.3 . 10- 7 4.6. 10- 16 760207

a EU represents enzyme unit as defined in ref. 15.

was made to determine the linear dynamic range of
the assay. Based on macroscopic assays it could be
two orders of magnitude [15].

CONCLUSIONS

It may be concluded that small quantities of en
zyme may be detected in a CZE system by carrying
out the assay in the capillary. Assays are based on
the fact that transport velocities of the enzyme, re
agents, and product(s) are different under applied
potential and may be used both to mix the reactants
and separate the enzyme from product(s) after ca
talysis. Product is transported to the CZE detector
where product concentration is determined and re
lated to enzyme concentration. The detection limit
by this method appears to be three orders ofmagni
tude lower than by conventional methods.
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Capillary electrophoresis of hemoglobins and globin
chains
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ABSTRACT

Capillary isoeJectric focusing (clEF) and free zone capillary electrophoresis were evaluated for separation of native hemoglobins and
globin chains. High-resolution separations of adult human hemoglobin A, fetal human hemoglobin F, and hemoglobin variants Sand
C were obtained using clEF with cathodic mobilization. Absorbance detection in the UV and visible regions were compared, and
on-line fast UV or visible-wavelength scanning detection was used to obtain spectral information on separated components. Globin
chain analysis was performed on the same hemoglobin species by free zone capillary electrophoresis following precipitation of the
protein with acidic acetone. Free zone separations were carried out at low pH in the presence of 7 M urea.

INTRODUCTION

Analysis of the hemoglobin composition of hu
man blood is of major clinical interest because of
the number of disorders associated with abnormal
blood hemoglobin content [1,2]. These diseases are
grouped into anemias arising from the presence of
deleterious genes coding for defective sequence
variants of hemoglobins, and thalassemias charac
terized by abnormal levels of globin chains. Because
of the prevalence of genetically-derived anemias in
many populations, routine clinical screening for de
fective hemoglobins has been implemented in many
areas of the world. For example, the state of Cali
fornia in the USA has mandated screening of all
newborns for the presence of defective hemoglobins
in blood samples collected at birth. A second major
interest in clinical hemoglobin analysis is the deter
mination of glycosylated hemoglobins as a means
of monitoring long-term blood glucose levels in dia
betic patients.

A variety of analytical methods have been em-

Correspondence to: Dr. T. Wehr, Analytical Systems Division,
Life Science Group, Bio-Rad Laboratories, 2000 Alfred Nobel
Drive, Hercules, CA 94547, USA.

ployed for hemoglobin determinati0n including im
munoassay, gel electrophoresis, and gel isoelectric
focusing. More recently, high-performance cation
exchange chromatography has been applied to rou
tine screening of blood hemoglobins [3]. This meth
od has the advantages of rapid analysis times, auto
mated processing of large numbers of samples, and
quantitative analysis. High-sensitivity detection is
possible by the use of on-line absorbance detection
of native hemoglobins at visible wavelengths where
non-heme proteins do not interfere.

We are interested in the use of capillary electro
phoresis (CE) as an alternative technique for he
moglobins analysis. CE shares with high-perform
ance liquid chromatography (HPLC) the advantag
es of automation and on-line detection, and offers
separation modes which would be complementary
to chromatography. In addition, CE is truly a mi
croscale analytical method, consuming minute
amounts of sample per analysis compared to
HPLC. We have evaluated capillary isoelectric fo
cusing as a method for separation of intact hemo
globins, and investigated the use of UV and visible
scanning detection to identify and c1ifferentiate he
moglobin species. In addition, we have used free
zone electrophoresis under denaturing conditions

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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to separate the globin chains derived from hemo
globins.

EXPERIMENTAL

Materials
Hemoglobins A, F, Sand C were obtained from

Isolab (Akron, OH, USA). Bio-Lyte pH 3-10 am
pholytes and AG 501-X8 resin were obtained from
Bio-Rad Labs. (Richmond, CA, USA). Triton
X-lOO reduced was obtained from Aldrich (Mil
waukee, WI, USA). Reference standards of hemo
globin A, hemoglobins A + S, hemoglobins A + F,
and hemoglobins A + C were the generous gift of
Dr. Ken Dobra of the Bio-Rad Diagnostic Group.

Preparation of globin chains
One volume of hemoglobin sample was mixed

with 20-40 volumes of acidic acetone [2% concen
trated hydrochloric acid (36%) in acetone] and
stirred briefly. The mixture was held at 4°C for 30
min, then centrifuged for 2 min in a microcentri
fuge. After drawing off the supernatant, the precip
itate was washed twice with acetone and dissolved
in 10 mM sodium phosphate buffer (pH 3.2) + 7 M
urea + 0.1 % reduced Triton X-lOO. Prior to use,
the buffer and urea solution was stirred with AG
501-X8 resin to remove urea impurities.

Capillary electrophoresis
All separations were performed with the BioFo

cus 3000 automated capillary electrophoresis sys
tem (Bio-Rad Labs, Richmond, CA, USA). All
capillaries used in this study were coated internally
with a covalently-attached hydrophilic linear poly
mer [4]. Capillaries were enclosed in a cartridge for
mat and thermostated at 20°C by liquid cooling.
The distance from the monitor point to the capil
lary outlet was 4.5 cm.

Isoelectric focusing of hemoglobins was carried
out using 17 cm x 25 J1m J.D. coated capillaries.
Capillaries were purged with water and 10 mM
phosphoric acid between separations. Hemoglobin
samples were mixed with pH 3-10 ampholytes to a
final ampholyte concentration of 2% and total he
moglobin concentration of about I mg/m!. The
sample + ampholyte mixtures were pressure-inject
ed into the capillary at 100 p.s.i. (689 476 Pa) for 60
s. Focusing was carried out at 7 kV constant voltage

M. Zhu et al. / J. Chromatogr. 608 (1992) 225-237

for 5 min using 40 mM sodium hydroxide as cath
olyte and 20 mM phosphoric acid as anolyte. Cath
odic mobilization was performed by replacing the
catholyte with a proprietary zwitterionic solution
(Bio-Rad Labs.). Mobilization voltage was 8 kV.
Single wavelength mode detection was at 280 nm; in
scanning mode, spectra were acquired at 5-nm in
tervals.

Free zone electrophoresis of globin chains was
carried out using 35 cm x 25 J1m J.D. coatedcapil
laries. The electrophoresis buffer was 100 mM sodi
um phosphate (pH 3.2) + 7 M urea + I% reduced
Triton X-IOO. Samples were loaded eiectrophoret
ically at 8 kV for 8 s and separated at 8 kV constant
voltage. Detection was at 210 nm .

RESULTS AND DISCUSSION

Human hemoglobin is a tetramer consisting of
two a-globin and two f3-, (j- or y-globin chains, to
each of which is bound a heme group. The f3 chain
contains 141 amino acid residues while the other
chains contain 146 residues. Normal adult human
blood contains hemoglobin A (a2f32) and hemoglo
bin A2 (a2(j2)' Fetal blood contains hemoglobin F
(a2Y2) as the predominant species, and during the
sixth months following birth hemoglobin F is re
placed by hemoglobin A. Several hundred genetic
variants of the hemoglobin molecule are known,
many of which are associated with blood disorders.
Since there are only two copies of the f3-globin gene
in the human genome, most of the known hemoglo
binopathies are associated with mutations in the
f3-globin molecule. For example, sickle cell disease
arises from a glutamic acid to valine transition at
position 6.in the f3-globin gene. In the homozygous
state, this results in the production of the mutant
hemoglobin S (1X2f3S2 which causes a characteristic
sickling morphology of erythrocytes. A glutamic
acid to lysine transition at the f36 position results in
production of hemoglobin C. Although benign in
the heterozygous state, the f3c allele in the homozy
gous state or in the f3cf3s heterozygote causes mod
erate to severe sickling.

Capillary isoelectric focusing (clEF) of hemoglobin
variants

Hemoglobin variants are excellent candidates for
analysis by clEF. This technique can resolve pro-
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WAVELENGTH (NM)

Fig. 3. Ultraviolet spectrum of Bin-Lylc pH _'-10 amp!lolyICS.

teins differing in isoelectric points by as little as 0.02
pH units [5], and the amiilO acid substitutions in the
major hemoglobin variants cause pI shifts of this
magnitude or greater. The hemoglobin molecule is
highly water soluble, and occurs within the erythro
cyte at concentrations in excess of 300 mg/m!.
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Therefore it should be much less susceptible than
other proteins to precipitation when focused into
sharp zones during. the cIEF process.

Human fetal hemoglobin F has an isoelectric
point of 7.15, and the pI values of the hemoglobin
variants Sand Care 7.25 and 7.50. These three spe
cies are easily resolved from normal human hemo
globin A (pI 7.10) by cIEF using a wide-range am
pholyte blend (Fig. I). In this separation, cathodic
mobilization moves focused proteins past the mon
itor point in order of decreasing isoelectric point.
The high resolution observed in this technique is
due to the use of high field strengths and the ab
sence of electroendosmosis. High field strengths (>
400 V/cm), providing strong focusing forces, are
possible because the modest current levels (0.2-5
J1A) during the separation minimize the amount of
Joule heat. The excellent heat dissipation qualities
of the small-bore 25 J1m J.D. capillaries used in
these separations further reduces any thermal zone
distortion. Coating the capillaries with a hydrophil
ic polymer eliminates electroosmotic flow, which
would otherwise disrupt the focusing process and
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Fig. 4. Capillary isoelectric focusing separation of hemoglobin A using scanning detection in the 200-360 nm UV region. Peaks below
280 nm in the mobilization e1ectropherogram are due to background absorbance of the ampholytes.
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Fig. 5. UV spectra of hemoglobin A (spectrum I) and two minor
components (spectra 2,3) acquired during the clEF separation
shown in Fig. IA. Spectrum 3 is taken from the fastest migrating
minor peak, spectrum 2 is taken from the slower minor peak.
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sweep proteins from the capillary before focusing
was achieved. Separations are reproducible, and
over one hundred repetitive runs have been
achieved with no significant change in the mobili
zation profile (Fig. 2). Attempts to obtain good sep
aration of native hemoglobins using free zone capil
lary electrophoresis were not as successful as clEF.

The use of a high-speed scanning detector enables
additional information to be obtained during the
separation. The ampholytes themselves absorb in
the ultraviolet region below 280 nm (Fig. 3), and
when scanning detection in the 200-360 nm wave
length range is used during clEF, a series of extra
peaks is observed in the low UV region due to am
pholyte absorption (Fig. 4). This pattern is repro
ducible and characteristic of the ampholyte blend.
These peaks may be used as internal standards, and,
if correlated with pI values by using external pro
tein standards, could be used to estimate isoelectric
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oxyhemoglobin (I) and deoxyhemoglobin (2) for reference.
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points of separated proteins. Using scanning detec
tion in the UV region ilbove 280 nm, spectral data
can be used to distinguish different components.
For example, the spectra of hemoglobin A and two
minor. peaks exhibit different absorbance maxima

in the 300-360 nm region, suggesting structural dif
ferences for these species (Fig. 5).

The strong absorbance of the heme group in ·the
visible region enables high-sensitivity detection of
hemoglobins; the absorbance of hemoglobin A at
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415 nm is 2.7"fold greater than at 280 nm. More
over, there is no interference from non-heme pro
teins at this wavelength. The shape of the hemoglo-.
bin visible spectrum depends upon the oxidation
state of the heme-bound iron and the presence of

bound oxygen, and this information can be extract
ed from spectra acquired during the separation. For
example, the spectrum of oxyhemoglobin exhibits
two maxima at 542 and 578 nm, while the deoxyhe
moglobin spectrum shows a single maximum at 550
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nm. Inspection of the visible spectra in Fig. 6 in
dicates that both the major peak and the minor
peak in Fig. lA contain primarily oxyhemoglobin.

Separation of a commercial reference standard
containing hemoglobins A, F, Sand C shows sever
al minor components using detection at 280 nm
(peak 1, 3 and 5 in Fig. 7A). The UV spectra of the
major and minor peaks (Fig. 7D and 7£) exhibit
significant differences, suggesting that they are
structurally different. The electropherogram ob
tained with detection at 415 nm (Fig. 7B) shows the
same pattern of peaks as Fig. 7A, indicating that
the minor peaks are also heme-containing proteins.
It is well known that hemoglobin can exist in a va
riety of complexed states, for example oxyhemoglo
bin, deoxyhemoglobin, carboxyhemoglobin, etc.
Cyanide ion binds tightly to the hemoglobin mole
cule, and treatment with potassium cyanide con
verts all species to cyanohemoglobin. In the electro-
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pherogram obtained after treatment of the sample
with KCN (Fig. 7C) most of the minor peaks have
disappeared, and the UV spectra of the separated
components are similar (Fig. 7F). These results sug
gest that several of the minor components are dif
ferent complexed states of the four major hemoglo
bins.

Free zone capillary electrophoresis ofglobin chains
Globin chains prepared by treatment of hemo

globins with acidic acetone could be resolved by
free zone capillary electrophoresis under denaturing
conditions (Fig. 8). Generally UV adsorption of
proteins is greater at 200 nm than at longer wave
lengths. However, the presence of urea in the elec
trophoresis buffer at high concentration introduces
a high background absorbance below 210 nm.
Therefore 210 nm was the best wavelength for de
tection of globin chains (Fig. 9). These separations
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Fig. 8. Free zone electrophoresis of globin chains derived from (A) hemoglobin A, (B) hemoglobins A and S, (C) hemoglobins A and C,
and (D) hemoglobins A and F. RT = Retention time in min.
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urea), and (b) (X-globin in electrophoresis buffer.

were performed at pH 3.2 using positive (inlet) to
negative (detector) polarity. Even though the buffer
pH is well below the pK of the side-chain carboxylic
acid group of glutamic acid, the substitution of va
line for glutamic acid in hemoglobin S changes the
mass-to-charge ratio of the f3s globin chain relative
to f3A sufficiently to permit partial resolution of
these globin chains (Fig. 8B). Replacement of glu
tamic acid by lysine in hemoglobin C results in suffi
cient gain in charge to allow baseline resolu~ion of
f3c from f3A (Fig. 8C). .

Electrophoresis of globin chains derived from
adult hemoglobin A and fetal hemoglobin F resol
ves the Gy and Ay globins from f3A and from each
other (Fig. 8D). These two molecules differ by the
occurence of glycine and alanine in position 136 of
the y chain, respectively. A comparision of the areas
of these two peaks indicates the two chains are pre
sent in a ratio of 68% Gy:32% Ay, which is close to
the 75:25 ratio typical of fetal blood [1].

CONCLUSIONS

Due to the high solubility of hemoglobins, excel
lent results can be obtained in the separation of he
moglobin variants using cIEF. The technique pro
vides high resolution, reproducible separation pat
terns, and analysis times ofless than 20 min. Absor
bance detection in the visible region is highly sensi
tive and free of interferences from non-heme
proteins. High-speed scanning detection in either
the visible or UV region enables acquisition of addi
tional information on separated hemoglobins. Fol
lowing denaturation ofthe hemoglobin tetramer in
to monomers with 7 M urea, free globin chains can
be analyzed by capillary zone electrophoresis.

While the methods described in this. study may
not be rapid enough to compete with cation-ex
change HPLC for high-throughput screening for
hemoglobin disorders, capillary electrophoresis of
fers several advantages as a secondary or confirma-
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tory technique. These include high-resolution sep
arations with selectivities complimentary to HPLC,
automation and quantitative analysis.
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Attachment of a single fluorescent label to peptides for
determination by capillary zone electrophoresis

Jian Ying Zhao, Karen C. Waldron, Jean Miller, Jian Zhong Zhang, Heather Harke
and Norman J. Dovichi
Department of Chemistry, University of Alberta, Edmonton, Alberta T6G 2G2 (Canada)

ABSTRACT

Complicated electropherograms are produced in the separation of fluorescently labeled peptides. Incomplete labeling of 6-amino
groups on lysine residues results in the production of 2" - I reaction products, where n is the number of a and 6 amino groups in the
peptide. A single label is attached to the peptide by first taking the peptide through one cycle of the Edman degradation reaction. All
6-amino groups are converted to the phenyl thiocarbamyl and the cleavage step exposes one a-amino group at the N-terminus of the
peptide; the fluorescent label is attached to the N-terminus.

INTRODUCTION

Capillary zone electrophoresis is a particularly
powerful technique for the separation and analysis
of complex protein mixtures [1]. To avoid column
overloading, only small amounts of dilute sample
can be introduced onto the capillary without de
grading the separation efficiency. For example,
injection of 1 nl of a 10 - 6 M protein solution
corresponds to the introduction of 1 fmol ofprotein.
Conventional ultraviolet absorbance detection is
problematic at low femtomole sample loading. Uni
versal detection, for example based on refractive
index gradient detection, is useful in the analysis of
unlabeled peptides [2]. Again, detection limits are in
the low femtomole range. Alternatively, postcolumn
derivatization may be used to label proteins for
fluorescent detection, albeit with limited sensitivity
and degraded separation efficiency [3,4].

Fluorescence detection provides outstanding de
tection limits for capillary electrophoresis. Labeled
amino acids and DNA sequencing fragments may be
detected at the low to sub-zeptomole level [5]. While

precolumn fluorescent labeling is useful in amino
acid and DNA analysis, it is not always useful in
peptide analysis. The difficulty is straightforward:
protein labeling reactions inevitably rely on reagents
that attack the n-terminal a-amino group. Simulta
neously, the e-amino group associated with lysine
residues will also react. Unfortunately, most fluores
cent labels are bulky and labeling does not go to
completion. The labeling reaction produces a com
plex mixture of products, corresponding to attach
ment of different numbers of labels at different sites
[6]. Each of the reaction products has slightly
different migration rate, giving rise to a complicated
and uninterpretable electropherogram.

The number of possible reaction products may be
calculated from simple combinatorial analysis. If
there is no lysine residue, there is only one possible
reaction product, that labeled at the N-terminal
amino group. If there is one lysine group, there are
three possible labeled products: one labeled only at
the N-terminal iX-amino group, one labeled only at
the lysine e-amino, and one with both sites labeled. If
there are n primary amino groups that can be
labeled, then there are

Correspondence to: Dr. N. J. Dovichi, Department of Chemistry,
University of Alberta, Edmonton, Alberta T6G 2G2, Canada.

0021-9673/92/$05.00

f (n)! = 2" - 1
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different labeled products possible. For peptides and
proteins with more than a few primary amino
groups, the number of reaction products becomes
very large. A peptide with three primary amino
groups has seven possible labeled reaction products
while a protein with 10 primary amino groups has
1023 possible products. Analysis of a mixture of
peptides that are incompletely labeled is not practi
cal; instead of observing a single peak for each
peptide, many tens or hundreds of peaks are ob
served for each peptide and protein.

To ensure that only the N-terminus amino group
is labeled, the peptide may be taken through one
cycle of the Edman degradation reaction before the
labeling reaction. This method first treats the sample
with phenyl isothiocyanate (PITC), the classic Ed
man degradation reagent [7]. PITC is relatively small
and efficiently reacts under basic conditions with all
primary and secondary amines present in the pro
tein. Under acidic conditions, the N-terminal amino
acid is cleaved, exposing an unreacted primary
amine. This peptide, now truncated by one residue,
may be labeled with an appropriate fluorescent (or
chromophoric) reagent. We chose to use fluorescein
isothiocyanate as the labeling reagent, but other
isothiocyanates or sulphonyl halides could be used.
The product of the reaction is the peptide with the
original N-terminal amino acid removed, with all
e-amino lysine groups converted to the phenyl
thiocarbamyl, and with a single fluorescent label at
the N-terminus of the truncated peptide.

EXPERIMENTAL

Peptide 8656 (Peninsula Labs., Belmont, CA,
USA) has a primary structure Arg-Lys-Arg-Ala
Arg-Lys-Glu. A 10- 4 M solution was prepared in a
0.2 MpH 9.2 borate buffer. The fluorescein deriva
tive was prepared by mixing 100 III of 4.7· 10- 4 M
fluorescein isothiocyanate (FITC; Molecular Probes,
Eugene, OR, USA) solution prepared in acetone
with 100 III of the peptide solution. The reaction
proceeded at room temperature in the dark for 8 h.

The manual Edman degradation procedure was
similar to that of Edman and Henschen [8]. Approx
imately 2 mg of the peptide were dissolved in 1 ml
buffer in a stoppered glass test tube; the buffer
was 0.4 M triethylamine (Anachemica, Montreal,
Canada) in I-propanol-water (3:2, v/v), adjusted to

J. Y. Zhao et al. / J. ChromatoRr. 608 (1992) 239-242

pH 9.6 with I M trifluoroacetic acid (TFA) (Sigma,
St. Louis, MO, USA). A 50-Ill volume of PITC
(Sigma) was added to the peptide solution, the tube
was flushed with nitrogen and incubated at 55°C for
20 min in a water bath with occasional agitation.
The solution was extracted with five 2-ml aliquots of
benzene with centrifugation to separate the phases.
The benzene layers were discarded and the aqueous
layer was freeze dried. The residue was extracted
three times with 0.5-ml aliquots of ethyl acetate
(Caledon Labs., Georgetown, Canada). The ethyl
acetate had been passed through an alumina column
and filtered before use. The ethyl acetate extract was
dried under a stream ofnitrogen. A 100-lll volume of
anhydrous TFA (Protein Sequencing Grade, Sigma)
was added and the solution was incubated at 40°C
for 15 min in a water bath with occasional agitation.
The residue was dried under vacuum for about
10 min. A 3-ml volume of 1,2-dichloroethane (Cale
don Labs.) was added and the solution was centri
fuged to separate the layers. The dichloroethane
layer was discarded, and I ml more dichloroethane
was added. The residue was macerated with a glass
stirring rod. The mixture was centrifuged and the
dichloroethane layer was discarded. The aqueous
layer was dried under vacuum and stored in a
desiccator at 4°C until further use.

The dried, truncated peptide was dissolved in
1.00 ml of a 0.2 M pH 9.2 borate buffer, with
concentration ca. 10- 5 M. To label the truncated
peptide, 10 ,ill of 4.7 . 10- 4 M FITC solution
prepared in acetone was mixed with 100 III of the
truncated peptide solution. The reaction proceeded
for 8 h in the dark at room temperature. Solutions
were diluted to 10- 6 M with 5 mM borate buffer
before injection.

The capillary electrophoresis system was identical
to that described before [9]. A 44 cm x 50 {till LD.
capillary was used for the separation. The separa
tion buffer was 5mM pH 9.2 borate buffer. Samples
were injected for 5 s at 2 kV; separation proceeded at
13 kV.

RESULTS AND DISCUSSION

The primary structure of this peptide is Arg-Lys
Arg-Ala-Arg-Lys-Glu. The peptide used in this
example has two lysine residues in addition to the
N-terminal arginine residue. When labeled with
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Fig. I. Capillary zone electrophoresis separation of fluorescein
thiocarbamyl derivative ofpeptide 8656. Peak labeled FITC is the
unreacted derivatization reagent.

FITC, a total of seven fluorescent products are
possible. The separation of the labeled peptide is
shown in Fig. 1. In addition to the unreacted FITC
peak, there are at least seven peaks present, corre
sponding to the different products of the labeling
reaction. Comparison with the electropherogram
for the single label peptide suggests that the second
peak in this electropherogram contains a single label
at the a-amino group. The relatively close spacing of
the other peaks is not surprising. Conversion of the
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Fig. 2. Capillary zone electrophoresis separation of fluorescein
thiocarbamyl derivative of treated peptide 8656. The peptide had
been treated with one cycle of a manual Edman degradation; the
peptide is truncated by one residue compared with Fig. I. Peak
labeled FITC is the unreacted derivatization reagent.
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s-amino to the phenyl thiocarbamyl derivative in
creases the size of the peptide slightly but should not
change its charge; each positively charged thio
carbamyl replaces a positively charged s-amino
group.

If the peptide is taken through one cycle of the
Edman degradation reaction, the N-terminal amino
acid is removed; the primary structure of the trun
cated peptide is Lys-Arg-Ala-Arg-Lys-Glu. In the
Edman degradation step, the amino-containing side
chains of the lysine residues are converted to the
s-phenyl thiocarbamyl derivative. By protecting the
s-amino group and cleaving the N-terminal amino
acid, only one amine is available for further labeling.
The reaction product shows two peaks (Fig. 2), one
corresponding to the labeled peptide and the other
to unreacted fluorescein isothiocyanate. The Edman
treatment appears to be quite efficient; no peaks
corresponding to multiple labeling are detected.

A small impurity is noted in the reaction product,
with an elution time of about 5.25 min. This
impurity was undetectable for the labeled native
peptide because of the complex reaction mixture.
However, by ensuring that only one label is attached
to the peptide, the electropherogram is simplified so
that the minor contaminant can be detected.

CONCLUSION

Precolumn fluorescent labeling is convenient for
high-sensitivity peptide analysis in capillary electro
phoresis. When precolumn derivatization is em
ployed, incomplete multiple labeling is problematic,
producing a complicated mixture from a single
analyte. A single label can be attached to the peptide
by first taking the peptide through one cycle in the
Edman degradation reaction; because of its small
size and high reactivity, phenyl isothiocyanate
quickly and efficiently labels all free amino groups in
the peptide. All s-amino groups on lysine residues
are converted to the s-phenyl thiocarbamyl, and
cannot partake in the labeling reaction; only the
N-terminal amino group is available for further
labeling.

As a limitation to this technology, only unblocked
peptides can be labeled. N-Terminal acetylated
peptides do not have a free a-amino group. While
various chemical unblocking procedures, such as
cyanogen bromide cleavage, can be employed, they
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can produce a number of reaction products, de
feating the purpose of this labeling protocol. Also,
the procedure removes the N-terminal amino acid;
two peptides that differ only at the N-terminal
amino acid will be indistinguishable after this
labeling procedure.

This reaction was performed by use of the manual
Edman reaction at relatively high concentration. It
would be much more efficient to use an automated
protein sequencer to perform this reaction; pico
moles of protein could be prepared at 10- 8 M
concentration for fluorescent labeling [10]. How
ever, the sequencer must be modified to allow facile
recovery of the treated peptide; a strong solvent
could be used to remove the peptide from a Poly
brene treated solid-phase sequencing disk.

Last, this reaction was demonstrated with PIT2
as the protecting reagent and fluorescein isothio
cyanate as the labeling reagent. It may prove',
possible to use smaller protecting reagents, such ~s
methyl isothiocyanate, which should react more
quickly than PITC. Other fluorescent reagents could
be used. As always, the labeling chemistry should be
chosen to provide a good match to the excitation
source [11]. As an attractive reagent, the 3-(4-car
boxybenzoyl)-2-quinolinecarboxaldehyde deriv,a
tive absorbs strongly in the blue and appears to react
quickly with primary amines [6].

J. Y. Zhao et al. / J. Chromatogr. 608 (1992) 239-242
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Analysis of antiepileptic drugs in human plasma using
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ABSTRACT

We describe a method for the simultaneous determination of antiepileptic drugs (ethosuccimide, phenytoin, primidone, phenobarbi
tal, carbamazepine and valproic acid) by micellar electrokinetic capillary chromatography using sodium dodecyl sulphate as· the
micellar phase. Factors affecting the micellar electrokinetic separation were studied for the quantitative determination of these drugs in
human plasma. The confirmation of the peaks and the specificity of the method were investigated by combining multiwavelength
detection with micellar electrokinetic capillary chromatography.

immunoassays analyse only one drug at a time,
have a limited sensitivity for quantitation of drugs

INTRODUCTION

Measurements of many drugs in body fluids are
important for therapeutic drug monitoring. For
nearly 15 years the antiepileptics (Fig. I) have been
monitored in the plasma of patients, since a good
correlation between their blood concentrations and
clinical responses has been demonstrated and life
long multiple-drug therapy is necessary. Monitor
ing their concentrations in the body fluid, especially
in plasma, is therefore essential for the optimization
of pharmacotherapy. Analytical methods for the
quantitation of antiepileptic drugs developed con
siderably in the late 1970s and early 1980s [1-3].
Recently immunological methods have become at
tractive for routine clinical monitoring during
chronic therapy because of their ease of perform
ance, speed of analysis and sensitivity. However,

Correspondence to: Dr. K.-J. Lee, Organic Analytical Laborato
ry, Korea Institute of Standards and Science, P.O. Box 3, Dae
jonsi, Daeduk Science Town 305-606, South Korea.

1.8.

Fig. I. Chemical structure of antiepileptic drugs. I = Ethosucci
mide; 2 = primidone; 3 = valproic acid; 4 = phenobarbital;
5 = phenytoin; 6 = carbamazepine; I.S. = hexobarbital.

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers RV. All rights reserved
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following a single dose, do not measure metabolites,
and in some cases are subject to problems with
cross-reactive interferences. Chromatographic
methods are still utilized as the standard reference
methods for the antiepileptic drugs. High-perform
ance liquid chromatographic (HPLC) methods
have been applied for the determination of all anti
epileptic drugs. However, they still require a rela
tively high level of analytical skill and are relatively
high-cost procedures.

As newly developed analytical methods, capillary
electrophoresis and micellar electrokinetic capillary
chromatography (MECC) are perceived to be at
tractive tools for the analysis of pharmaceuticals
because of their high separation efficiency, easy op
eration and low running cost [4-10]. MECC, first
developed by Terabe et al. [11], utilized the same
instrumental set-up as capillary electrophoresis ex
cept that it employs the micellar solution as the elec
trophoretic medium. Selective partitioning of the
analytes into the micellar phase as a pseudo station
ary phase causes them to migrate at rates different
from their electrophoretic mobility.The analytes in
MECC can be separated on the basis of either the
hydrophobicity or the ionic character of solutes.
Separation depending on the hydrophobicity of the
solutes in MECC can be peformed by varying the
micellar concentration, which has similar effects to
changing in the surface structure in HPLC (e.g.
changing from Cs to CIS)' Early work by Otsuka et
al. [12] demonstrated the use ofMECC for the anal
ysis of neutral aromatic compounds. Applications
of MECC have rapidly expanded to include neutral
and charged molecules combining electrophoresis
and chromatography.

In spite of the high resolution of capillary electro
phoresis, the problem of identifying peaks in the
electropherogram remains to be solved. Capillary
electrophoresis-mass spectrometry (CE-MS) is de
veloping in many laboratories [13-15] for this pur
pose. Because of the technical difficulties and high
cost of MS, the alternative method using multi
wavelength detection with a photodiode-array de
tector is a suitable technique for monitoring in
HPLC [16] and has recently been applied to capil
lary electrophoresis [10,17-20]. It allows the collec
tion of absorption spectra of each peak in the elec
tropherogram, and permits peak confirmation and
determination of peak purity by comparison with

K.-J. Lee et al. / J. Chromatogr. 608 (1992) 243-250

standard absorption spectra. The purpose of this
report is to describe the factors affecting separation
of antiepileptic drugs with MECC, quantification
with this method and identification of patient sam
ples using a multiwavelength UV detector.

EXPERIMENTAL

Chemicals
The antiepileptic drugs phenytoin (PHT), pheno

barbital (PB), primidone (PRM), carbamazepine
(CBZ), ethosuccimide (ESM) and valproic acid
(VPA) and sodium dodecyl sulphate (SDS) were
purchased from Sigma (St. Louis, MO, USA). Sodi
um phosphate dibasic and sodium phosphate
monobasic were from DukSan (Kyungkido, South
Korea). Ethyl acetate was HPLC grade from Junsei
(Japan). Human sera were obtained as lyophilized
form SRM 909 from the National Institute of
Science and Technology (NIST, Gaithersberg, MD,
USA).

Capillary electrophoresis apparatus
Both commercial and laboratory-made capillary

electrophoresis systems were used. The commercial
instrument was a Model 270A capillary electropho
resis system (Applied Biosystems, Foster City, CA,
USA). For the experiments, a fused-silica capillary
(Polymicro Technologies, Phoenix, AZ, USA), 72
cm (50 cm to detector) x 50,um J.D., was used as a
separation column. On-column UV detection was
measured at 210 nm, and the temperature of the
column chamber was kept constant at 30°C unless
specified otherwise. A D-502A integrator (Young
In Scientific, Seoul, South Korea) was used for re
cording the electropherograms and for quantifica
tion by peak area measurements. Prior to each run,
the capillary was rinsed with 0.1 M sodium hydrox
ide and running buffer by the built-in vacuum sys
tem at 508 mmHg for 3-5 min. The capil1ary was
filled with running buffer, mainly 50 mM SDS in 25
mM phosphate buffer (pH 8.0). The samples were
introduced by the same vacuum system for 2.0 s.

The laboratory-made capillary electrophoresis
system was constructed in a similar way to that de
scribed previously [21]. A high-voltage power sup
ply (0-40 kV, Glassman, Whitehouse Station, NJ,
USA; Model PS/EH 40R 2.5 CTZR) was used to
drive the electrophoretic process across the capil-
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lary. The platinum wires connected to the anode
and the cathode of the power supply were immersed
in 3-ml buffer chambers. This system was isolated in
a Plexiglas box for operator safety. A longer capil
lary with the same J.D. as the commercial instru
ment was used as a separation tube. Detection was
performed by on-column measurement of UV ab
sorption by a Linear Model 206HR variable-wave
length detector (Reno, NV, USA) which is con
trolled with the 206 SOFT software. Throughout
the work the Model 206 detector was employed in
the high-speed polychrome mode by scanning from
195 to 320 nm at 5-nm intervals.

Sample preparation
Standard stock solutions of each antiepileptic

drug (l mg/ml) were prepared in methanol, and a
standard model mixture composed of six drugs
(ESM, PRM, PB, VPA, PHT and CBZ) was pre
pared by diluting the standard stock solution with
doubly distilled water to a certain concentration (7
100 flg/ml). Drug concentrations in human serum
(NIST SRM 909) spiked with six antiepileptics and
hexobarbital as an internal standard and in the
plasma of patients treated with one of the antiepi
leptics were determined. Sample extractions were
performed using ethyl acetate as described previ
ously [22]. A 100-J.d aliquot of standard solution,
spiked serum or patient plasma was added to 900 pI
of ethyl acetate in a glass tube. A known concentra
tion of hexobarbital (15 pg/ml) was used as an in
ternal standard. After vigorous vortex-mixing and
centrifugation at 2060 g for 2 min, 500 pI of the
organic layer were transferred to a conical glass
tube, evaporated to dryness under a gentle stream
of nitrogen gas and reconstituted with 50 pI of 5%
methanol in distilled water. This reconstituted sam
ple was injected for capillary electrophoresis.

RESULTS AND DISCUSSION

Optimization of MECC separation
Since antiepileptic drugs have wide spectrum of

physical properties (solubility and pKa values) [23],
factors affecting the separation were investigated to
determine the optimum separation conditions. The
pH and micellar concentration of the running buff
er mainly affect the resolution of solutes. When the
pH was varied from 6.0 to 8.0 with 25 mM phos-
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phate buffer containing 50 mM SDS, the migration
times of six solutes stayed constant above pH 6.4.
The migration time of the solutes increased with
increasing SDS concentration, the degree of in
crease depending on the hydrophobicity of the mol
ecules. The hydrophobic molecules CBZ and PHT
show a dramatic increase in migration time depend
ing on SDS concentration, and are followed by PB,
PRM, ESM and VPA. This trend is consistent with
previous findings by Terabe et at. [11]. The capacity
factor, k', defined and described previously [11],
was calculated from the retention times of methanol
as a neutral marker and Sudan III as a micelle
marker depending on SDS concentration (Fig. 2).
The capacity factors of all solutes except VPA in
creased linearly with increasing SDS concentration
up to 80 mM SDS, which indicates that hydropho
bic interaction between solute and micelle is the
main interaction in the separation. However, nega
tively charged VPA, which is constant over the vari
ous SDS concentrations. is separated based on its

100.--------------,

SOS CONC., mM

Fig. 2. Effect of SDS concentration of k' using a standard mix
ture of antiepileptics. Conditions:' an Applied Biosystem capil
lary electrophoresis system was used with running buffer (25 mM
phosphate buffer containing various concentration ofSDS at pH
7.0). Detection at 210 nm, run at 30 kV at 30°C in a 50 pm LD.
capillary. Symbols: 0 = ethosuccimide; • = primidone; £:::, =

valproic acid; ... = phenobarbital; 0 = phenytoin; • = carba
mazepine.
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electrophoretic mobility and does not interact with
the micelle.

For the quantitative analysis of solutes by
MECC, the reproducibility of the migration and
peak area is important. Temperature is a crucial
factor in the reproducibility. In this experiment,
ambient temperature was kept constant.

With the optimization of the resolution and the
separation time, the running conditions chosen
were 25 mM phosphate buffer containing 50 mM
SDS at 30°C with 30 kV applied voltage. Under
these conditions, the antiepileptic drugs with capac
ity factors ranging fr'om 0.2 (ESM) to 40 (CBZ)
were well resolved in less than 13 min. With electro
phoresis, antiepileptics and the internal standard all
exhibited symmetrical peaks (Fig. 3). Fig. 3A shows

a typical chromatogram for the drug standard with
out extraction [VPA and ESM (125 ,ugjml each),
PHT, PRM and hexobarbital (15 ,ugjml each), PB
(10 ,ugjml) and CBZ (7 ,ugjml)]. No interfering peak
was observed when the blank human serum spiked
with internal standard hexobarbital was extracted
with ethyl acetate and analysed (Fig. 3B). When the
same standard drug mixture as in Fig. 3A was
spiked in human serum and extracted with ethyl
acetate as described in the Experimental section, the
peak of volatile VPA completely disappeared and
the ESM peak was remarkably reduced (Fig. 3C).
This indicates that the extraction procedure is not
appropriate for the quantitative analysis of VPA
and ESM. Fig. 3D-F shows electropherograms of
the plasma of a patient taking PB, PHT and CBZ as
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(4), hexobarbital (internal standard, I.S.), phenytoin (5) and carbamazepine (6) without extraction; (B) extracted blank human serum
spiked with internal standard; (C) extracted human serum spiked with antiepileptics and internal standard; (D-F) extracted plasma
from an epileptic patient taking phenobarbital (D), phenytoin (E) or carbamazepine (F). Conditions were the same as in Fig. 2 except
the SDS concentration was 50 mM.
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confirmed by immunoassay. Fig. 3D, from a patient
taking PB, shows the extra peaks which were not
detected in the other patient taking PB. This in
dicates that the extra peaks might be the other med
ications. Human plasma from a patient taking PHT
shows clear peaks of PHT and hexobarbital (Fig.
3E). However, electropherograms from two pa
tients taking CBZ show the same pattern (Fig. 3F).
The extra peaks besides CBZ and hexobarbital in
Fig. 3F are presumed to be the metabolites ofCBZ,
i.e. carbamazepine-lO, ll-diol and carbamaze
pine-l 0, ll-epoxide. Further studies should be per
formed to identify metabolites.

To confirm the peak and check the peak purity, a
Linear Model 206HR variable-wavelength detec
tor, which permits automatic recording of the spec
tra of the peaks during analysis, was used. The
three-dimensional electropherograms depicted in
Fig: 3 represent the absorbance vs. retention time
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vs. wavelength relationships for human serum
spiked with antiepileptics (Fig. 4C) and the plasma
of a patient taking PB (Fig. 4D), PHT (Fig. 4E) or
CBZ (Fig. 4F). The retention times in Fig. 4 are
higher than those in Fig. 3 because in this case the
laboratory-made capillary system with a longer
capillary than that used in Fig. 3 was used with a
multiwavelength UV detector. The absorption spec
trum of each peak can be extracted from the gath
ered data points as a so-called time slice using detec
tor software. The absorption spectra between 195
and 320 nm of the peak, which are assumed to be
PB (Fig. 5D), PHT (Fig. 5E)or CBZ (Fig. 5F) as in
Fig. 4D-F are compared with those of standard
drug (Fig. 5d-f). The excellent agreement between
standard and sample indicates that MECC separa
tion of these drugs in human plasma is not sub
jected to interference by other components in plas
ma, and multiwavelength scanning of peak permits
a quick and reliable confirmation of the drugs.

TABLE r
REPRODUCIBILITY OF RETENTION TIME AND PEAK AREA OF ANTIEPILEPTICS

Values are mean ± S.D. (n = 5); values in parentheses are coefficients of variation (%).

Compound

Ethosuccimide

Primidone

Phenobarbital

Phenytoin

Carbamazepine

Concentration Retention time Relative peak area
(Ilgjml) (min)

25 4.45 ± 0.01 (0.10) 0.25 ± 0.01 (4.71)
75 4.41 ± 0.14 (0.33) 0.58 ± 0.04 (8.27)

100 4.44 ± 0.01 (0.32) 1.03 ± 0.06 (6.30)
200 4.41 ± 0.01 (0.08) 1.84 ± 0.08 (2.54)

5 5.47 ± 0.01 (0.16) 0.53 ± 0.03 (5.81)
20 5.39 ± 0.01 (0.10) 1.46 ± 0.03 (2.41)
30 5.45 ± 0.02 (0.38) 2.21 ± 0.03 (1.59)
40 5.42 ± 0.01 (0.35) 2.80 ± 0.03 (1.31)

5 6.03 ± 0.01 (0.20) 0.54 ± 0.01 (2.57)
20 5.87 ± 0.01 (0.16) 1.79 ± 0.03 (1.93)
40 5.82 ± 0.01 (0.29) 3.57 ± 0.10 (2.94)
60 5.98 ± 0.03 (0.52) 5.15 ± 0.09 (1.86)

5 10.58 ± 0.03 (0.28) 1.04 ± 0.01 (1.52)
20 10.40 ± 0.01 (0.16) 3.51 ± 0.14 (4.12)
30 10.39 ± 0.05 (0.50) 3.13 ± 0.07 (2.46)
40 10.55 ± 0.05 (0.55) 2.96 ± 0.06 (2.11)

5 12.09 ± 0.03 (0.32) 1.77 ± 0.01 (0.39)
20 11.88 ± 0.D2 (0.19) 6.13 ± 0.23 (3.82)
30 11.81 ± 0.06 (0.53) 9.90 ± 0.39 (4.01)
40 12.10 ± 0.06 (0.53) 13.23 ± 0.32 (1.32)
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77.09 ± 7.98 (10.35)
89.64 ± 9.85 (10.99)
85.76 ± 7.05 (8.22)
90.38 ± 6.99 (7.73)
92.91 ± 7.64 (8.22)

98.62 ± 8.11 (8.22)
107.03 ± 5.69 (5.3 I)
91.05 ± 2.85 (3.13)

106.52 ± 5.64 (5.30)
93.19 ± 1.71 (1.84)

5
10
20
30
40

Concentration (J.lgjml) Recovery (%)

Primidone

Ethosuccimide 25
50
75

100
200

Compound

TABLE II

RECOVERY OF ANTIEPILEPTICS DURING THE ANA
LYTICAL PROCEDURE

Values are mean ± S.D. (11 = 5); values in parentheses are coeffi
cients of variation (%)

are less than 4%, except for ESM, whose c.Y.s vary
from 2.5 to 8.27%.

Recovery. The absolute analytical recovery from
plasma of the five drugs was measured by adding a
known concentration of drugs and internal stan
dard to drug-free plasma, as shows in Table II. This
plasma was then analysed by our method. Absolute
recoveries were calculated from the drug to internal
standard peak-area ratio. The recoveries of PRM,
PB, PHT and CBZ were 93-106% and those of
ESM 77-92%, while the recovery of VPA was im
possible to measure because of its volatility.

Linearity and sensitivity. Concentration and peak
area ratio correlated linearly with each other for the
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Fig. 4. Three-dimensional electropherograms of the same sam
ples as in Fig. 3C-F. Conditions are the same as in Fig. 3 except
that a laboratory-made capillary electrophoresis system with a
variable-wavelength detector and a longer capillary column that
that used in Fig. 3 was utilized.

Phenobarbital 5
10
20
40
60

94.21 ± 2.87 (3.05)
105.72 ± 4.25 (4.02)
94.01 ± 5.81 (6.20)

106.65 ± 4.92 (4.61)
97.82 ± 3.96 (4.05)

Analytical variables
Precision. We assessed the precision of the meth

od by repeated analyses of plasma specimens con
taining known concentrations of the drugs being
investigated. As shown in Table I, the coefficients of
variation (C.V.s) for within-day precision of reten
tion time are less than 0.5% and those of peak area

Phenytoin 5
10
20
30
40

Carbamazepine 5
10
20
30
40

97.28 ± 3.73 (3.83)
98.70 ± 4.89 (4.95)
93.05 ± 7.14 (7.67)
81.01 ± 6.88 (8.49)
68.17 ± 8.27 (12.14)

93.49 ± 3.21 (3.44)
98.58 ± 4.65 (4.72)
93.90 ± 4.33 (4.61)

102.63 ± 3.84 (3.75)
93.39 ± 2.75 (2.95)
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Fig. 6. Calibration curves for ethosuccimide (0), primidone
(e), phenobarbital (.A), phenytoin (0) and carbamazepine (.)
in a standard mixture.

drugs examined in Fig. 6. Detection ranges are rea
sonable for the monitoring of the therapeutic con
centration.

Interference. To determine the potential clinical
usefulness of the method, we examined the absorp
tion spectra of the peak and compared then with the
standard sample in Fig. 5. None of components in
plasma showed potential interference with the
method.

In conclusion, the monitoring of antiepileptic
drugs in human plasma with MECC is demonstrat
ed. Identification of solutes was performed by char
acterizing the sample peak in terms of the retention
time and absorption spectra. Capillary electropho
resis with multiwavelength detection is a new and
powerful technique for confirmation of the analysis.
The detection methodology and the quantitative
analysis data prove the feasibility of the method for
the monitoring of the drugs in body fluids.
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ABSTRACT

The major urinary metabolite of the most commonly abused psychotropic drug, Lt 9-tetrahydrocannabinol, is II-nor-Lt 9-tetrahydro
cannabinol-9-carboxylic acid (THC-COOH). With basic hydrolysis, extraction and concentration, this compound can easily be deter
mined using micellar electrokinetic capillary chromatography with on-column multi-wavelength detection. After solid-phase extraction
of 5 m! of urine, drug concentrations down to about 10 ng/ml can be unambiguously monitored. Peak assignement is achieved through
comparison of the retention time and absorption spectrum of the eluting THC-COOH peak with those of computer-stored model runs.
The effectiveness of the approach is demonstrated with data obtained from urine samples from different patients which tested positively
for cannabinoids using a fluorescence polarization immunoassay.

INTRODUCTION

The major psychoactive compound in Cannabis
sativa (marijuana), L1 9-tetrahydrocannabinol
(THC), is highly lipophilic and is therefore accumu
lated in tissues rich in lipids. Its release from the
tissues is slow and its concentration in urine is low.
The major metabolite, II-nor-L1 9 -tetrahydrocanna
binol-9-carboxylic acid (THC-COOH), is excreted
in urine predominantly in its glucuronated form
and can be detected up to about 10 weeks after
smoking or oral ingestion of cannabis products [1].
THC-COOH is the target substance employed in
screening methods for cannabinoids, such as the en
zyme multiplied immunoassay technique (EMIT),
fluorescence polarization immunoassay (FPIA) and
radioimmunoassays (RIA). Owing to the lack of
specificity of these techniques, positive results
should be confirmed in order to eliminate any false-

Correspondence to: Dr.W. Thormann, Department of Clinical
Pharmacology, University of Berne, Murtenstrasse 35, CH-3010
Berne, Switzerland.

positive answer that may have resulted from the ini
tial screening process. For that purpose specimens
are typically first hydrolysed under basic conditions
and free THC-COOH is then extracted employing
bonded-phase technology prior to analysis with a
highly specific method, including thin-layer chro
matography (TLC) [2,3], high-performance liquid
chromatography (HPLC) [4,5] or gas chromatogra
phy-mass spectrometry (GC-MS) [6].

Recently, micellar electrokinetic capillary chro
matography (MECC), an interface between electro
phoresis and chromatography, was found to be an
attractive approach for the analysis of urinary bar
biturates [7], drugs of abuse and/or their metabo
lites, including opioids, benzoylecgonine (metabo
lite of cocaine), amphetamines and methaqualone
in human urine [8], and illicit substances, including
those in illicit seizure samples [9]. The objectives of
the work described in this paper were to investigate
different bonded-phase adsorption clean-up proce
dures for subsequent determination of THC
COOH using MECC with on-column, fast-scan
ning polychrome UV absorption detection and to
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use this MECC method to confirm the presence of
THC-COOH in urine samples which tested FPIA
positive for cannabinoids.

EXPERIMENTAL

Chemicals, origin of samples and drug screening
All chemicals were of analytical-reagent or re

search grade. Deuterated THC-COOH {[5'-2H3]-9
carboxy-ll-nor-Ll 9 -tetrahydrocannabinol dissolved
in ethanol (100 .ugjml); Research Triangle Institute,
Research Triangle Park, NC, USA} served as a
standard compound. Urine samples were collected
in our routine drug assay laboratory where they
were received for drug screening. Our own urine
was employed as a blank matrix. The samples were
screened for the presence of cannabinoids using
FPIA on a TDx analyser (Abbott Laboratories,
North Chicago, IL, USA) and stored at 4°C until
further analysis. The FPIA test contains THC
COOH for calibration in the range 0-135 ngjml (six
points). Samples which gave a response equal to or
higher than 20 ngjml were interpreted as positive.
The detection limit of the immunoassay is 10 ngjml.

Electrophoretic instrumentation and running condi
tions

The instrument with multi-wavelength detection
employed was described previously [7,8]. Briefly it
featured a ca. 90 cm x 75,u1 LD. fused-silica capil
lary (Product TSPj075j375, Polymicro Technolo
gies, Phoenix, AZ, USA) together with a Model
UVIS 206 PHD fast-scanning multi-wavelength de
tector with a No. 9550-0155 on-column capillary
detector cell (both from Linear Instruments, Reno,
NY, USA) towards the capillary end. The effective
separation distance was 70 cm. A constant voltage
of20 kV was applied using an HCN 14-20000 pow
er supply (FUG Elektronik, Rosenheim, Germa
ny). The cathode was on the detector side.

Samples were applied manually via gravity by
lifting the anodic capillary end, dipped into the
sample vial ca. 34 cm for a specified time interval
(typically 5 s). Multi-wavelength data were read,
evaluated and stored employing a Mandax AT 286
computer system and running the 206 detector soft
ware package version 2.0 (Linear Instruments) with
windows 286 version 2.1 (Microsoft, Redmont,
WA, USA). Conditioning for each experiment was
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done by rinsing the capillary with 0.1 M NaOH for
3 min and with buffer for 5 min. Throughout this
work the Model 206 detector was employed in the
high-speed polychrome mode by scanning from 195
to 320 nm at 5-nm intervals (26 wavelengths). A
buffer composed of 75 mM sodium dodecyl sul
phate (SDS), 6 mM Na2B407 and 10 mM
Na2HP04 (pH ca. 9.1) was employed.

Sample pretreatment
Standard solutions of THC-COOH were pre

pared by evaporation of the ethanol and reconstitu
tion in methanol or running buffer at a concentra
tion of 100 .ugjml. Blank urine was spiked by addi
tion of known aliquots of these solutions to the
urine. Glucuronated THC-COOH in samples from
patients was hydrolysed under basic conditions (see
below) and free THC-COOH was extracted from
urine using disposable Bond Elut THC (1211-3044;
sorbent amount 500 mg, reservoir volume 10 ml),
Bond Elut Certify (1211-3050, 130 mg, 10 m!) and
Bond Elut Certify II (1211-3051, 200 mg, 10 ml)
solid-phase cartridges from Analytichem Interna
tional (Harbor City, CA, USA) and also Clean
Screen THC (CSTHCI01, 100 mg, 1 ml) from
Worldwide Monitoring (Horsham, PA, USA). For
all types of columns a Vac Elut set-up (Analytichem
International) served as a cartridge holder and vac
uum manifold for sample extraction. No extended
drying periods of the sorbents were applied and no
derivatization of eluted THC-COOH was under
taken.

Bond Elut THe. These columns were applied ac
cording to the procedures reported by Bourquin
and Brenneisen [4], Willson et al. [2] and Duc [3]. In
all three instances the eluate was evaporated to dry
ness under a gentle stream of nitrogen at room tem
perature and the residue was dissolved in 100 .ul of
running buffer.

Bond Elut Certify. The procedure employed is a
modification of the manufacturer's recommenda
tion. For hydrolysis 0.3 ml of 10 M KOH was add
ed to 5 ml of urine, vortex-mixed for about 10 s,
heated at 50-60°C for 20 min (with constant mix
ing) and cooled to room temperature. Thereafter 3
ml of 50 mM phosphoric acid were added and the
pH was adjusted to 3 with concentrated HCI. The
Bond Elut Certify cartridges were conditioned im
mediately prior to use by passing sequentially 2 ml
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of methanol and an equal volume of 50 mM phos
phoric acid through the columns. The vacuum was
turned off as soon as the acid solution reached the
sorbent bed to prevent column drying. The hydro
lysed and vortex-mixed specimen was then applied
and drawn slowly (1-2 ml/min) through the car
tridge. The column was sequentially rinsed with 9
ml of 50 mM phosphoric acid and 3 ml of 50 mM
phosphoric acid-methanol (80:20). The vacuum
(about 10 mmHg for 15-20 s) was turned off as
soon as the last drop of the aqueous solution had
fully penetrated the column. A rinse with 1 ml of
hexane followed (about 5 mmHg for 10-15 s and no
complete drying of the sorbent bed) prior to a slow
elution (ca. 1 m1/min) with 1 m1 of hexane-ethyl
acetate (80:20) into a test-tube. The eluate was
evaporated to dryness under a gentle stream of ni
trogen at room temperature and the residue was
dissolved in 100 fll running buffer.

Bond Elut Certify II. Very low recoveries were
obtained using the manufacturer's instructions, so
the procedure was modified. For hydrolysis 0.3-0.5
ml of 10M KOH was added to 5 ml of urine, vor
tex-mixed and heated at 50-60°C for 15 min with
stirring. A 2-ml volume of 0.1 M sodium acetate
buffer (pH 7) containing 5% methanol was added
and the pH was adjusted to 6.5 with concentrated
HCI. The Bond Elut Certify II cartridges were con
ditioned immediately prior to use by passing se
quentially 2 ml of methanol and an equal volume of
0.1 M sodium acetate buffer (pH 7) containing 5%
methanol. The vacuum was turned off in time to
prevent column drying. The hydrolysed and vortex
mixed specimen was then applied and drawn slowly
(1-2 ml/min) through the cartridge. The column
was rinsed with 10 ml of methanol-water (1:1). The
vacuum (about 10 mmHg for 15-20 s) was turned
off as soon as the last drop of the aqueous solution
had fully penetrated the column. A rinse with 2 ml
of ethyl acetate' followed by an applied vacuum of
about 5 mmHg for 15-20 s (no drying under full
vacuum). Elution was effected slowly (1-2 ml/min)
with 2 ml of hexane-ethyl acetate (75:25) containing
1% acetic acid into a test-tube. The eluate was then
evaporated to drynesss under a gentle stream of ni
trogen at room temperature and the residue was
dissolved in 100 fll of running buffer.

Clean Screen THe. Hydrolysis and extraction
were executed in a slightly modified way as recom-
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mended by the manufacturer of the cartridges. For
hydrolysis 0.1 ml of 10 M KOH was added to 5 ml
of urine, vortex-mixed and heated' at 50-60°C for 20
min with constant mixing. Thereafter the pH was
adjusted to 3 with concentrated HCI. The cartridges
were conditioned immediately prior to use by pass
ing sequentially 3 ml of methanol and an equal vol
ume of water through the columns. The vacuum
was turned off as soon as the fluid reached the sor
bent bed to prevent column drying. The hydrolysed
and vortex-mixed specimen was then applied and
drawn slowly (1-2 ml/min) through the cartridge.
The column was sequentially rinsed with 2 ml of
water and 2 ml of 0.1 M HC1-acetonitrile (70:30).
The vacuum (about 10 mmHg for about 15 s) was
turned off as soon as the last drop of the aqueous
solution had fully penetrated the column. A rinse
with 0.2 ml of hexane followed, prior to a slow elu
tion (ca. 1 ml/min) with 2 ml of hexane-ethyl ace
tate (50:50) into a test-tube. The eluate was then
evaporated to dryness under a gentle stream of ni
trogen at room temperature and the residue was
dissolved in 100 fll of running buffer.

Recovery
The recovery after sample pretreatment was de

termined by comparing the MECC peak heights af
ter extraction with those obtained by direct injec
tion of equal amounts of THC-COOH dissolved in
methanol.

RESULTS AND DISCUSSION

With the experimental conditions used in this
work THC-COOH was found to elute after 23.1 ±
0.4 min. Fig. 1 depicts (A) the three-dimensional
electropherogram and (B) the absorption spectrum
extracted as a normalized spectrum from the gath
ered data and referred to as the so-called time slice
for THC-COOH. For MECC with on-column UV
absorption detection, sample concentrations have
to be at least on the flg/ml (flM) concentration level
[7], which is uncommon for THC-COOH in human
urine [1-6]. For direct urine injection, this sensitiv
ity limit is not as good as that of the commonly used
immunological screening methods. Therefore, ex
traction and concentration ofTHC-COOH are cru
cial for its confirmation by MECC.

The use of four different disposable solid-phase
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Fig. I. (A) Three-dimensional MECC electropherogram or
THC-COOH and (B) extracted, normalized absorption spec
trum at 23.4 min. The sample was 100 Ilg/ml of THC-COOH
dissolved in running buffer. The applied voltage was a constant
20 kV and the current was ca. 80 IIA.

extraction columns was investigated. First Bond
Elut THC cartridges containing a bonded-phase sil
ica gel were employed according to three proce-

dures reported in the literature [2-4]. The MECC
analysis of the extracts obtained with blank urine
spiked with 200 ngjml ofTHC-COOH provided ve
ry simple and clean electropherograms (Fig. 2A).
The compound of interest was recovered, but the
extraction efficiencies were found to be of the order
of only 10%. No work was undertaken to try to
optimize the use of this column type because the
recovery was much improved with the Clean Screen
THC columns which contain a proprietary bonded
silica sorbent with mixed-mode properties, a hydro
phobic and ion-exchange copolymer [10]. With this
approach (5 ml of urine and final reconstitution in
100 III of SDS buffer) the extraction efficiency was
always at the 80 ± 10% level, allowing the determi
nation of THC-COOH concentrations in urine as
low as 30 ngjml. Although the electropherograms
were found to be more complex than with Bond
Elut THC (Fig. 2A and B) THC-COOH eluted free
from interferences. Fig. 2C and D depict single
wavelength data obtained after Bond Elut Certify
and Bond Elut Certify II extraction, respectively, of
blank urine spiked with 400 ngjml ofTHC-COOH.
With the Bond Elut Certify column, which also
contains a hydrophobic and ion-exchange
copolymer, THC-COOH was found to be extracted
at the same level as with the Clean Screen THC
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Fig. 2. Single-wavelength electropherograms (210 nm) of the MECC ofTHC-COOH extracted from spiked blank urine using (A) Bond
Elut THC with 200 ng/ml THC-CaOH, (B) Clean Screen THC (200 ng/ml), (C) Bond Elut Certify (400 ng/ml) and (D) Bond Elut
Certify II (400 ng/ml). THC indicates the THC-COOH peaks. Other conditions as in Fig. 1.
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0.006 ®

because the former modified silica gel material ex
hibits three types of interactions, hydrophobic, po
lar and ion exchange [5,6]. The recovery, however,
was not as good (about 25%), in contrast to the
results reported by Dixit and Dixit [6]. With acid
ification of the urine specimens to pH 4.8 or 3.0 the
yields with the Certify II columns became even low
er than 25%.

Based on our investigations discussed above,
both the Clean Screen THC and Bond Elut Certify
procedures were used for confirmation of urine
samples from patients which tested FPIA positive.
MECC data for a urine specimen which was found
to be markedly positive for cannabinoids (> 135 ng/
ml), and also positive for cocaine (> 300 ng/ml) and
negative for methadone and opiates « 300 ng/ml
each) employing EMIT assays, are depicted in Figs.
3 and 4. These data clearly illustrate that with the
Clean Screen THC method a much cleaner extract
is obtained than with the Bond Elut Certify ap
proach, and that with both extraction techniques
well established THC-COOH peaks were moni
tored (Fig. 4A and B). Further, having data be
tween 195 and 320 nm, in addition to reference
spectra, permitted a rapid and reliable confirmation
of the presence of THC-COOH in this urine. The
excellent agreement between the time slices with
those of computer-stored standards is shown by the
graphs in Fig. 4C. With simple calibration graphs
based on peak heights, the THC-COOH concentra
tion was calculated to be ca. 300 ng/ml. It is in
teresting that benzoylecgonine could not be as
signed to one of the peaks detected, particularly
those with a retention time of about 12 min [8].

The second example presented concerned a urine
sample tested FPIA positive for cannabinoids (67
ng/ml) and EMIT negative for cocaine and opiates
( < 300 ng/ml each). This urine sample was also
treated with the Bond Elut Certify and Clean
Screen THC procedures. MECC data are shown in
Fig. 5. In both instances, small THC-COOH peaks
were obtained which could be unambiguously as
signed by comparison of spectra (Fig. 5C). The con
centration of this compound in the urine was deter
mined to be about 40 ng/ml, which compares favor
ably with the 67 ng/mJ obtained with FPIA, a meth
od which responds to different THC metabolites si
multaneously. In the experiments performed
THC-COOH was extracted from 5 ml of urine and
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Fig. 3. Analysis of a cannabinoid-positivc urine sample from a
patient after extraction with Bond Elut Certify. Other conditions
as in Figs. 1 and 2.

cartridge, but providing a more complex electro
pherogram (Fig. 2B and C). The urine matrix be
comes more simplified with Bond Elut Certify II
(Fig. 2D) than with Bond Elut Certify. presumably

260 320

WAVELENGTH (nm)

Fig. 4. (A and B) Single-wavelength electropherograms (210 nm)
and (C) normalized absorption spectra of a markedly cannabi
noid-positive urine sample from a patient employing (A and C)
the Clean Screen THC and (B) the Bond Elut Certify extraction
procedures. Other conditions as in Figs. I and 2.
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Fig. 5. Similar data to Fig. 4, but for a urine specimen with a
much lower THC-COOH content, depicting the limit of the
MECC approach with multi-wavelength detection.

reconstituted into 100 III of SDS buffer, providing
THC-COOH peaks which are close to a detection
limit of about 30 ng/ml. Detection limits of 10 ng/
ml or lower can be attained by employing a larger
urine volume and/or final reconstitution in less than
100 III of SDS buffer.

It is interesting that after investigating urine sam
ples from more than fifteen patients no false-posi
tive specimen was found. The presence of THC
COOH was confirmed in all seven positively tested
specimens. Further, THC-COOH could not be
found in six urines which gave no clear result with
FPIA, cases in which the FPIA instrument provid
ed a warning because of much too high background
signal, a possible consequence of sample adulter
ation [1].
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ABSTRACT

Capillary zone electrophoresis was tested for its suitability for studying protein-drug binding. Three methods were investigated, viz.,
the Hummel-Dreyer method, the vacancy peak method and frontal analysis. Frontal analysis appeared to be the preferred method.

INTRODUCTION

It is well known that drugs bind reversibly to
plasma proteins, particularly albumin and (X-acid
glycoproteins [1]. As the unbound drug determines
the pharmacological activity of the drug, it is
necessary to know the ratio of the bound to
unbound drug in order to adjust the optimum
therapeutic dose of a drug in man. Moreover, for
toxic drugs with strong protein binding, additional
information about the displacement of the bound
drug from the plasma proteins by simultaneously
administered exogenous compounds is required.
The binding studies involve the determination of the
binding parameters, i.e., the binding constants, the
maximum number of drug molecules bound to the
protein and the classes of binding sites on the
protein.

Methods for studying binding phenomena are
concerned mainly with the measurement of either
the unbound (free) or the bound drug without
disturbing the equilibrium. The techniques that meet
these requirements are dialysis [2,3], ultrafiltration
[4] and size-exclusion chromatography (SEC) [5].
The last technique has nowadays become the meth
od of choice and several variants have been devel-

Correspondence to: Dr. J. C. Kraak, Laboratory for Analytical
Chemistry, University of Amsterdam, Nieuwe Achtergracht 166,
1018 WV Amsterdam. Netherlands.

oped, i.e., the Hummel-Dreyer method [5,6], the
vacancy peak method [7] and frontal analysis [8,9].

In principle, methods analogous to the SEC
methods can be applied in capillary zone electro
phoresis (CZE), but so far only flat gel electro
phoresis has been used to study protein-drug bind
ing [10]. CZE for studying protein-drug binding
looks attractive because it is a simple system with a
relatively low surface-to-volume ratio, an extremely
large separation power, reasonable speed and good
automation prospects. From the point of view of
systematic errors and wide applicapility, the CZE
system appears more promising than other techni
ques, because of the absence of large surface areas,
while the aqueous medium is similar to physiological
conditions.

The aim of this investigation was to determine
whether CZE can be used to study protein-drug
binding and provide an attractive alternative to the
aforementioned laborious methods. The study in
volved a comparison of the Hummel-Dreyer meth
od, the vacancy peak method and frontal analysis
using warfarin and bovine serum albumin (BSA) as
test compounds.

PRINCIPLE OF CZE METHODS FOR DRUG-B.lNDlNG

STUDlES

SEC methods exploit the difference in the exclu
sion of the drug and the protein-drug complex from

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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the pores of the packing for the separation of the free
drug and the bound drug [11]. In CZE, the drug and
the protein-drug complex can be separated by the
difference in their electrophoretic mobilities, which
depend on the charge and size of the compounds. It
is reasonable to assume that the size and charge on
the protein are not significantly altered by the
presence of adsorbed drug molecules. This means
that the protein and protein-drug complex will have
the same electrophoretic mobility. Hence, in prin
ciple, the same methods for studying protein-drug
binding as developed for SEC (i.e., the Hummel
Dreyer method, the vacancy peak method and
frontal analysis) can be adapted to CZE, provided
that the electrophoretic mobilities of the drug and
protein differs. In this study, the electrophoretic
mobility of the protein (BSA) is larger then that of
the drug (warfarin).

In the Hummel-Dreyer method, the capillary is
filled with the buffer containing the drug, which
causes a large background detector response. Then a
small sample, containing the buffer + drug +
protein, is injected into the capillary. The migration
of the injection plug after switching on the voltage is
illustrated schematically in Fig. 1. The total concen
tration of the drug in the sample plug is equal to the
drug concentration in the buffer, but part of the drug
is bound to the protein. As the mobilities of the
protein and protein-drug complex are larger than

In). plug: BSA+---

that of the drug, the protein-drug complex migrates
from the injection plug, leaving a local deficiency in
drug concentration. This deficiency causes a nega
tive peak which moves with the mobility of the drug.
The area of the negative peak is a measure of the
amount of bound drug. During the migration, the
protein-drug complex is always in equilibrium with
the free drug in the buffer. Therefore, the protein
drug complex will give a positive peak. When the
free protein shows no absorbance at the selected
wavelength and the molar absorptivities of the drug
and the protein-drug complex are the same, then in
principle the areas of the negative and positive peaks
must be equal. However, in practice these circum
stances are almost never met. It can be seen that in
Figs. 1-3 the peaks are represented as ideal blocks
but it will be obvious that in practice, owing to
the dispersion, the blocks appear as more or less
Gaussian peaks.

In the vacancy peak method, the capillary is filled
with buffer containing drug + protein, which
causes a large background detector response. Then a
small plug of buffer is injected into the capillary and
the power supply switched on. The effect of the
injected buffer plug on the migration is illustrated
schematically in Fig. 2, again assuming that the
mobilities of the protein and protein-drug complex
are larger than that of the drug. At the front edge of
the buffer plug the drug is migrating more slowly
than the protein and hence stays behind. At the rear
edge of the plug the protein migrates faster than the
drug. This continues until the two fronts reach
other. In this middle region the protein again

+
Inj. plug: Buffer --

Fig. 2. Schematic representation of the vacancy peak CZE
method.

t
AU....•.' I 3

Fig. 1. Schematic representation of the Hummel-Dreyer CZE
method. I = Drug; 2 = BSA; 3 = buffer; 4 = BSA---<lrug
complex.
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EXPERIMENTAL

Fig. 3. Schematic representation of the frontal analysis CZE
method.

Apparatus
The CZE system was constructed from separate

parts and consisted of a UV detector (Model 757,
Kratos, Ramsey, NJ, USA) with a modified cell
arrangement for on-column detection, a 0-35 kV
d.c. high-power supply (HCN 35-35000; FUG,
Rosenheim, Germany) and platinum electrodes
used for connection of the supply with the buffer

Chemicals
The 0.067 M phosphate buffer (pH 7.4) was

prepared by mixing of 0.53 g ofKHzP04 and 2.94 g
of K zHP04 . 3HzO (Merck, Darmstadt, Germany)
in 250 ml of doubly distilled water. The buffer
solution was prepared daily and filtered through a
Millipore filter (Type HV, 0.45 /lm) before use.
Bovine serum albumin (BSA) was obtained from
Merck and warfarin from Sigma (St. Louis, MO,
USA). The sample solutions were daily prepared
from stock solutions stored at - 20°e.

reservoirs at both ends of the capillary. The detec
tion was carried out at the cathodic side. The whole
set-up (except the power supply) was placed in a
Plexiglas box. For safety, an automatic shut-off
switch was mounted in the door. The temperature in
the box was kept at 25°e.

In one experiment, a commercial CZE system
[Model 270 A-HT; Applied Biosystems Inc. (ABI),
CA, USA] was used. The fused-silica capillaries
(Polymicro Technologies, Phoenix, AZ, USA) were
50-60 cm x 50 /lm J.D. The distance between the
injection and detectors was about 35 em. Before
starting the measurements, the capillary was flushed
daily for 5 min each with I M KOH, ethanol and
buffer. The voltage was usually set to 200 Vfcm.
Sample injection was done by means of electromi
gration (2.5-60 s at 10 kV). The wavelength of de
tector was adjusted to 315 nm. At very high warfa
rin concentrations the wavelength was sometimes
set at 340 nm.

Procedures
In order to calculate properly the binding param

eters of warfarin, 15-20 points of the warfarin-BSA
isotherm are desired. In all studies the BSA concen
tration was kept constant at 4' 10- 5 M and the
warfarin concentration varied according to the
following scheme: 3, 6, 9, 12, 15, 18,30,60,90, 120,
200, 300, 400, 600 and 900' 10- 6 M. For the
Hummel-Dreyer and vacancy peak methods a small
sample plug was injected (2.5 at 10 kV) and for
frontal analysis a large sample plug (60 s at 10 kV).
The experimental data were fitted according to a
bi-Langmuir isotherm using a non-linear least
squares curve fitting program [12]. The experimental
data were also visualized in a Scatchard plot [13] to
show the spread of the data points.

Large Inj. plug: Drug + 8SA

r--"""""'-""""",-""""",-"""LI-.mL.--··_~I---

adsorbs drug molecules until an equilibrium is
attained, reconcentrating the drug to the original
concentration. From that point on a steady state is
reached, resulting in two negative bands (peaks) in
the electropherogram. The first peak reflects the
bound drug and the second peak the free drug
concentration. The evidence that the negative peaks
reflect the bound and free drug is given in ref. 7.

In frontal analysis, the capillary is filled with the
buffer, then a very large sample plug, containing
buffer + protein + drug, is injected into the capil
lary. As the mobilities of the protein and drug differ,
the free drug leaks out of the plug at the rear edge (as
occurs in the vacancy method) and a plateau is
formed, as represented schematically in Fig. 3.
Finally, the elution profile consists of three parts: at
the front edge a plateau related to the free protein, in
the middle region a plateau related to the protein
drug complex + free drug and at the rear edge a
plateau due to the unbound (free) drug. Depending
on the selected wavelength, the first plateau (the free
protein) is often not detected. The height of the drug
plateau reflects the free drug concentration.

+



(I)

(2)

260

For the calculation of the bound fraction with the
Hummel-Dreyer method, the simplified method as
given by Pinkerton and Koeplinger [14] was applied.
The procedure involves two injections at a given
warfarin concentration: the sample (consisting of
buffer + protein) and the blank buffer. From the
peak areas the bound drug concentration, [D]b' can
be calculated according to

[D]b = ( A
p ;;e A

e)CD

where A p is the area of the sample peak, A e is the area
of the buffer peak and CD the drug concentration in
the buffer.

In the vacancy peak method, the free drug concen
tration was determined by internal calibration. For
this purpose the buffer was mixed with increasing
amounts of warfarin and then injected. By plotting
the added warfarin versus the peak area, the free
concentration can be determined by interpolating to
zero absorbance (the concentration needed to fill up
the vacancy peak).

In frontal analysis, the free drug concentration,
[D]f, can be calculated from the height of the sample
plateau and the height of the plateau obtained on
injecting a plug of buffer + the same warfarin
concentration, CD, as used in the sample according
to

[D]f = ( sampl~ hei~ht )C
D

warfann heIght

J. C. Kraak et al. I J. Chromatogr. 608 (1992) 257-264

The electropherogram of the test solutes in 0.067 M
phosphate buffer is shown in Fig. 4. It can be seen
that the BSA is not completely homogeneous.

RESULTS AND DISCUSSION

During the explorative experiments to adapt the
liquid chromatographic drug-binding techniques to
our laboratory-made CZE system, we were faced
with unexpected experimental difficulties, such as
blockage of the capillary, noisy detector signals and
large variations in the electropherograms, particu
larly in the Hummel-Dreyer and vacancy peak
methods. By systematically investigating these prob
lems, it became clear that acceptable data could be
produced provided that flushing of the capillary, the
preparation of the solutions and the measurements
were performed according to a stringent protocol.
For instance, a daily pretreatment of the capillary,
freshly prepared buffer and sample solutions and the
analysis of a series of samples in a standardized time
scheme were found to be of paramount importance
for obtaining reliable isotherms. Fig. 5 shows typical
electropherograms obtained with (A) the Hummel
Dreyer method, (B) the vacancy peak method and
(C) frontal analysis.

Effect ofprotein concentration
The reversible binding of a drug to a protein is

governed by the multiple equilibria theory [15,16],
expressed by the following equation:

where r is the mean number of drug molecules
adsorbed per protein molecule, m is the number of
classes of independent adsorption sites, ni is the
number of sites in a class i with an association
constant of K i and [D]f is the concentration of the
unbound (free) drug; r is equal to the ratio of the
concentration of bound drug, [D]b' and the total
protein concentration, [Pl. For the BSA-warfarin
combination two binding constants and two classes
of binding sites are assumed. According to eqn. 3, r,
the number of drug molecules adsorbed to a protein
molecule, is independent of the protein concentra
tion. However, it has been found that the equilibria

Gl
C
o
Gi
u
l'lI

io
Fig. 4. Electropherogram of the test solutes. Electrophoretic
mobilities (m 2/Y . s): acetone (neutral compound), Jio = +3.70 .
10- 8

; JiRSA = -1.67' 10- 8
; Jiwacfadn = -2.00' 10- 8

.

m

r = [D]b = \' niK;[D]f
[P] L I + K;[D]f

i~ 1

(3)
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warfarin concentration and the r values were calcu
lated. The results are given in Table 1. As can be seen,
the r value tends to become constant with decreasing
BSA concentration. In all subsequent measure
ments, the BSA concentration was kept below 50
flM.

Fig. 5. Typical electropherograms obtained with (A) the
Hummel-Dreyer method, (B) the vacancy peak method and (C)
frontal analysis.

i
o

6

B

c

i
5

i
10 min

.free drug concentration

1bmin

Hummel-Dreyer method
Fig. 6 shows a typical adsorption isotherm and the

corresponding Scatchard plot as measured with the
Hummel-Dreyer method. The data points are the
means of duplicate measurements. As can be seen,
the isotherm looks reasonable but the points in the
Scatchard plot are scattered significantly at lower r
values. The scattering at low warfarin concentration
is due to the imprecision in the determination of the
small peak heights at the highest sensitivity setting of
the detector. The peak heights of duplicates vary by
about 10% and this has a large effect on the
calculation of r. At medium and higher warfarin
concentrations the spread of duplicate measure
ments is smaller (5% and 2.5% respectively). Owing
to the relatively large spread at lower warfarin
concentrations, meaningful data points for .the fit
ting can be obtained provided that averages of
replicate experiments are used. The relatively large
spreading can be partly attributed to the manual
operation on our laboratory-made CZE system and
better results can be expected with an automated
CZE system.

The binding parameters of warfarin with BSA, by
fitting the data points as reflected in Fig. 6, are given
in Table II, including parameters given in the
literature. The values of k 1 and nl are smaller than
published values obtained using SEC. As the dilu
tion of the bands in CZE is significantly smaller than
in HPLC, the difference might be attributed to the

TABLE I

EFFECT OF THE BSA CONCENTRATION ON THE r
VALUE WITH 5' 10- 5 M WARFARIN

BSA (10- 4 M) r

are disturbed at higher protein concentrations [17]
and this can affect r. In order to determine the
protein concentration where r is constant, different
BSA concentrations were injected at a constant

1.52
1.25
1.01
0.75
0.48

1.16
1.40
1.59
1.68
1.73
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5-'A------------------, effect of the actual protein concentration on r. This
aspect is being investigated in more detail.

r
4 -

r

Vacancy peak method
Fig. 7 shows the isotherm and Scatchard plot

obtained with the vacancy peak method. Both
curves looks better than those obtained with the
Hummel-Dreyer method. However, also with the
vacancy peak method the scatter of the data points
in the Scatchard plot at smaller r values is large. The
binding parameters deviate from those in the litera
ture, probably because ofthe mentioned effect of the
protein concentration on r. The vacancy peak
method can be easily applied but requires a large
number of measurements owing to the calibration
procedure.

Frontal analysis
The BSA-warfarin isotherm and Scatchard plot

obtained with the frontal analysis method are shown
in Fig. 8. In contrast to the aforementioned meth
ods, with this method smooth curves are obtained
over the whole warfarin concentration range investi
gated. The curves are very reproducible and the
binding constants fit well with those reported in the
literature, as can be seen from Table II. Owing to the
simple internal calibration, a complete curve can be
recorded within 8 h.

Frontal analysis was tested with an automated
CZE apparatus (ABI) made available for demon-

4
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Fig. 6. (A) BSA-warfarin isotherm and (B) Scatchard plot
measured with the simplified Hummel-Dreyer method.

TABLE II

COMPARISON OF PROTEIN BINDING PARAMETERS FOR BSA-WARFARIN IN 0.067 MPHOSPHATE BUFFER (pH 7.4)

Method

. CZE, Hummel-Dreyer
CZE, vacancy
CZE, frontal

Ref. 18
Ref. 19
Ref. 20
Ref. 6
Ref. 6

Apparatus K, Il, Kz Ilz

(x 105) (x 103
)

Laboratory-made 1.00 0.67 6.7 3.24
Laboratory-made 0.70 1.98 1.4 2.74
Laboratory-made I 1.30 1.33 2.1 2.67
Laboratory-made II 1.53 1.16 2.9 3.17
Laboratory-made III 1.58 1.22 4.3 2.70
ABI, hydrodynamic injection 1.51 1.31 6.9 1.63
ABI, Electromigration injection 1.61 1.24 9.2 1.41

2.41 1.46 5.6 2.42
2.31 0.95 5.9 3.69
2.03 1.38 2.2 3.73
2.10 1.16
2.18 1.31 4.2 3.75
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Fig. 7. (A) BSA-warfarin isotherm and (B) Scatchard plot
measured with the vacancy peak method.

Fig. 8. (A) BSA-warfarin isotherm and (B) Scatchard plot
measured with frontal analysis.
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Fig. 9. (A) BSA-warfarin isotherm and (B) Scatchard plot
measured with frontal analysis on an ABI CZE system. Injection
mode: e1ectromigration.
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strations by the supplier. Two injection modes were
applied: electromigration and hydrodynamic. The
system was programmed in such a way that after
each analysis a washing step (I M KOH) was
applied. The isotherm obtained is given in Fig. 9 and
shows that Frontal analysis can be well automated.

From Table II, it can be seen that the number of
binding sites at high warfarin concentration (n2)
appears smaller with the ABI system than with our
laboratory-made CZE system, in which the KOH
flushing between each analysis was omitted. The
reasons for this difference are not yet clear but is
might be attributed to reversible adsorption of BSA
on the surface of the capillary or to an effect of the
length and type of the applied capillaries, which
differed in the two systems. These aspects are under
investigation.
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CONCLUSIONS

The results obtained so far have shown that CZE
is a suitable technique for studying protein-drug
binding, provided that an automated CZE system is
used. Of the methods investigated, frontal analysis
appears to be the most attractive.

ACKNOWLEDGEMENTS

The authors thank J. J. Luijt and M. Tiller for
their valuable contributions and Astra Hassle,
Sweden, for financial support.

REFERENCES

1 W. J. Jusko and M. Gretch, Drug Metab. Rev., 5 (1976) 43.
2 I. M. Klotz, J. Am. Chem. Soc., 68 (1946) 2299.
3 R. Zini, D. Morin, P. Jouenne and J. P. Tillement, Life Sci., 43

(1988) 2103.
4 W. F. Bowers, S. Fulton and J. Thompson, Clin. Pharmaco

kinet., 9 (1984) 49.
5 J. P. Hummel and W. J. Dreyer, Biochim. Biophys. Acta, 63

(1962) 530.

J. C. Kraak et al. / J. Chromatogr. 608 (1992) 257-264

6 B. Sebille, N. Thuaud andJ. P. Tillement,J. Chromatogr., 167
(1978) 159.

7 B. Sebille, N. Thuaud and J. P. Tillement, J. Chromatogr., 180
(1979) 103.

8 P. F. Cooper and G. C. Wood, J. Pharm. Pharmacol., 20
(1968) 1503.

9 L. Soltes, B. Sebille, J. P. Tillement and D. Berek, J. Clin.
Chem. Clin. Biochem., 27 (1989) 935.

10 H. Bennhold and H. Ott, in E. Bucher, E. Letterer and F.
Roulet (Editors), Handbuch der Allgemeine Pathologie,
Springer, Berlin, 1961, Band V, Teil 1, pp. 166-275.

II B. Sebille, R. Zini, C. V. Madjar, N. Thuaud and J. P.
Tillement, J. Chromatogr., 531 (1990) 51.

12 H. F. M. Boelens and H. C. Smit, in preparation.
13 G. Scatchard, Ann. N. Y. Acad. Sci., 51 (1949) 660.
14 T. C. Pinkerton and K. A. Koeplinger, Anal. Chem., 62 (1990)

2114.
15 1. M. Klotz and D. L. Hunston, Biochemistry, 16 (1971) 3065.
16 H. A. Feldman, Anal. Biochem., 48 (1972) 317.
17 C. J. Bowner and W. E. Lindup, Biochim. Biophys. Acta, 624

(1980) 260.
18 R. F. Mais, S. Keresztes-Nagy, J. F. Zaroslinski and Y. T.

Oester, J. Pharm. Sci., 63 (1974) 1423.
19 J. P. Tillement, R. Zini, P. d'Athis and G. Vassent, Eur. J.

Clin. Pharmacol., 7 (1974) 307.
20 Y. T. Oester, S. Keresztes-Nagy, R. F. Mais, J. Becktel and J.

F. Karolinski, J. Pharm. Sci., 65 (1976) 1673.



Journal of Chromatography, 608 (1992) 265-274
Elsevier Science Publishers B.V., Amsterdam

CHROM. 24 354
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ABSTRACT

Modified cyclodextrin derivatives were evaluated as the buffer additives in capillary electrophoresis of several racemic pharmaceutical
bases. Uncoated and polyacrylamide-modified silica capillaries were compared for their effectiveness in the enantiomeric resolution and
migration reproducibility of model solutes. Using cationic detergents in the mixed-micellar mode, optimized separations of the racemic
drug bupivacaine are demonstrated in a spiked serum sample at the therapeutic level. Precision, linearity and sensitivity of the method
appear adequate for reliable quantitation required in pharmacokinetic and clinical studies.

INTRODUCTION

In pharmaceutical research and quality control,
separation of optical isomers is important through
out the development and manufacturing of numer
ous therapeutics. In the course of checking the com
position of bulk drug substances as welI as in the
more involved pharmacokinetic and clinical stud
ies, the ability to measure separately quantities of
optical isomers has become essential. Many phar
maceutical preparations are now administered as a
I: I racemic mixture of (R)- and (S)-enantiomers. In
the body, various enantiomers behave as two differ
ent entities; stereoselectively controlled processes

Correspondence to: Dr. M. V. Novotny, Department of Chem
istry, Indiana University, Bloomington, IN 47405, USA.

such as drug absorption, distribution, metabolism
and elimination may differ substantially between
the.enantiomers [1]. The pharmacokinetic studies in
body fluids impose challenging demands for the
separation systems in use. These include, in addi
tion to the enantioselective separations, the need for
resolution between a number of endogenous biolog
ical molecules and relatively smalI pharmaceutical
molecules present in the same sample. In addition,
the performance of the analytical system must re
main constant during the long analysis periods de
spite the presence of interfering matrix compounds.

The separation principle of capillary electropho
resis (CE) offers considerably greater separation ef
ficiency, within a short analysis time, than that of
high-performance liquid chromatography or gas
chromatography [2,3]. The possibility of varying
the selectivity of separation through the use of dif-

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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ferent modifiers in buffet" solutions is yet another
valuable property of the general method. For exam
ple, micellar electrokinetic chromatography [4] has
shown an excellent capability to solubilize disturb
ing proteins and other endogeneous materials dur
ing the analysis of pharmaceuticals after a direct
injection of blood serum [5-7]. Short of sample pre
concentration, however, this approach is adequate
only at high concentrations of pharmaceuticals.

Recently, cyclodextrins (CDs) and their deriva
tives have been employed in CE of various optical
and geometrical isomers as well as for other small
molecules of pharmaceutical interest [8-11]. The us
es of CDs in CE have been reviewed by Snopek et
al. [12]. At this date, analyses of biological materials
following this approach remain unexplored.

In the recent applications of CD-modified elec
trokinetic chromatography, a combination of
anionic surfactants and CDs has been utilized in the
buffer systems to aid resolution of hydrophobic po
Iyaromatic compounds [13] and closely related cor
ticosteroids [14]. Structurally similar peptides, both
in their native forms and as fluorescent derivatives,
were successfully separated using both anionic and
cationic detergents above their critical micelle con
centration, together with CDs [15]. Under such con
ditions, the analytes are believed to incorporate
themselves either into the micelles or the CD cavity
[13], thus enhancing the selectivity potential of the
separation system. Interactions of CD molecules
with cationic and anionic surfactants under the mi
cellar conditions have been studied by careful con
ductometric measurements [16,17]. According to
these measurements, CDs induce an increase in the
apparent critical micellar concentration of a surfac
tant, since the available monomers are partly asso
ciated in a complex with CDs. Furthermore, inter
actions of surfactants with the outer hydrophilic
shells of CDs were suggested [16]. .

In the present study, we have investigated the
properties of f3-CD solutions modified by certain
cationic surfactants in the separations of optical
isomers of basic pharmaceuticals. Uncoated fused
silica and polyacrylamide-coated silica capillaries
were used in the study. Effective separations of opti
cal isomers for model pharmaceuticals -verapa
mil, fluoxetine, bupivacaine, mepivacaine, carvedi
101 and pindolol- are described. Chemical struc
tures of these compounds are shown in Fig. 1. A

H. Saini et al. I J. Chramatagr. 608 (1992) 265-274

variety of additives in the CD-buffer systems were
tested for both enhancing resolution between the
enantiomeric pairs and improving analytical repro
ducibility. The effect of the cationic detergents hex
adecyltrimethylammonium bromide and cetylpyri
dinium chloride, in combination with the f3-CD tri
methylderivative, on the resolution of the
enantiomeric pairs was investigated for fluoxetine
and verapamil. Finally, an optimized separation
system with the f3-CD dimethylderivative was dem
onstrated for the quantitation of bupivacaine
enantiomers in spiked serum samples at therapeutic
levels.

EXPERIMENTAL

Materials
Verapamil hydrochloride, or a-[3-{[2-(3,4-di

methoxyphenyl)ethyl]-methylamino}propyl]-3,4-di
methoxy-a-(1-methylethyl)benzene-acetonitrile hy
drochloride; pindolol, or 1-(1 H-indol-4-yloxy)-3
[(1-methyl-ethyl)amino]-2-propanol; carvedilol, or
1-(9H-carbazol-4-yloxy)-3-{[2-(2-methoxyphen
oxy)ethyl]amino}-2-propanol; and bupivacaine hy
drochloride, or I-butyl-N-(2,6-dimethylphenyl)-2
piperidinecarboxamide hydrochloride, were a gift
from Orion Pharmaceutica, Espoo, Finland. Pure
(R)- and (S)-bupivacaine hydrochloride were pro
vided by Astra (Sodertalje, Sweden). Mepivacaine,
or N-(2,6-dimethylphenyl)-I-methyl-2-piperidine
carboxamide, was a USP reference standard (Twin
brook Parkway, Rockville, MD, USA). Fluoxetine
hydrochloride, or (± )-N-methyl-3-phenyl-[(a,a,a
trifluoro-p-tolyl)-oxyl]-propylamine hydrochloride
was a gift from Lilly Research Laboratories (Indi
anapolis, IN, USA). Heptakis(2,3,6-tri-O-methyl)
f3-cyclodextrin (TM-f3-CD); heptakis(2,6,di-O
methyl)-P-cyclodextrin (DM-P-CD); hexadecyltri
methylammonium bromide (HTAB); cetylpyridium
chloride (CTPC); I-heptanesulfonic acid; and final
ly, Trizma base (Tris), were obtained from Sigma
(St. Louis, MO, USA). Methylhydroxyethylcellu
lose 1000 and 4000 (MHEC) were purchased from
Serva (Heidelberg, Germany). Ethylene glycol, hex
ane (HPLC grade), sodium hydroxide (1 M solu
tion) and phosphoric acid (HPLC grade, 85%) were
from Fisher Scientific (Fair Lawn, NJ, USA).
Diethyl ether and ethylacetate (ChromAR) were
purchased from Mallinckrodt (Paris, KY, USA).
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Fig. I. Chemical structures of the basic racemic pharmaceuticals used in this study.

Polyacrylamide coating of the capillary was carried
out according to the procedure described by Hjer
ten [18]. All buffers were filtered with 0.2-j.tm Ny
laflo filters (Gelman Sciences, Ann' Arbor, MI,
USA). Water was distilled before use.

Equipment
A laboratory-made CE apparatus and Beckman

(Palo Alto, CA, USA) PlACE System 2100 were
used in all measurements. Capillaries (50 cm x 150
j.tm a.D., 30 pm I.D. and 64 cm x 185 flm a.D.,
50 j.tm I.D.) used in the laboratory-made instru
ment were from Polymicro Technologies (Phoenix,
AZ, USA). A high-voltage power supply (0-60 kV)
was a product of Spellman High Voltage Electron
ics (Plainview, NY, USA). Voltages 18-20 kV were
used (negative ground). The detector was a Jasco
(Tokyo, Japan) UVIDEC-IOO-IV adjusted to 220
nm (0.01 AUFS), where all model compounds ex
hibited relatively strong UV absorption. The poly
imide coating of the capillary was removed in a

small area (16 cm from the capillary end) to form an
on-column flow-cell for UV-absorbance detection.
The Beckman instrument used a capillary of 57 cm
(50 cm effective length) x 367 j.tm a.D., 75 j.tm
LD. Buffers contained tri- and dimethylcyclodex
trin derivatives (10 mM TM-fJ-CD or DM-fJ-CD),
Tris (18 mM, pH adjusted to 2.8-3.0 with phos
phoric acid) and methylhydroxyethylcellulose 1000
or 4000 (0.1 %, w/w). Modifiers were added in the
described buffer systems. Under the above condi
tions, the analytes possessed positive charge and
migrated towards the negative electrode (detector
end).

Sample preparation
Stock solutions of racemic drugs were prepared

in methanol. Further dilutions were made in the
same solvent. In the ethylacetate extraction of vera
pamil from serum, 0.25 ml of serum spiked with
about 10 j.tg of verapamil was alkalinized with 30 fll
of 1 M sodium hydroxide and shaken vigorously for
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2 min with 0.5 ml ethylacetate. After the organic
layer (0.4 ml) was evaporated to dryness under the
stream of nitrogen, the residue was dissolved in 10
fll methanol.

For the spiked bupivacaine samples, blank serum
(1.0 ml) was transferred to a 5-ml test tube and the
racemic bupivacaine (0.19-3.8 flg in 15-50 fll meth
anol) and mepivacaine (160 flg/30 fll methanol)
were added. After thorough mixing, the samples
were alkalinized with 200 fll of 1 M sodium hydrox
ide by mixing for 20 s. The samples were extracted
with 1.5 ml hexane-diethyl ether (1:1) by shaking
the test tube gently for 5 min in the horizontal posi
tion to avoid emulsion formation. After standing in
a refrigerator 5 min to cool, the 1.3 ml organic layer
was evaporated to dryness in a polyethylene conical
tube by a stream of nitrogen. The residue was re
dissolved into 15 fll of methanol. Sample introduc
tion was carried out hydrodynamically by lifting the
sample 13 cm above the buffer level and dipping the
capillary end into the sample for 15-s time intervals.

RESULTS

In a previous qualitative study [11] we used hep
takis (2,6-di-O-methyl)-f3- and y-cyc1odextrins in a
buffer (pH between 2 and 3), with methylhydrox
yethylcellulose addition. The buffer system showed
a promising ability to separate the optical isomers
of basic pharmaceuticals using uncoated capillaries.
In this present study, buffers with hydroxycellulose
derivative (pH 2.7-3.0) and heptakis(2,3,6-tri-O
methyl)-f3-cyc1odextrin or heptakis(2,6-di-O-meth
yl)-f3-cyc1odextrin were modified. The aim of these
experiments was to achieve separation conditions
adequate for quantitative analysis of pharmaceu
ticals in serum samples containing a biological ma
trix.

Uncoated capillaries
A dramatic effect of HTAB (0.05 mM) in sup

pressing the slow-migrating serum proteins from
about 40 min to 20 min, in a spiked serum extract
sample (levels of verapamil around 40 flg/ml), is
shown in Fig. 2. Apparently, the HTAB molecules
cover the negatively charged silica wall of a capil
lary, forming a positive net charge. Consequently,
adsorption of proteins on the wall is minimized,
while the positively charged analytes are repelled.
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Fig. 2. Ethyl acetate extract of an alkalinized serum sample con
taining verapamil. (A) Buffer: 10 mM TM-fJ-CD-20 mM Tris,
pH 2.7-0.1 % MHEC 1000, capillary 64 cm x 50 pm, uncoated
silica; 20 kV voltage; 215 nm UV-absorbance detection, 0.01
AUFS. (B) Buffer as in (A), but with 0.05 mM HTAB added (pH
3.0).

Under the above acidic conditions (in the pres
ence of cyc10dextrins and cellulose), the electromi
gration of positively charged species towards the
negative electrode was the main force in effect. Elec
troosmosis became negligible. Therefore, the re
versed electroosmosis which had been observed in
the cationic detergent buffer systems earlier under
neutral and basic conditions [19,20] did not have a
significant effect in our buffer system.

To enhance the enantiomer resolution and sam
pling precision for quantitation purposes, we ex
plored the addition of methanol, ethylene glycol,
and I-heptanesulfonic acid to the original buffer
plus-additive system (TM-f3-CD-O.l % MHEC
0.05 mM HTAB). The addition of methanol and
I-heptanesulfonic acid improved the peak shapes of
f1uoxetine enantiomers, while their effect on verapa
mil separation appeared negative. With methanol,
the verapamil enantiomers co-migrated, and broad
and tailing peaks were experienced due to the use of
I-heptanesulfonic acid. The effects of selected addi
tives are demonstrated in Fig. 3.

The merits of using cationic detergents, HTAB
and CTPC, in conjunction with the modified CDs
and untreated silica capillary, were examined. The
literature values [21] of the critical micelle concen
tration are 0.028 mM and 0.9 mM for HTAB and
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Verapamil

A

Fluoxetine

B

c

5 10 15 min
1-----...+I------lI----
o 10 20 mIn

Fig. 3. Comparison of the effects of buffer modifiers on verapamil and f1uoxetine enanliomer separation. Capillary: 50 em x 30 11m,
uncoated silica, detection at 220 nm, 0.01 AUFS, 25 kV voltage. (A) Buffer: 12 mM TM-fJ-CD-20 roM TRIS, pH 2.7--0.1 % MHEC
1000-0.05 mM HTAB. (B) Buffer: ethylene glycol-buffer (A) (2:98). (C) Buffer: 10 mM I-heptanesulfonic acid-buffer (A) (47:53) (6.4
mM TM-fJ-CD-4.7 mM I-heptanesulfonic acid-o.05% MHEC 1000-0.027 mM HTAB).

HTAB(mM)

Fig. 4. Resolution of the enantiomeric pairs of verapamil (0)
and f1uoxetine (.) vs. HTAB concentration.

ues for both migration reproducibility and the reso
lution of enantiomers. For HTAB,. this optimum
concentration is equal to or slightly higher than the
critical micelle concentration (erne); it is somewhat
lower for CTPC. The optimized separations are
shown in Fig. 6 A-C.

The optical isomers of mepivacaine, bupivacaine,
pindolol and carvedilol were subsequently separat
ed using dimethyl-,B-cyclodextrin buffer with the es-

0.200.150.100.05
O+--.:-----.-~-r_----r---~
0.00

c:
o
;
o....
II:

CTPC, respectively. Hansen et al. [22] reported that
HTAB adsorptivity on porous silica is much stron
ger than the values for shorter-chain cationic de
tergents. It is thus expected that small changes in
HTAB concentration may be effective in regulating
the analytical conditions of our experiments. In ad
dition, its minor addition to the buffer media does
not significantly alter the current conditions in com
parative experiments.

The enantiomeric resolution and migration re
producibility for verapamil and fluoxetine were mea
sured here as a function of detergent concentration.
Resolution (R s) was determined according to the
usual formula, Rs = 2(t2 - t1)/W1 + W2), where t1
and t2 are the respective migration times and
(W1 + w2)/2 is the average peak width at the peak
base. Appropriate amounts of HTAB or CTPC
were added to the buffer of standard composition
[10 mM TM-,B-CD-18 mM Tris-phosphate (pH =
2.9)-0.1 % MHEC 1000]. The resolution vs. deter
gent concentration plots are shown in Figs. 4 and 5,
while Tables I and II demonstrate migration repro
ducibility for the first isomer of fluoxetine and vera
pamil at different detergent concentrations.

The results indicate that there are optimum val-
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1

...........

A

CTPC R.S.D. (%)
(mM)

Verapamil Fluoxetine

0.0 2.8 6.1
0.1 1.4 1.7
0.5 1.7 1.0
0.9 2.4 2.8
2.0 2.8 2.9

the drug before orthopaedic surgery, therapeutic
levels of bupivacaine were reported to remain in se
rum typically at the level of 1.0-1.2 ,ug/ml up to 3 h
after treatment [23]. Therapeutic levels of the race-

TABLE II

MIGRATION TIME VARIATION OF VERAPAMIL AND
FLUOXETINE (R.S.D., n = 4) AS FUNCTION OF CTPC
CONCENTRATION

2.51.51.00.5
o-+-~----,.---~J...-,..-~........._-..,......_----l
0.0

tablished optimum concentration of HTAB. Buffer
composition was DM-tJ-CD (lOmM)-Tris (18 mM,
pH 2.9 with phosphoric acid)-O.l % MHEC 4000
0.03 mM HTAB.

Separations of additional analytes are seen in
Figs. 7A and Band 8. For pindolol, only partial
separation was achieved. The migration order of
hupivacaine enantiomers was verified with pure
(R)- and (S)-isomers. (R)-Bupivacaine eluted before
(S)-bupivacaine, as seen in Fig. 9, where an excess
of (R)-isomer was added to the racemic mixture.

2.0

CTPC(mM)

Fig. 5. Resolution of the enantiomeric pairs of verapamil (0)
and fluoxetine (.) vs. CTCP concentration.

c
o::I
o....
II:

Bupivacaine in serum
Bupivacaine hydrochloride is an amide-type

local, long-lasting anaesthetic agent. Following the
epidural analgesia with administration of 150 mg of

B

TABLE I

MIGRATION TIME VARIATION OF VERAPAMIL AND
FLUOXETINE (RELATIVE STANDARD DEVIATION,
R.S.D., n = 4) AS FUNCTION OF HTAB CON(T~TRA

TION

c

o 10 20

Time (min)

Fig. 6. Electropherograms of the enantiomers of verapamil (I)
and fluoxetine (2). (A) Buffer: 10 mM TM-{J-CD-30 mM Tris,
pH 2.8-0.1 % MHEC 1000. (B) Buffer as in (A) with 0.Q3 mM
HTAB. (C) Buffer as in (A) with 0.15 mM HTAB. Capillary: 64
cm x 50 JIm uncoated silica; voltage 20 kV; detection at 220 nm,
0.01 AUFS.
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Fig. 9. Migration order ofbupivacaine enantiomers: (R)-bupiva
caine (99.9 fig/ml; water-methanol), (S)-bupivacaine (35.7 fig/
ml; water-methanol). Detection at 200 nm, 0.02 AUFS; capil
lary: 50 em x 75 fim J.D. uncoated silica; other conditions as
described in the text.

Time (min)

Fig. 7. Separations of the enantiomers of mepivacaine (I), bupi
vacaine (2) and carvedilol (3). Dimethyl-p-cyc1odextrin buffer
composition is described in the te~t (Uncoated capillaries). De
tection at 220 nm, om AUFS. (A) Uncoated 64 em x 50 fim
capillary; 24 kV voltage. (B) Coated 64 em x 50 fim capillary; no
HTAB added to the buffer; 24 kV voltage.

mic bupivacaine after administration of 187.5-250
mg doses can be as high as 1.5-3.5 /lg/ml using dif
ferent regional anaesthesia techniques [24].

Using the DM-f3-CD buffer, as described above,
calibration was performed when the serum samples

I I I
o 5 10

Time (min)

Fig. 8. Electropherogram of pindoloJ enantiomers (R, 0.89) with
IOmMDM-p-CD-18 mMTris, pH 3.0-0.1 % MHEC4000-o.03
mM HTAB buffer. Capillary: 64 em x 50 fim uncoated silica;
voltage 24 kV; detection at 220 nm, 0.01 AUFS.

were spiked with the racemic bupivacaine in the
concentration range of 0.19-3.8 /lg/ml. Mepiva
.caine was used as an internal standard. (R)- and
(S)-enantiomers were quantitated separately by
constructing linear regression calibration curves
from the peak heights of the two bupivacaine
enantiomers, which were compared with those of
the mepivacaine enantiomers. Our previous experi
ence has demonstrated that using a close analog of
the substance analyzed, which migrates just before
the analyte of interest, will yield excellent precision
of peak-height ratio measurements [25]. The peak
height ratios of (R)- and (S)-bupivacaine (RB and
SB) and mepivacaine (1M and 2M) were measured
for the sake of calibration and precision of sarn-

o piing. Each peak height is considered here to repre
sent 50% of the total amount of the racemic drug.
For comparison, the first appearing enantiomer of
mepivacaine (1M) was used as an internal standard
for both enantiomers of bupivacaine.

Because a non-polar solvent at an alkaline pH
was used to extract the bupivacaine, the serum
background did not interfere with the CE measure
ments (Fig. 10). Specificity of det:,:rmination was
further explored by injecting the drugs cimetidine,
warfarin, and diltiazem, which all migrated before
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TABLE III

LINEAR REGRESSION CALIBRATION DATA FOR (R)
AND (S)-BUPIVACAINE (RB AND SB)

Mepivacaine enantiomers 1M and 2M were used as internal
standards

Peak height r a b n
ratio

RB/IM 0.9995 0.002 0.205 5
SB/2M 0.9990 0.008 0.210 5
SB/IM 0.9992 0.005 0.201 5

jection precision (R.S.D.) was 1-2% for both bupi
vacaine enantiomers (n = 5) using peak-height
comparisons with the first eluted isomer of mepiva
caine (lM).

Fig. 10. Electropherograms of the racemic bupivacaine samples
extracted from serum. Internal standard as: I = mepivacaine;
2 = bupivacaine. (A) 3.8 jlg/ml; (B) 0.57 jlg/ml; (C) serum blank.
Run conditions: buffer, 10 mM DM-{J-CD-18 mM Tris, pH 2.9
0.1 % MHEC 4000-0.03 mM HTAB; voltage 24 kV; capillary: 64
cm x 50jlm uncoated silica, detection at 220 nm, 0.01 AUFS.

mepivacaine and bupivacaine. The acidic drugs in
domethacin and ibuprofen were not detected under
the analytical conditions employed. In general,
acidic drugs are unlikely to interfere under the con
ditions we employed.

Table III demonstrates the linear regression mea
surements (y = a + bx) for different methods of
peak-height comparison.. The calibration curves
were measured for the (R)- and (S)-bupivacaine
enantiomers in the concentration range of 0.095-1.9
flg/ml. During repeated injections of serum sample
with 1.15 flg/ml (for racemic bupivacaine), the in-

o
I I
5 10

Time (min)
15

Polyacrylamide-coated capillaries
Resolutions for mepivacaine, bupivacaine, and

carvedilol were slightly decreased as shown in Fig.
7B on a coated capillary. Using a DM-P-CD
HTAB buffer medium similar to the one described
above for uncoated capillaries, the performance of
coated capillaries was also evaluated. The remain
der from the bupivacaine serum samples was inject
ed in the multiple doses into the coated capillary
and the peak-height ratios were measured.

We used the coated capillaries primarily to ex
plore whether the presence of HTAB in the buffer
would make any difference to the cyc1odextrins' ef
fectiveness (given that in a coated capillary there
would be no free silanol moieties to cover). Our re
sults suggest that the benefit of a cationic detergent
is mainly due to the interaction of the detergent
with the silanol groups in uncoated capillaries.
Measurement precision for the coated capillaries
(containing no silanol moieties) actually improved
when the buffer did not contain HTAB. Table IV
lists the precision (R.S.D.) of the measured ratios of
the racemic bupivacaine sample (1.15 flg/ml serum).
The interaction of HTAB with CDs, then, is evi
dently not as powerful as that of the detergent with
silanol moieties.

DISCUSSION

Interest in the use of high-performance electro
migration techniques for resolution of optical iso-
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R.S.D. (%) (n = 5)

TABLE IV

PEAK HEIGHT RATIOS OF (R)- AND (S)-BUPIVACAINE
(RB AND SB) TO MEPIVACAINE ENANTIOMERS (1M
and 2M)

mers has been on a rapid rise in spite of a short
induction period. Cyclodextrin derivatives [8-11]
have been particularly singled out as attractive buff
er additives in such separations. In general, chiral
separations following this approach appear much
easier to develop and optimize than the methodol
ogies based on gas chromatography or high-per
formance liquid chromatography.

While the number of successful demonstrations
of capillary electrokinetic chromatography in phar
maceutical applications increases, most (if not all)
reports have been confined to the use of standard
substances. Determination of chiral substances in
biological matrices represents a set of special prob
lems. One of the purposes of this study has been to
evaluate detergents for overcoming the interference
from endogeneous substances in serum. Cationic
micellar systems have proven effective in this re
gard. In addition, HTAB used at levels around its
critical micelle concentration stabilized the migra
tion times and peak shapes of various basic
enantiomers with uncoated capillaries, suggesting it
has a role in compensating for the negative surface
charge and in decreasing the amount of irreversible
adsorption.

The micellar agents can also be used to modify
the selectivity of cyclodextrins towards various
enantiomers, as shown with several chiral ther
apeutics investigated in this work. This may lessen
the need to develop additional chemically modified
cyclodextrins for the analysis of chiral drugs and
other isomer separations.

The surface chemistry of the capillary wall is yet
another variable in optimizing separations in capil
lary electrokinetic chromatography. In the work re
ported here, the use of HTAB with surface-coated
capillaries was found counterproductive. Yet a sur-

RB/IM
SB/2M
SB/IM

With HTAB

4.4
5.7
3.8

Without HTAB

1.3
3.8
1.9

face modification proved beneficial in resolving ke
totifen derivatives and chloramphenicol in a differ
ent study [26]. Optimization strategies in chiral sep
arations may need to take into account the effects of
subtle changes in the buffer systems.

When biological interferences from serum sam
ples are suppressed, it will be feasible to quantify
certain chiral drugs at their therapeutic levels by CE
and UV detection with adequate precision. This has
been indicated by the example ofbupivacaine in this
study. However, reaching lower levels of detection
will necessitate methodologies based on a more sen
sitive detection principle.
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Chiral separation by capillary electrophoresis with
oligosaccharides
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Clinical Pharmacy, Catholic University of Leuven, Gasthuisberg, Herestraat 49, B-3000 Leuven (Belgium)

ABSTRACT

Maltodextrins, i.e., mixtures of linear a-(I-4)-linked D-glucose polymers, were found to be effective as chiral electrolyte modifiers to
perform direct, rapid separations by capillary electrophoresis of racemic mixtures of 2-arylpropionic acid non-steroidal anti-inflamma
tory compounds and coumarinic anticoagulant drugs, and also diastereomeric cefalosporin antibiotics. Enantioselectivity seemed to be
dependent on alias 'yet unidentified combination of variables.

INTRODUCTION

The importance of enantiomeric differences in
biological processes has been well recognized. Nu
merous chiral drugs have been shown to display
stereoselectivity in their pharmacokinetic behaviour
and/or pharmacological action [1,2]. In environ
mental sciences also enantioselectivity has been
demonstrated, e.g" in the enantiospecific activity of
chiral pesticides [3]. Knowledge of these differences
has influenced decision making and in some in
stances this has led to a re-thinking of drug devel
opment, where the use of pure enantiomeric drugs
was shown to be an advantage or even a necessity.
In view of these recent considerations and the ensu
ing regulatory requirements, the availability of eas
ily accessable chiral separation techniques has be
come increasingly important.

Chiral separations for analytical purposes have
been achieved using either gas chromatography
(GC) or high-performance liquid chromatography
(HPLC), both generally requiring derivatization
with a chiral reagent in order to form diastereoi
somers which can subsequently be separated by

Correspondence to: Professor N. Verbeke, Clinical Pharmacy,
Catholic University of Leuven, Gasthuisberg, Herestraat 49,
B-3000 Leuven, Belgium.

conventional chromatographic methods. Direct
chiral GC and HPLC separations have been per
formed using chiral stationary phases. Apart from
optical asymmetry generated by chemical synthesis
(e.g., L-valine-tert.-butylamine coupled to polysi
loxane for chiral GC, helical polymethacrylates ad
sorbed on silanized silica for chiral HPLC), various
natural products have been used, in either modified
or native form, to obtain chirality for HPLC: poly
saccharides (e.g., cellulose or amylose) or proteins
(e.g., albumin, a-I acid glycoprot~in). In addition,
direct separation of enantiomers by HPLC has also
been demonstrated using chiral mobile phase addi
tives, e.g., chiral counter ions in ion-pair chroma
tography. All these methods require either a cum
bersome sample preparation or a long column
equilibration time and a long analysis time. None of
them, except for recent advances based on the de
velopment of microbore HPLC [4], are convenient
enough to allow,high sample throughputs. There
fore, improving the available analytical methodol
ogy has grown into a major issue for the develop
ment of chiral substances.

Capillary electrophoresis (CE) with its various
modes of operation (capillary zone electrophoresis,
micellar electrokinetic chromatography, isotacho
phoresis, etc.) has proved to be a powerful and ver
satile separation technique. High plate numbers

0021 -9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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and speed of analysis in comparison with HPLC are
easily achieved. Expanding the resolving power of
CE towards stereoselective separations is possible
by adding chiral modifiers to the background elec
trolyte, thus introducing a so-called chiral pseudo
stationary phase. Baseline resolution of chiral com·
pounds has been demonstrated in the micellar elec
trokinetic chromatography mode, which consists~t
performing CE separations in electrolytes cOtrtain
ing micelles. When using micelles composed of ei
ther achiral surfactants functionalized with chiral
compounds [5] or chiral surfactants [6], an enantio
selectivity factor is introduced and enantiomeric
separation can be achieved. Alternatively, stereose
lective complexing agents, e.g., cyclodextrins, which
have already been demonstrated to be most effec
tive in chiral HPLC separations, have proved to be
equally valuable in performing enantiomeric resolu
tion by CE [7].

This paper gives an overview of the properties of
linear oligosaccharides as potential chiral discrimi
nators in CEo Oligosaccharides form a vast family
of polymers. among which the following com-

A. D'Hulst and N. Verbeke / J. Chromatogr. 608 (1992) 275-287

pounds were screened in order to obtain chiral sep
arations of racemic 2-arylpropionic acid (2-APA)
non-stereoidal anti-inflammatory drugs (NSAIDs):
maltodextrin mixtures and corn syrups, pure mal
tooligosaccharides, linear non-iX-(1-4)-linked glu
'fuse polymers and low-molecular-mass galactose
glucose-fructose copolymers and cyclodextrins.

Maltodextrins are defined by the US Food and
Drug Administration as saccharide polymers con
sisting of D-glucose units linked primarily by
iX-(1-4) bonds and having a dextrose equivalent
(DE, defined as percent reducing sugars calculated
as glucose on a dry-substance basis) of < 20. Corn
syrups are maltooligosaccharide mixtures with DE
? 20. These mixtures are prepared by partial acid
and/or enzymatic hydrolysis of corn starch. Malto
dextrins and corn syrups are available under differ
ent brand names as complex mixtures of maltooli
gosaccharides, obtained by various manufacturing
procedures. During hydrolysis of starch, high-mo
lecular-mass glucose polymers are converted into
oligosaccharides of a lower degree of polymeriza
tion (DP, defined as the number of saccharide

TABLE I

DEXTROSE EQUIVALENT (DE) AND MALTOOLIGOSACCHARIDE COMPOSITION (RELATIVE AMOUNTS IN %, w/w,
WITHIN THE LOWER DP RANGE) OF MALTODEXTRINS AND CORN SYRUPS USED

DP I, DP 2 and DP 3 correspond to glucose, maltose and maltotriose, respectively.

Maltodextrin/corn syrup DE DP1 DP2 DP 3 DP> 3

Maltrin 200 20 2.3 7.9 9.6 80.2
Maltrin 150 15 0.7 4.5 6.6 88.2
Maltrin 100 10 0.5 2.7 4.3 92.5
Maltrin 040 5 0.2 0.3 0.6 98.9

Maldex 30 30 3 13 16 68
Maldex 20 20 2.8 9.0 18.0 70.2
Maldex 15 15 2.6 7.2 10.0 80.2

Mylose HDE 60 38 37 7 18
Mylose STD 38 14 12 I I 63
Mylose HM 44 7 50 14 29

Glucidex 21 21 3 7
Glucidex 19 19 2 7
Glucidex 17 17 2 5
Glucidex·12 12 1 2
Glucidex 9 9 0.5 1.5
Glucidex 6 6 0.5 I
Glucidex 2 2 0.5 0.5

Lycasin 80/85 0 7 52.5

DP> 2

90
91
93
97
98
98.5
99

40
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monomers within the oligo- or polysaccharide
chain) and consequently the DE value rises. There
fore, maltodextrins and corn syrups of high DE are
characterized by a lower average DP. The percent
age of different oligosaccharides present in the mal
todextrin mixtures and corn syrups depends on the
hydrolysis procedure followed. As a consequence,
the various brands of maltodextrins and corn syr
ups available display a wide range of compositions,
as summarized in Table I.

Subfractionation of maltodextrins or corn syrups
may be performed by either preparative gel permea
tion chromatography (GPC) or ultrafiltration.
Some maltooligosaccharides may be purchased as
pure compounds, i.e., maltooligosaccharides up to
maltoheptaose (DP7), the state of the art limit of
preparative GPc.

Post-hydrolysis modifications may produce ma
jor changes in the properties of maltodextrins or
corn syrups, as is the case with Lycasin corn syrup.
Lycasin differs from conventional corn syrups in its
extremely low DE value, which is obtained by sub
jecting corn syrup to hydrogenation, leaving a
product devoid of reducing sugars.

Other oligo- and polysaccharides different from
the linear a-(l-4)-linked glucose polymers are also
vailable, such as linear raffinose, stachyose and dex
trans, in addition to cyclodextrins, which are circu
lar a-(I-4)-linked glucose oligomers.

In a first series of experiments, the enantiomeric
resolving power of complex maltooligosaccharide
mixtures was evaluated by their ability to obtain
separate peaks for three racemic 2-arylpropionic
acid non-steroidal anti-inflammatory drugs, flurbi
profen, ibuprofen and ketoprofen. Second, an at
tempt was made towards the identification of the
chiral discriminating fraction using either corn syr
up subfractions obtained through ultrafiltration or
pure maltooligosaccharides. Moreover, a compari
son was also made with various other oligosaccha
rides, different from the a-(l-4)-linked glucose
polymers. Finally, the method was applied to race
mic coumarinic anticoagulant drugs and to diaste
reoisomeric pairs of cephalosporin antibiotics.

EXPERIMENTAL

Chemicals
Maltodextrins and corn syrups of different origin
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were used. The Maltrin, Maldex and Glucidex mal
todextrin series were kind gifts from Grain Process
ing Corp. (Muscatine, lA, USA), Amylum (Aalst,
Belgium) and Roquette (Lestrem, France) respec
tively; the Mylose and Lycasin corn syrups were
gifts from Amylum and Roquette, respectively. D

(+ )-Maltose, stachyose, dextran 1500 and dextran
6000 were purchased from Fluka (Buchs, Switzer
land); raffinose, separate maltooligosaccharides
(from maltotriose to maltoheptaose) and maltooli
gosaccharide mixture were obtained from Merck
(Darmstadt, Germany). fJ-, Dimethyl-fJ- and hy
droxypropyl-fJ-cyclodextrin were obtained from
Sigma (Deisenhofen, Germany), Avebe (Veendam,
Netherlands) and Janssen Drug Delivery Systems
(Beerse, Belgium), respectively. 3-[(3-Cholamido
propyl)-dimethylammonio]-l-propanesulphonate
(CHAPS), N,N-dimethyl-N-myristyl-3-ammonio
l-propanesulphonate (DMAP) and n-dodecyl-fJ-D
maltoside (DDM) surfactants were purchased from
Fluka.

Pharmaceutical compounds included racemic
flurbiprofen and ibuprofen (gifts from Boots, Not
tingham, UK) and ketoprofen (gift from Rhone
Poulenc, Paris, France), the (5)-( + )-enantiomers of
ibuprofen (gift from Profarm a, Beerse, Belgium)
and naproxen (gift from UCB, Brussels, Belgium),
warfarin and 3-(a-acetonyl-p-chlorobenzyl)-4-hy
droxycoumarin (Sigma), phenprocoumon and p
chlorophenprocoumon (gift from Roche, Basle,
Switzerland), acenocoumarol (gifts from Ciba-Gei
gy, Basle, Switzerland) and the diastereoisomers of
cefalexin and cefadroxyl (courtesy of Professor J.
Hoogmartens, Laboratory of Pharmaceutical
Chemistry, K.U. Leuven, Belgium).

Sodium dihydrogenphosphate and sodium hy
droxide were obtained from Merck.

Capillary electrophoresis
Experiments were performed with a Waters

Quanta 4000 CE system, with detection using a
fixed-wavelength UV detector equipped with a zinc
lamp and a 214-nm filter. The system was operated
at a constant voltage (30 kV). Fused-silica capil
laries of 50 and 75 !tm I.D. were used with a capil
lary length ranging from 50 to 90 cm. Capillaries
were stored overnight filled with water. Each day
operation was started by purging with 0.5 M sodi
um hydroxide solution followed by water. When



278

changing electrolytes, the capillary was subjected to
an electroosmotic purge following a vacuum purge
with the new electrolyte. All runs were preceded by
a 3-min purge with the electrolyte used. Samples
were introduced by gravity-induced siphoning
(LlHeight . time = 100 cm s). Data were collected
through Waters Maxima Software.

All sample solutions were prepared with water
obtained from a Milli-Q water purification system
(Millipore, Bedford, MA, USA) or HPLC-grade
acetonitrile (Carlo Erba, Milan, Italy). All CE run
ning buffers were freshly prepared in Milli-Q-puri
fied water, filtered and degassed immediately prior
to use. The background electrolyte consisted of 10
mM sodium phosphate buffer (pH 7.0) unless stated
otherwise.

Ultrafiltration
A 20% Mylose STD solution in water was sub

jected to three subsequent ultrafiltrations through
membranes with decreasing molecular mass cut-offs
(3000, 1000 and 500) using an Amicon Model 8050
ultrafiltration cell. After each step samples of the
filtrate and retentate were taken and kept refrigerat
ed until further use (within I day). To all samples
sodium phosphate was added to give a final concen
tration of 10 mM and the pH was adjusted to 7.
Ultrafiltration subfractions were either reconstitut
ed with respect to the Mylosestarting solution (fil
trate fractions) or adjusted to obtain a multiple of
the original corn syrup concentration (retentate
fractions).

Calculations
As in chiral separations the peaks corresponding

to the separate enantiomers are always geminate,
the usual terms of resolution or efficiency often do
not describe accurately the actual separation of the
optical antipodes. Instead, a relative chiral separa
tion (RCS) factor was introduced in order to com
pare the oligosaccharide-modified electrolytes with
respect to their enantiomeric resolving power:

RCS = Ll T - 2iV . 100
MT

where Ll T is the time between the start and end of
the first and second enantiorneric peaks, respective
ly, IV is the mean peak width and MT is the mean
migration time. Baseline separation of the antipo-
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des thus results in positive values of the RCS factor,
whereas negative values are obtained for poorly re
solved enantiomers. In addition, the RCS factor in
dicates the efficiency of the separation conditions
studied: increasing RCS values represent an in
crease in efficiency, owing to a shorter analysis time
and/or better peak separation. However, for par
tially resolved enantiomers with comparable peak
overlap a decrease in migration time, which in fact
represents a more efficient separation, is reflected by
a more negative RCS.

RESULTS

Complex maltaoligosaccharide mixtures as electro
lyte additives for chiral separations

lrifluence ofexperimental conditions on chiral sep
QI'ation with a homogeneous series ofmaltooligosac
charide-modified electrolytes. Four maltodextrin
mixtures of the Maltrin series having different DE
values were compared with respect to their resolv
ing power towards three racemic 2-APA NSAIDs
(flurbiprofen, ibuprofen and ketoprofen) in three
different capillaries (two 75 /lm J.D. capillaries of
length 50 and 90 cm, respectively, and a 50 /lm J.D.
x 60 cm length capillary. The results are reported

in Table II.
Baseline resolution of ibuprofen enantiomers was

achieved under almost all conditions (as indicated
by the positive values of the RCS factor). The sep
aration of the optical antipodes of flurbiprofen was
more difficult to achieve, and ketoprofen
enantiomers co-migrated under all conditions test
ed.

Increasing the maltodextrin contents of the elec
trolyte increased the migration times, as expected
from the rise in viscosity, and improved the resolu
tion. Modifying the electrolyte with maltodextrins
of lower DE value also allowed an improved sep
aration.

Addition of acetonitrile to the electrolyte, gener
ally known to decrease migration times and im
prove resolution [8], had the opposite effect, i.e., an
increased migration time without improved resolu
tion. As it has been reported elsewhere that combin
ing surfactants with Circular oligosacchandes was
beneficial to chiral separation [9], we added various
surfactants to Maltrin-modified electrolytes. It was
found that the resolution of f1urbiprofen and ihu-
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TABLE II

CAPILLARY ELECTROPHORETIC CHIRAL SEPARATION OF THE 2-APA NSAID COMPOUNDS FLURBIPROFEN (F),
IBUPROFEN (1) AND KETOPROFEN (K) WITH MALTRIN-MODIFIED ELECTROLYTES

Migration time (MY) in minutes. Relative chiral separation (RCS) in arbitrary units.

Capillary Maltrin F Ka

DE Concentration (%) MT RCS MT RCS MT

(a) 50 em x 75 11m 1.0. 15 10 9.61-9.96 -1.022 12.17-12.99 3.498 15.69
7.5 7.68-7.90 -1.284 9.30-9.68 0.316 10.96
5 6.93-7.11 -2.137 8.17-8.45 0.241 9.13

10 5 6.84-7.04 -2.306 8.08-8.36 -1.095 9.22
5 2.5 8.67-9.03 - 1.695 10.66-11.27 2.462 12.43

(b) 90 em x 75 11m 1.0. 15 2.5 14.05-14.26 -0.212 15.35-15.60 0.582 15.77
5 15.02-15.29 -0.367 16.81-17.22 1.117 17.85
7.5 16.61-16.89 -0.359 18.81-19.32 1.259 20.40

10 19.64-20.01 1.160 22.49-23.21 1.838 25.00

10 5 12.75-12.94 -0.078 14.04-14.32 1.120 14.87
7.5 16.34-16.63 0.485 18.37-18.93 1.877 >20

10 17.86-18.16 0.333 20.02-20.67 2.162 22.46

(c) 60 em x 50 11m 1.0. 20 5 14.25-14.80 1.308
6.25 14.50-15.07 1.285
7.5 18.57-19.56 2.255

15 3.75 10.75-11.12 -0.823
5 12.04-12.56 1.301
6.25 14.06-14.79 2.288
7.5 17.65-18.84 4.166

10 2.5 9.13-9.36 - 1.190
3.75 10.60-I 1.00 0.926
5 11.89-12.41 1.070
6.25 12.44-13.04 1.570

5 2.5 8.20-8.51 -0.477
3.75 9.45-9.82 0.415
5 10.00-10.52 2.047

a No separation of enantiomers.

profen enantiomers disappeared completely on ad
dition ofthe non-ionic surfactant DDM at a con
centration well above the critical micellar concen
tration (cmc), the cmc ofDDM in water being 0.16
mM. Increasing the maltodextrin concentration
while decreasing the surfactant concentration re
stored the chiral separation with migration times
slightly longer. Addition of increasing amounts of
the amphoteric surfactants DMAP (cmc = 0.33
mM) initially resulted in an increased migration
time and eventually in complete loss of enantiose
lectivity. Adding CHAPS (cmc = 8 mM), another

amphoteric surfactant, had an even more pro
nounced deleterious effect on chiral resolution.

With a higher field strength the migration ve~oc

ity increased [Table II, compare (a) and (b)]. Al
though higher plate numbers are expected to be
achieved by increasing the field strength, this may
cause a rise in temperature. Where heat dissipation
is less efficient, as with shorter capillaries, separa
tion is negatively affected. Consequently, decreas
ing the capillary diameter results in a higher effi
ciency as the increased surface to volume ratio fa
vours convection. In a 50 J.lm J.D. x 60 cm capil-
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lary chiral separation of ibuprofen was more easily
obtained, i.e., at lower Maltrin concentrations and
with shorter migration times, as demonstrated by
the results shown in Table II, part (c).

Influence of the composition ofmaltodextrin mix
tures on chiral separation. Fig. 1. compares the chi
ral separation of the 2-APA NSAIDs in electrolytes
modified with maltodextrins of the Maltrin (Fig.
lA), Maldex (Fig. lB) and Glucidex (Fig. IC) se-

ries, which display DP spectra slightly different
from each other, and with Mylose corn syrups (Fig.
ID). Complete resolution of ibuprofen enantiomers
was demonstrated for all Maldex and Mylose mal
tooligosaccharide mixtures studied and for the low
er DE range of Glucidex, as indicated by the posi
tive values of the ReS factor. The chiral separation
of flurbiprofen was more limited whereas ketopro
fen enantiomers did not separate at all.
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Fig. I. Chiral separation of 2-APA NSAJDs: (R/S)-flurbiprofen (F), (R/S)-ketoprofen (K). Migration times of enantiomers (MT) in
minutes (line graphs) and relative chiral separation (RCS) in arbitrary units (bar graphs) as a function of concentration in % of chiral
modifier in background electrolyte. Dot-patterned bars, ibuprofen; stripe-patterned bars, flurbiprofen. Separation of ketoprofen
enantiomers was not demonstrated in these experiments. (A) Modifiers, Maltrin series; sample, 1. (B) Modifiers, Maldex series; sample,
K (top line), I (middle pair of lines) and F (lower pair of lines). (C) Modifiers, Glucidex series; sample, I (upper pair of lines) and F
(lower pair of lines). (D) Modifiers, Mylose series; sample, K (top line), I (middle pair of lines) and F (lower pair of lin,es).

As shown already for the Maltrin series, the chi
ral separation of ibuprofen enantiomers also im
proved for Maldex and Glucidex maltodextrins
with increasing concentrations or decreasing DE
value. Resolution was achieved in a shorter time
with maltodextrins of the Maldex series as com
pared with Maltrin, even at higher concentrations.
The analysis times with electrolytes containing low
DE Glucidex (DE 2 and 6) were found to be even
lower. Glucidex 2 and 6 also allowed baseline sep
aration of flurbiprofen enantiomers, which was not
possible with the Maldex products. The longer
analysis times in the presence of Maltrin as com
pared with Maldex of identical DE value and at the
same concentration could possibly by ascribed to
the higher contents of high-molecular-mass malto
oligosaccharides producing a higher viscosity. Ap-

parently the presence of oligosaccharides with a
higher DP value favours chiral separation.

From the ReS versus concentration course of the
experiments with Glucidex 2 and 6 (Fig. IC), an
optimum in the maltodextrin concentration for chi
ral separation was observed. This phenomenon was
not observed with the Maltrin- or Maldex-modified
electrolytes. Indeed, owing to their lower transpar
ency as compared with the electrolytes containing
high concentrations of Glucidex 2 or 6, the concen
trations of Maltrin and Maldex 'maltodextrins
could not be increased so as to determine a possible
decline in chiral resolution and/or efficiency in the
presence of higher percentages of electrolyte mod-
ifier. .

As shown in Table III, Glucidex maltodextrins in
the higher DE range were not as efficient as electro-
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TABLE III

CAPILLARY ELECTROPHORETIC CHIRAL SEPARATION OF THE 2-APA NSAID COMPOUNDS FLURBIPROFEN (F)
AND IBUPROFEN (1) WITH GLUCIDEX-MODIFIED ELECTROLYTES

Capillary 60 cm x 50 J.I.m J.D. Migration time (MY) in minutes. Relative chiral separation (RCS) in arbitrary units.

Glucidex F

DE Concentration (%) MT RCS MT RCS

2 2 4.52--4.60 0.439 4.96--5.08 1.793
6 4 3.69-3.73 -0.270 3.96--4.02 0.251
9 5 10.48-10.96

12 5 5.78~5.90

17 5 8.61-8.87
19 5 5.82
21 5 5.37

lyte modifiers; prolonged analysis times and loss of
enantioselectivity were demonstrated as the,DE val
ue was increased from 2 to 21.

Notwithstanding their high DE values, reflecting
comparatively large amounts of low-DP oligosac
charides, Mylose corn syrups also allowed chiral
separation of ibuprofen and, to a variable extent, of
flurbiprofen (Fig. ID). As expected from the DP
values (Table I) and the observations relating to the
maltodextrins described above, Mylose STD per
formed best. The enantiomeric resolution of f1ur-

biprofen improved on increasing the Mylose con
centration but no baseline separation could be ob
tained. Chiral separation of ibuprofen was achieved
in most instances. With Lycasin 80/85 hydrogenat
ed corn syrup-based electrolytes a complete absence
of enantiomeric separation for all three 2-APAs was
demonstrated.

Typical electropherograms of the simultaneous
chiral separation of ibuprofen and flurbiprofen us
ing maltodextrin- or corn syrup-modified electro
lytes are shown in Fig. 2A and B.
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Fig. 2. Electropherograms representing chiral separation of 2-APA NSAIDs: (RjS)-flurbiprofen (F), (R(S)- and S-( + )-ibuprofen (I),
(S)-( + )-naproxen (N). (A) Electrolyte: 10% Mylose STD-IO mM sodium phosphate (pH 7.07). Migration times (min): (R(S)-F,
5.63-5.68; (R(S)-I, 6.08 (S)-6.15 (R); (S)-( + )-N, 6.27. (B) Electrolyte: 1.5% Glucidex 2-10 mM sodium phosphate (pH 7.05). Migra
tion times (min): (R(S)-F, 4.25--4.32; (R(S)-I, 4.62 (S)--4.71 (R); (S)-( +)-N, 4.96.
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TABLE IV

CAPILLARY ELECTROPHORETIC CHIRAL SEPARATION OF THE 2-APA NSAID COMPOUNDS FLURBIPROFEN (F),
IBUPROFEN (I) AND KETOPROFEN (K) IN ELECTROLYTES MODIFIED WITH PURE MALTOOLIGOSACCHARIDES

DP 2 is maltose, DP 3 is maltotriose, DP 4 is maltotetraose, etc. Capillary 60 cm x 50 /lm J.D. Migration time (MT) in minutes.
Relative chiral separation (RCS) in arbitrary units.

Maltooligosaccharide F

DP Concentration (%) MT

2 10 4.76
3 5 5.30
4 5 4.88-4.91
5 5 5.71-5.74
6 5 5.76-5.82
7 6.25

RCS

-1.839
-0.699
-1.036

MT

4.80
5.38
5.01-5.10
5.68-5.76
5.49-5.62
5.52-5.60

RCS

0.396
- 2.448

0.360
-0.899

K

MT

4.68
5.31
5.59-5.62
6.33
6.82-6.87

RCS

- 1.070

-0.730

Separate maltooligosaccharides as chiral electrolyte
modifiers

Separate maltooligosaccharides of DP 2-7 were
screened as electrolyte additives for chiral separa-

tion. The results, summarized in Table 1V, were ob
tained after simultaneous injection of all three race
mic 2-APAs unless co-migration was observed, in
which event separate runs were performed. None of

TABLE V

CAPILLARY ELECTROPHORETIC CHIRAL SEPARATION OF THE 2-APA NSAID COMPOUNDS FLURBIPROFEN (F)
AND IBUPROFEN (1) WITH ELECTROLYTES MODIFIED WITH MYLOSE ULTRAFILTRATION SUBFRACTIONS

Mylose and subfractions are referred to as S (Mylose starting solution), R (retentate) and F (filtrate), and characterized by the
molecular mass cut-offof the filter (MCO) and the concentration relative to the starting solution (conc. ratio). Capillary 60 cm x 50/lm
J.D. Migration time (MT) in minutes. Relative chiral separation (RCS) in arbitrary units.

Material

S

R

F

R

F

R

F

Mylose

MCO

3000

3000

1000

1000

500

500

F

Conc. ratio MT RCS MT RCS

1.00 8.43-8.53 0.236 9.30-9.48 0.745
0.67 6.81-6.89 0.146 7.45-7.57 0.399
0.50 5.63-5.68 -0.177 6.08-6.15 -0.164

4.00 9.54-9.64 0.104 10.39-10.63 1.332
2.00 5.55-5.61 0 6.04-6.15 0.656
1.00 4.42-4.47 -0.225 4.76-4.82 0
0.67 4.12-4.16 -0.242 4.38-4.42 - 0.455
0.50 3.97-4.00 -0.753 4.18-4.21 -0.715

1.00 7.08-7.14 -0.422 7.67-7.76 0
0.67 5.78-5.82 -0.517 6.14-6.19 -0.811
0.50 5.21-5.24 -0.766 5.47-5.50 -0.729

2.00 6.32-6.38 -0.157 6.80-6.90 0.438
1.00 4.79-4.82 -0.624 5.07-5.11 -0.589
0.67 4.46-4.48 -1.119 4.66-4.69 0

1.00 5.80 5.95

4.00 6.46 6.70

1.00 4.97 5.03
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the maltooligosaccharides used was able to resolve
completely and simultaneously ibuprofen, flurbi
profen and ketoprofen into their enantiomers. In
the presence of maltose or maltotriose, no
enantiomeric separation was observed and ketopro
fen and flurbiprofen co-migrated. Maltotetraose
and -hexaose allowed the complete resolution of
ibuprofen, whereas maltopentaose and -heptaose
did not. In addition, a partial separation of keto
profen enantiomers was observed with maltote
traose and -hexaose.

M altodextrin ultrafiltration sub.fractions
In order to analyse further the influence of the

composition of maltodextrin mixtures on chiral res
olution, a 20% Mylose solution was submitted to
differential ultrafiltration, yielding subfractions
composed of rnaItooligosaccharides with decreasing
DP. The retentate and filtrate from each fraction
ation step were tested at various concentrations to
obtain the chiral separation of simultaneously in
jected racemic flurbiprofen and ibuprofen. The re
sults are given in Table V. The retentate of the first
ultrafiltration step, i.e., a Mylose solution from
which oligosaccharides of molecular mass ~ 3000
had been removed and of a comparable concentra
tion with respect to the higher DP fractions, showed
a slight decrease in stereoselectivity and a substan
tial decrease in migration times. The corresponding
filtrate, composed of maltooligosaccharides of mo
lecular mass ~ 3000, i.e., with DP < 19, again
showed a moderate decrease in both stereoselectiv
ity and migration times. The ultrafiltrate subfrac
tion with molecular mass cut-offs between 1000 and
3000, corresponding to a maltooligosaccharide mix
ture with DP values ranging from 6 to 18, perform
ed slightly less than the preceding fraction. Frac
tions consisting of maltooligosaccharides of molec
ular mass ~ 1000 completely lost enantioselectivity.
The latter result was confirmed by using a commer
cially available DP 2-6 standard maltooligosaccha
ride mixture; this modifier was unable to resolve the
ibuprofen enantiomers within the concentration
range tested, i.e., 2.5-12.5%.

M altooligosaccharide-enriched maltodextrins
The importance of the quantitative composition

of maltooligosaccharide mixtures with respect to
enantioselectivity was also briefly investigated hy
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selective enrichment of a maltodextrin mixture with
separate maltooligosaccharides. Samples contain
ing racemic flurbiprofen, ibuprofen and ketoprofen
were run with electrolytes modified with 5% of
Maltrin 150 and 2.5% of a pure maltooligosaccha
ride, either maltotriose, -tetraose, -pentaose or
-hexaose. No influence on the chiral separation of
any of the three 2-APAs was observed on addition
of maltotriose (both migration times and Res val
ues were comparable), whereas the addition of DP
4-6 maltooligosaccharides to a maltodextrin-based
electrolyte completely abolished chiral separation.

Oligosaccharides different .from linear a-(l-4)-D
glucose polymers

Several other linear non-a-(1-4)-linked glucose
polymers and low-molecular-mass galactose-glu
cose-fructose copolymers were also studied. The
electrolytes contained either stachyose (7.7%), raffi
nose (10%), dextran 1500 (8.2%) or dextran 600
(10%). At the concentrations used none of these
oligosaccharides showed any chiral discrimination
towards flurbiprofen, ibuprofen or ketoprofen.

The circular a-(l-4)-linked glucose oligomeric cy
lodextrins which have been reported to be effective
electrolyte additives for chiral CE were also includ
ed. f3-Cyclodextrin, dimethyl-f3-cyclodextrin or hy
droxypropyl-f3-cyclodextrin were added to the
background electrolyte within the concentration
ranges 1.35-1.85%, 7.5-20% and 25-50%, respec
tively. None of the three 2-APAs tested was re
solved using either of the cyclodextrin-modified
electrolytes. Also, addition of 5-30% acetonitrile to
the cyclodextrin-based electrolyte did not lead to
chiral separation.

Applications
In order to assess the applicability of maltodex

trins as chiral discriminators towards various other
racemic compounds using comparable conditions
with respect to pH, maltodextrin concentration and
migration of the compounds tested relative to the
electroosmotic flow, three coumarinic anticoagu
lant drugs were used. Two racemic analogues com
monly used as their internal standards in HPLC
were also included. Chiral separation was demon
strated for warfarin and phenprocoumon and for
their HPLC internal standards, but not for aceno
coumarol (Fig. 3A-D). Diastereoisomers could also
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be separated, as demonstrated with two cefalospo
rin antibiotics, cefalexin and cefadroxyl (Fig. 4A
and B).

DISCUSSION

Fig. 3. Electropherograms representing chiral ser.aration of cou
marinic anticoagulants. Electrolyte: 2.5% Glucidex 2-10 mM
sodium phosphate (pH 7.1). (A) (R/S)-Warfarin. Migration
times: 5.50-5.59 min. (R/S)-3-(a-Acetonyl-p-chlorobenzyl)-4-hy
droxycoumarin. Migration times: 4.90-4.99 min. (C) (R/S)-Phe
noprocoumon. Migration times: 5.15-5.30 min. (D) (R/S)-p
Chlorophenprocoumon. Migration times: 4.47-4.60 min.

Using 2-APA NSAIDs as test compounds, direct
chiral separation by CE was demonstrated with
electrolytes modified by complex maltooligosaccha
ride mixtures. Although the performance of the
maltodextrins and corn syrups tested displayed
large variations, the chiral separations generally im
proved on increasing the concentration or decreas
ing the DE value, demonstrating the importance of
both the qualitative and quantitative composition
of the maltooligosaccharide mixtures.

In an attempt to identify the maltodextrin frac
tions necessary and/or sufficient for chiral separa
tion to occur, separate maltooligosaccharides of DP
3-7 were studied. Maltotetraose and-hexaose
showed chiral separations of all three 2-APAs test
ed, although to variable extents. Odd-numbered oli
gosaccharides performed less well under the same
conditions. Additional information from experi
ments with maltooligosaccharides of higher DP is
clearly needed, but so far pure separate maltooligo
saccharides have been produced by preparative gel
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also provided by the experiments with separate mal
tooligosaccharides. Further conformation was ob
tained by the differential ultrafiltration experi
ments. As the maltodextrins and corn syrups are
complex systems, one could speculate whether a sin
gle component might be responsible for the ob
served chiral separation. As pure oligosaccharides
with DP > 7 are not available, a different approach
elucidating this question was attempted by using
several corn syrup ultrafiltration subfractions. It
was found that maltooligosaccharide mixtures in
the lower DP range were ineffective in separating
2-APA enantiomers, whereas high-DP corn syrup
subfractions allowed chiral separation, although
higher concentrations were needed as compared
with the original solution. Apparently, the presence
ofhigh-DP subfractions was not the only factor de
termining chiral separation. From the results de
scribed above one may conclude that particular
high-molecular-mass components were necessary
but not sufficient for enantioselective separations to
occur. The matrix seemed to be equally, if not more,
important, as was illustrated most clearly by the
chiral separation of ketoprofen. The enantiomers of
this racemate were separated, although not to the
baseline, with either maltotetraose or -hexaose,
whereas none of the maltooligosaccharide mixtures
used proved to be capable of resolving ketoprofen
enantiomers.

The importance of the quantitative composition,
on the other hand, could be demonstrated by selec
tive enrichment of a maltodextrin mixture with sep
arate maltooligosaccharides of low DP. Paradox
ically, this resulted in a negative effect on
enantiomeric separation.

Various other oligo- and polysaccharides did not
show any enantioselectivity towards 2-APAs, in
cluding circular a-(l-4)- and linear f3-(1-6)-linked
D-glucose oligomers and polymers and saccharide
copolymers, suggesting the key role of chains of D
glucose units linked through a-(l-4) bonds. Itmay be
be speculated that in analogy with amylose some·
a-(l-4)-linked glucose oligomers and polymers dis
playa balanced hydrophilic-hydrophobic surface,
resulting from the helical conformation, and confer
the steric environment necessary for chiral interac
tions to occur.

Using comparable running conditions, other
enantiomeric (coumarinic anticoagulant drugs) and
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Fig. 4. Electropherograms representing the separation of the
diastereoisomers of cephalosporin antibiotics. Electrolyte: 1%
Glucidex 2-10 mM sodium phosphate (pH 7.5). (A) o/L-Cepha
lexin. Migration times: 5.72(L)-5.88(o) min. (B) o/L-Cephadrox
yl. Migration times: 5.25(L)-5.4I(o) min.

permeation chromatography, the upper limit of
which is set at DP 7. Also, in order to link the chiral
resolving capacity to a specific component or sub
fraction, a knowledge of the entire DP spectrum of
the given maltooligosaccharide mixtures would be
required. However, the analytical methodology
available to date is limited to the identification and
determination of the lower DP range, i.e., up to DP
43 [10].

The importance of the qualitative composition of
the maltooligosaccharide mixtures was revealed by
comparing the various maltodextrins used, i.e.,
maltodextrin mixtures and corn syrups of different
origins and DEvalues. Circumstantial evidence was
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diastereoisomeric (cefalosporin antibiotics) pairs of
compounds were easily resolved. Hence the applica
bility of maltooligosaccharides to perform chiral
separations is not restricted to the 2-APA com
pounds. So far and under the given experimental
conditions, only acidic racemates were found to be
effectively separated. However, no premature con
clusions should be drawn about the nature of race
mic compounds that could be resolved through this
approach.

In conclusion, linear a-(l-4)-glucose polymers
were demonstrated to be effective chiral discrimi
nators in capillary electrophoresis. It was shown
that an as yet undefined combination of variables
relating to the maltodextrins is involved in their per
formance in the stereoselective separation by CEo
The qualitative and quantitative composition of the
maltodextrin mixtures, the importance of the vis-

287

cosity of the electrolyte and the physico-chemical
interactions involved in chiral separations using oli
gosaccharides need further examination.
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High-performance capillary electrophoresis of unsaturated
oligosaccharides derived from glycosaminoglycans by
digestion with chondroitinase ABC as I-phenyl-3
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ABSTRACT

This paper proposes a new method for simultaneous analysis of unsaturated disaccharides derived from glycosaminoglycans by
enzymatic digestion with chondroitinase ABC, based on high-performance capillary electrophoresis (HPCE) bf their l-phenyl-3
methyl-5-pyrazolone derivatives. The a-sulphate group is stable in this derivatization, and this method allows reproducible microdeter
mination of glycosaminoglycans. This paper also demonstrates the applicability of this method to estimation of urinary chondroitin
sulphates. Urinary creatinine as an inherent internal standard could also be estimated by HPCE, though in another mode of separation,
i.e. ion-exchange electrokinetic chromatography.

INTRODUCTION

Glycosaminoglycans (GAGs) are widely distrib
uted in animal tissues and have a variety.of impor
tant physiological functions. They are basically
composed of hexosamine and uronic acid residues
linked alternately. The amino group in the hexos
amine residue is either acetylated or sulphated, and
the hydroxyl group is partially sulphated. GAGs
usually occur together, hence direct analysis re
quires prior separation. However, there is no ideal
method for separation.

However, there are various lyases that cleave the
hexosaminide linkages to give oligosaccharides with

Carrespandence ta: Dr. S. Honda, Faculty of Pharmaceutical
Sciences, Kinki University, 3-4-1 Kowakae, Higashi-Osaka, Ja
pan.

the unsaturated uronic acid residue at the non-re
ducing termini. Chondroitinase ABC from Proteus
vulgaris is a typical example; it cleaves the hexos
aminide bonds in chondroitin sulphates A, B, C, D
and E, giving 2-acetamideo-2-deoxy-3-0-(f3-D-glu
co-4-enopyranosyluronic acid)-4-0-sulpho-D-ga
lactose (LlDi-4S), 2-acetamido-2-deoxy-3-0-(f3-D
gluco-4-enopyranosyluronic acid)-6-0-sulpho-D
galactose (LlDi-6S), acetamido-2-deoxy-3-0-(2-0
suiph0- f3-D-gluco-4-enopyranosyIuronic acid)-6-0
sulpho-D-galactose (LlDi-diSo) and 2-acetamido-2
deoxy-3-0-(f3-D-gluco-4-enopyranosyluronic acid)
4,6-bis-0-sulpho-D-galactose (LlDi-diSE). This lyase
also cleaves chondroitin and hyaluronic acid to give
2-acetamido-2-deoxy-3-0-(f3-D-gluco-4-enopyran0

syluronic acid)-D-galactose (LlDi-05) and 2-acet
amido-2-deoxy-3-0-(f3-D-gluco-4-enopyranosylu
ronic acid)-D-glucose (LlDi-HA), respectively. Since

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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analysis of these unsaturated disaccharides allows
characterization and determination of GAGs, vari
ous methods have been developed for this purpose.
Lee et al. [1] devised a method based on high-per
formance liquid chromatography (HPLC) with UV
detection, though the sensitivity was not high. Ko
dama et al. [2] improved this method by pre-column
conversion of the disaccharides to reductively pyri
dylaminated derivatives, which are strongly fluores
cent. There is another improvement by Toyoda et
al. [3] based on post-column derivatization with 2
cyanoacetamide. We have also developed a method
based on HPLC of I-phenyl-3-methyl-5-pyrazolone
(PMP) derivatives. The details will appear else
where.

High-performance capillary electrophoresis
(HPCE) is a recently developed method for separa
tion which allows high-resolution separation and
reproducible microquantification by on-column de
tection. We have applied this method to carbohy
drate analysis and demonstrated its high capabil
ities [5-8]. AI-Hakim and Linhardt [9] have also re
ported its application to unsaturated disaccharides
derived from a few species of GAGs, but sensitivity
was not high because the disaccharides were direct
ly analysed. We present herein an improved HPCE
method based on pre-column derivatization with
PMP.

EXPERIMENTAL

Chemicals
Authentic specimens of chondroitin sulphate A

(whale cartilage), chondroitin sulphate C (shark
cartilage), chondroitin sulphate D (shark cartilage),
chondroitin sulphate E (squid cartilage) chondroi
tin (derived from chondroitin sulphate A), hyalu
ronic acid (pig skin) and unsaturated, sulphated di
saccharides (LlDi-4S and LlDi-6S) were purchased
from Seikagaku Kogyo (Tokyo, Japan) and used as
obtained. The authentic samples of LlDi-diSD , LlDi
diSE, LlDi-OS and LlDi-HA were prepared by diges
tion of chondroitin sulphate D, chondroitin sul
phate E, chondroitin and hyaluronic acid, respec
tively, with chondroitinase ABC. Chondroitinases
AC and ABC from Arthrobacter aurescens and Pro
teus vulgaris, respectively, were also from Seikaga
ku Kogyo. PMP was obtained from Kishida Chem
icals (Osaka, Japan) and used after recrystallization

S. Honda et al. I J: Chromatogr. 608 (1992) 289-295

from methanol. The authentic sample of creatinine
was from Wako Pure Chemicals (Osaka, Japan).
All other chemicals and solvents were of the highest
grade commercially available. Water as solvent was
double distilled and filtered through a membrane
filter before use.

Apparatus
HPCE was performed by using a Beckman Pf

ACE 2000 capillary electrophoresis system, com
posed of a high-voltage power supply, a pressure
controlled injector, a UV detector equipped with
200-, 214-, 254- and 280-nm cutt-off filters and a
data processor. A capillary tube (51 em x 75 {tm
J.D. x 375 {tm O.D.) of fused silica was mounted
on a plastic cassette, wich was maintained at 30°C.
Operation by this system was fully automated.

Enzymatic reactions
The method of Saito et al. [10] was slightly mod

ified. To an aqueous solution (20 {tl) of an authentic
specimen of a GAG (10 {tg), a mixture of authentic
specimens of GAGs (0.5-10 {tg each) or a cetylpyri
dinium chloride (CPC)-precipitated GAG fraction
of a urine sample (5.0 ml) was added an aqueous
solution (20 {tl) of chondroitinase AC or ABC (20
mU), together with 250 mM Tris-130 mM hydro
chloric acid buffer (pH 8.0, 10 {tl) containing sodi
um acetate (2.4%, wfw), sodium chloride (1.5%,
wfw) and bovine serum albumin (0.05% wfw), and
the mixture was incubated for 15 h at 37°C. The
reaction solution was evaporated to dryness in va
cuo, the residue dissolved in an appropriate volume
(50-100 {tl) of water, and the solution analysed by
HPCE. When necessary, the residue was derivatized
with PMP as described below, and the product was
subjected to analysis by HPCE.

Derivatization with PMP
The procedure of derivatization was essentially

the same as that described in our previous paper
[11], but slightly modified. Briefly, an authentic
specimen of an unsaturated disaccharide (10 {tg), a
mixture of authentic unsaturated disaccharides (10
{tg each) or a product of enzymatic reaction men
tioned above was dissolved in 0.5 M sodium hy
droxide (30 {tl) and a methanolic 0.5 M solution of
PMP (30 {tl) was added. The mixture was allowed to
stand at 70°C with the stopper tightly closed, then
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neutralized with 0.3 M hydrochloric acid (30 Ill).
Water (200 Ill) and ethyl acetate (200 Ill) were added
to the neutralized mixture, and the whole shaken
vigorously. The organic layer was removed and the
aqueous layer extracted with the same volume of
ethyl acetate. After three more extractions the final
aqueous layer was lyophilized, the residue dissolved
in water (50 Ill), and the solution analysed by
HPCE.

Analysis of unsaturated oligosaccharides
HPCE was performed in zone electrophoresis

mode. A mixture of authentic specimens of unsat
urated disaccharides or a digestion mixture of au
thentic or urinary 'GAGs, either directly or deriv
atized with PMP, was introduced from the anodic
end of the capillary tube containing a borate buffer
(pH 9.0) prepared by mixing 100 mM boric acid
and 25 mM sodium tetraborate. Analysis was car
ried out by applying a voltage of 25 kV with UV
monitoring at 214 nm.

RESULTS AND DISCUSSION

The enzymatic reactions of GAGs with chondroi
tinase ABC were studied in detail by Saito et al.
[10]. Under the optimized conditions using Tris-hy
drochloric acid buffer (pH 8.0) at 37°C the yields of
these disaccharides from chondroitin sulphates A
and C reached plateaux in 15 h. On the other hand,
a convenient method for derivatization of reducing
sugars was established in our laboratory [11]. This
method allows quantitative conversion of reducing
mono- and oligosaccharides to derivatives which
have two PMP groups in a molecule and absorb the
UV light strongly.

HPCE in the zone electrophoresis mode in 100
mM borate buffer as carrier gave rather good sep
aration of LlDi-4S and LlDi-6S. The order ofmigra-
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Fig. I. Direct analysis ofa chondroitinase ABC-digested mixture
of chondroitin sulphates A and C by zone electrophoresis. Capil
lary, fused silica (51 cm x 50 /.lm J.D.); carrier, 100 mM borate
buffer (pH 9.0); applied voltage, 25 kV; detection, UV absorp
tion at 214 nm. The sample was injected from the anodic end of
the tube. Peaks: I came from the buffer for enzymatic digestion;
2 = LlDi-6S; 3 = LlDi-4S.

Collection of urinary GAGs
This was done by the CPC precipitation method

described by Di Ferrante and Rice [12]. Briefly, a
5-ml aliquot of a 24-h composite sample of urine
was centrifuged at 3000 rpm (1100 g) in a lO-ml
centrifuge tube, and an aqueous 2.5% solution (100
Ill) of CPC was added to the supernatant. After
standing overnight at 4°C, the precipitates were col
lected by centrifugation in a similar manner. The
pellet was well vortexed with a saturated solution of
sodium chloride in a 95:5 (vjv) ethanol-water mix
ture (30 Ill), and the mixture centrifuged. After re
peating this precipitation procedure twice more, the
final pellet was subjected to digestion with chon
droitinase AC or ABC.

Assay or urinary creatinine
A urine sample Was directly introduced to the

cathodic end of the capillary tube filled with 100
mM borate buffer (pH 9.0) containing polybrene to
a concentration of 0.1 % (wjv). A voltage of 25 kV
was applied, and creatinine and sodium benzoate
(internal standard) separated were monitored at
254 nm.
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Fig. 2. Analysis of a chondroitinase ABC-digested mixture of
chondroitin sulphates A-E, chondroitin and hyaluronic acid by
zone electrophoresis after derivatization with PMP. The analyt
ical conditions were as in Fig. I. Peaks: [ came from the buffer
for enzymatic digestion; 2 = PMP (excess reagent); 3 = PMP
derivative of L1Di-OS; 4 = PMP derivative of LlDi-HA; 5 =

sodium benzoate (internal standard); 6 = PMP derivative of
LlDi-4S; 7 = PMP derivative of LlDi-6S; 8 = PMP derivative of
LlDi-diSo; 9 = PMP derivative of LlDi-diSE

tion was LlDi-6S followed by LlDi-4S, presumably
because of easier complexation of the latter with the
borate ion. Although the authentic specimens of
these unsaturated disaccharides were well separat
ed, analysis of these disaccharides in a digestion
mixture of chondroitin sulphates A and C was in
terfered with by non-carbohydrate materials, as
shown in Fig. 1. In Fig. 1 peaks 2 and 3 correspond
to LlDi-6S and LlDi-4S, respectively, and the large
peak at ca. 4 min (peak 1) came from the buffer used
for the enzymatic reaction. The product from a
mixture of 1.5 g each of the GAG samples was dis
solved in water and the solution analysed by HPCE.
The unsaturated disaccharides were detected at 214
nm.

Separation and sensitivity were much improved
by convesion of these unsaturated disaccharides to
the PMP derivatives, as shown in Fig. 2. Fig. 2 also
shows separqtion of the derivatives of other unsat
urated disaccharides (LlDi-diSD, LlDi-diSE, LlDi-OS
and LlDi-HA) obtained from the corresponding
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0

GAGs. The migration order of LlDi-4S (peak 6) and
LlDi-6S (peak 7) was reversed compared with that
of the intact disaccharides (Fig. 1), presumably ow
ing to change of separation mode. Since the reduc
ing ends were blocked by the PMP groups, com
plexation was hampered, and as a result these di
saccharides were moved by plain zone electrophore
sis mode. The limit of detection at 214 nm was at
the lO-fmol level as injected amount. The absorp
tion spectra of the PMP derivatives of these di
saccharides indicated that the absorbance at this
wavelength was approximately one fifth of that at
the maximum (245 nm). The peak at ca. 6.6 min
(peak 4) is that of sodium benzoate as an internal
standard, and peaks 3 and 4 are attributable to the
PMP derivatives of LlDi-OS and LlDi-HA, respec
tively. The separation of these non-sulphated iso
mers is obviously the result of the difference of the
ease of complexation of the hexosamine residues
with the borate ion. Peaks 8 and 9 were assigned to
LlDi-diSD and LlDi-diSE, respectively. Thus, all
these disaccharides were well separated from each
other by zone electrophoresis as borate complexes.

It is noteworthy that the derivatized products of
LlDi-4S and LlDi-6S gave no detectable peak as did
the PMP derivative of LlDi-OS. These experimental
results indicate that the O-sulphate group was sta
ble in this operation.

The calibration curves of chondroitin sulphates
A and C, as observed from the relative responses of
LlDi-4S and LlDi-6S to sodium benzoate, showed
excellent linearity at least for sample amounts in the
range 0.5-10 Ilg. This range corresponds to the 10
400 pg range of injected amount. It is noted that the
rate of production of LlDi-4S from chondroitin sul
phate A was considerably lower than that of
LlDi-6S from chondroitin sulphate C. The relative
standard deviations (n = 10) of the relative re
sponse at the 5-llg level were 3.0% and 2.8%, re
spectively. The authentic specimen of chondroitin
sulphate A gave a small amount of the derivative of
LlDi-6S together with that of LlDi-4S (LlDi-4S1
LlDi-6S = 60.5:33.7, in molar proportion based on
the assumption that both disaccharides have the
same molar absorptivity). Similarly the authentic
specimen of chondroitin sulphate C gave the deriv
ative of LlDi-4S together with that of LlDi-6S as a
minor product (LlDi-4S/LlDi-6S 16.6:82.1).
Therefore, the determination of chondroitin sul-
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phates A and C in their mixture was corrected by
using these proportions.

On the basis of these observations, the GAG
fraction' of a human urine sample was digested with
chondroitinase ABC, the product derivatized with
PMP, and the derivative analysed by HPCE. Fig. 3
shows an example of the electropherograms.

The peaks of the PMP derivatives of both LlDi-4S
(peak 6) and LlDi-6S (peak 7) are distinctly detect
ed, and the amounts ofchondroitin sulphates A and
C can be determined from the relative responses of
these disaccharides to sodium benzoate (peak 5).
The minor peak at ca. 6 min (peak 3) is attributable
to the PMP derivative of LlDi-OS. Peaks 1 and 2
arose from the buffer used for the enzymatic reac
tion and the excess reagent, respectively. In parallel
with this analysis the GAG fraction of the same
urine sample was digested with chondroitinase AC
from Arthrobacter aurescens, and the digestion mix
ture was derivatized with PMP. Analysis ofthe final
product gave essentially the same electropherogram
(not shown) as that in Fig. 3, and the responses of
the LlDi-4S and LlDi-6S peaks relative to that of
sodium benzoate were almost identical to those ob
tained with chondroitinase ABC. Chondroitinase

2
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ABC cleaves the hexosaminide linkage in chondroi
tin sulphate B along with those in chondroitin sul
phates A and C, whereas chondroitinase AC cleaves
the hexosaminide linkages only in chondroitin sul
phates A and C. Since chondroitin sulphate B has
the sulphate group attached to the 4-position of the
galactosamine residue, like chondroitin sulphate A,
the yield of LlDi-4S obtained withchondroitinase
ABC should be larger than that obtained with
chondroitinase AC, if the GAG fraction contained
chondroitin sulphate B. The result obtained from
selected urine samples indicates that they did not
contain detectable amounts of chondroitin sulphate
B.

Since the concentrations of urinary substances
vary greatly depending on physical and dietary con
ditions, they are usually expressed as a ratio relative
to an appropriate inherent standard. Creatinine is
the substance most widely used for this purpose.
Although this compound is usually assayed by a
colorimetric method using the reaction with picric
acid [13], it can also be easily assayed by HPCE.
Fig. 4 shows separation of creatinine from other
inherent substances in urine using borate buffer (pH
9.0) containing polybrene, as carrier, as detected at
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Fig. 3. Analysis of the PMP derivatives of unsaturated disaccharides derived from the GAG fraction of a urine sample digestion with
chondroitinase ABC by zone electrophoresis. The analytical conditions were as in Fig. I. Peak assignment is the same as that in Fig. 2.
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Fig. 4. Direct analysis of urinary creatinine by ion-exchange electrokinetic chromatography. Capillary, fused silica (51 cm x 50 Jlm

I.D.); carrier, 100 mM borate buffer (pH 9.0) containing polybrene (0.1 %, wjw); applied voltage, IS kV; detection, UV absorption at
254 nm. Intact urine was injected from the cathodic end of the capillary tube. Peaks: I = sodium benzoate (internal standard); 2 =
creatinine.

254 nm. In this system electro-osmotic flow was to
ward the anode, and separation based on the differ
ence of the magnitude of interaction with the mov
ing molecules ofpolybrene (ion-exchange electroki
netic chromatography mode) was realized. Under
these conditions the relative response of creatinine
to sodium benzoate (internal standard) was almost
linear, at least in the range 0.1-5 mgjml of creati
nine (figure not shown), and urinary creatinine
could be readily estimated by using this calibration
curve without any prior clean-up procedures.

We could obtain the concentrations of urinary
chondroitin sulphates A and C, together with that
of creatinine, by HPCE as mentioned above. The
following are a few examples of the ratios of chon
droitin sulphates A and C to creatinine (J.Lgjmg of

creatinine). Sample I (male, 23 years old): A, 1.27;
C, 0.59. Sample 2 (male, 23 years old): A, 0.84; C,
0.34. Sample 3 (male, 54 years old): A, 1.09; C, 0.50.
Such values are consistent with the reported values
[14]. The presence of LlDi-OS in the digest of urinary
GAGs in a normal subject has been noted in the
literature [15], possibly arising from chondroitin or
low-sulphate-content chondroitin sulphate, but the
concentration was not reported. In the above cases
the production of LlDi-OS from samples 1, 2 and 3
was 8.9%, 13.8% and 9.3%, respectively, of total
unsaturated disaccharides. Although LlDi-HA was
not detected in the present samples, some metabolic
disorders such as Hurler's disease and Morquio's
disease will give high values of LlDi-HA, as suggest
ed by Kodama et al. [2]. In such cases the present
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method will be useful, since separation of LlDi-HA
from LlDi-OS is good by the present method.

We are accumulating data on clinicjll samples.
Discussion in relation to phatological conditions
will be published elsewhere.
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ABSTRACT

The application of capillary electrophoresis (CE) for the analysis of natural and synthetic low-molecular-mass heparin fragments at
low pH is described. It is demonstrated that under the applied conditions the separation is based on charge, charge distribution and
molecular mass of the heparin molecules, yielding a high resolution. It is shown that the presence of sodium chloride in the sample
solution has hardly any effect on the CE performance. However, the pH of the .electrophoresis buffer is a critical parameter. The
resolutions obtained with CE and high-performance anion-exchange chromatography (HPAEC) are compared for various heparin
fragments and it is concluded that, at least for this type of molecule, CE forms an attractive alternative to HPAEC.

INTRODUCTION

Heparin occurs as a proteoglycan consisting of a
small protein core to which multiple large glycos
aminoglycan side-chains are attached. The glycos
aminoglycan chains vary in length and consist of re
peating uronic acid glucosamine disaccharide se
quences in which the uronic acid may be either D
glucuronic acid or. L-iduronic acid and the glucos
amine residue may be either N-acetylated or N-sul
phated [I]. Moreover, the disaccharide units are
O-sulphated to varying extents at C-6 and/or C-3 of
the various glucosamine residues and at C-2 of the
uronic acid residues [I]. Thus very heterogeneous
polymers, both in molecular mass and structure, are
formed. A final cause of heterogeneity is the occur
rence of a unique D-glucosamine-N,6-disulphate-

Correspondence to: Dr. J. B. L. Damm, Department of Analyt
ical Chemistry, Organon International B.V., Akzo Pharma
Group, P.O. Box 20, NL-5340 BH Oss, Netherlands.

(al-4)-L-iduronic acid-2-sulphate-(pl-4)-D-glu-
cosamine-N,3,6-trisulphate-(al-4)-D-glucuronic
acid-(f31-4)-D-glucosamine-N,6-disulphate penta
saccharide sequence [2]. This pentasaccharide oc
curs in approximately one third of the heparin mol
ecules and is reponsible for the well documented
anticoagulant activity of heparin through a high
affinity binding to antithrombin III, resulting in a
highly increased inhibition of factor IIa , Xa and
XIIa activity [3-7].

For over 50 years the anti-blood-dotting activity
of heparin, which is commercially prepared from
porcine intestinal mucosa and bovine lung, has
been exploited in the treatment of venous thrombo
sis. Until two decades ago the application was limit
ed to therapeutic treatment of established thrombi.
However, a second major use of heparin has
evolved, namely the prevention of postsurgical
thrombosis. After major surgery there is a greatly
increased risk of thrombosis, especially for middle
aged and elderly patients [8]. A significant advan
tage of the prophylactic use of heparin is that lower

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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dosages can be applied which prevents the persist
ent hypocoagulation associated with therapeutic
use [9,10].

However, the vast structural heterogeneity of he
parin renders the biological activity, in both qual
itative and quantitative respects, undefined and pre
sents a serious limitation of its value as a pharma
ceutical drug. This concern is even greater as it is
becoming increasingly clear that unfractionated he
parin displays a wide variety of biological effects
not related to anticoagulant or antithrombotic ac
tivity [11-18].

Therefore, during the past decade attempts have
been made to produce better defined heparin prep
arations. This has been achieved in part by the gen
eration of low-molecular-mass heparin fragments
of more or less uniform mass by either fractional
precipitation and gel filtration [19] or chemical [20]
or enzymatic depolymerization [21]. It has been
demonstrated that low-molecular-mass heparin
fragments of relative molecular mass 4000-5000
can be effectively applied as prophylactic drugs af
ter surgery [22]. As heparin preparations of M r <
5000 retain a high anti-factor Xa activity (for which
the pentasaccharide sequence is responsible) but
have a reduced or no anti-factor IIa (thrombin) ac
tivity, it has been suggested that these preparations
may have a better benefit/risk ratio in terms of anti
thrombotic activity and risk of bleeding. Although
the mechanism of action is still a matter of debate,
data are accumulating that after subcutaneous in
jection, low-molecular-mass heparins cause less hy
pocoagulation, give rise to a longer lasting inhib
ition of factor Xa activity and are indeed less hae
morrhagic than native heparin [22,23]. Moreover, it
has been shown [23] that these preparations have a
twofold prolonged half-live in circulation (which, in
contrast to heparin, is not dose-dependent) and
have a four- to ninefold higher bioavailability on
subcutaneous injection. Finally, there are indica
tions that the incidence of adverse side-effects (lipo
lysis, thrombocytopenia) associated with the ad
ministration of heparin is lower with low-molecu
lar-weight heparins [23].

However, the low-molecular-mass preparations
still show a considerable structural heterogeneity,
thereby impeding predictions about bioactivity and
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pharmokinetics. Moreover, fractional precipitation
and chemical depolymerization result in a relative
enrichment of material without the unique penta
saccharide sequence and hence proportional loss of
anticoagulant activity. Alternatively, enzymatic de
polymerization leads to the formation of fragments
with modified reducing end-groups which may raise
concerns with respect to the potential immunogenic
effects.

A more attractive way to produce a well defined
heparin fragment with a high specific anticoagulant
activity was found in the chemical synthesis of the
unique pentasaccharide sequence [24-27]. These
preparations have shown to be safe and effective
anticoagulant drugs in in vivo studies [2,28] and at
present clinical studies are in progress. Following
the synthesis of the natural pentasaccharide, vari
ous derivatives have been synthesized [6,27,29-32],
some of them displaying an increased AT-III affin
ity [29].

An important aspect of the production of natural
and synthetic heparin fragments for pharmaceutical
use is the availability of analytical procedures for
the characterization of intermediates and final
products. As the heparin fragments have an inher
ent high potential for microheterogeneity, the ana
lytical procedures must meet stringent criteria. De
scribed methods for the separation of mixtures of
heparin fragments rely on high-performance size
exclusion [33], anion-exchange [34] and reversed
phase ion-pair chromatography [20,35] and poly
acrylamide gel electrophoresis [36].

Recently, high-performance capillary electropho
resis (CE) was reported as a sensitive and high-reso
lution method for the determination of the disac
charide composition of several proteoglycans
[37,38]. In these studies the disaccharides were frac
tionated as borate complexes at relatively high pH.
Here we report the separation of complex mixtures
of heparin fragments, having relative molecular
masses up to 3500 and containing well over ten
(negatively) charged groups, without the addition
of borate, and we compare the performance of
high-performance anion-exchange chromatography
(HPAEC) with CEo It is demonstrated that CE is
potentially a good method for the quality control of
natural and synthetic heparin fragments.



J. B. L. Damm et al. / J. Chromatogr. 608 (1992) 297-309

EXPERIMENTAL

Materials
Colominic acid oligomers were prepared by par

tial hydrolysis of colominic acid (Sigma,St. Louis,
MO, USA). Heparin disaccharide reference com
pounds were obtained from Grampian Enzymes
(Aberdeen, UK). Natural heparin-derived frag
ments were obtained from Diosynth (Oss, Nether
lands) and were prepared by treating mucosal por
cine heparin with heparinase. Synthetic pentasac
charides were made at Organon International (Oss,
Netherlands) in cooperation with Sanofi (Toulouse,
France) and the structures were verified by 1Hand
l3C NMR spectroscopy [30-32] and fast atom bom
bardment mass spectrometry [39].

Preparation of colominic acid standards
A mixture of polyanionic oligosaccharides was

prepared by controlled depolymerization of col
ominic acid [poly (a2-8)-N-acetylneuraminic acid,
(NeuAc)n, from E. coli; Sigma] as follows. A lO-mg
amount of colominic acid was dissolved in 1 ml 0.1
M HCI (J. T. Baker, Deventer, Netherlands) and
incubated in an air-tight reaction vial at 80°C for 45
min. The reaction products were desalted on a Bio
Gel P-2 (200-400 mesh) column (18 x 0.8 cm J.D.)
(Bio-Rad, Veenendaal, Netherlands), lyophilized
and stored at - 20°C until used.

Preparation of heparin fragments
Mucosal heparin was dissolved in 0.25 M ammo

nium acetate solution to a concentration of 20 mg/
ml and 5 U/ml of heparinase (from Flavobacterium
heparinum, E.C. 4.2.2.7; Sigma) were added. The
mixture was incubated for 60 h at 35CC. The de
graded heparin was batch adsorbed on an anion
exchanger and desorbed stepwise by elution with
NaCI (Merck, Darmstadt, Germany) solutions of
increasing molarity. The material eluting between 5
and 10% (w/v) NaCl was applied to a gel permea
tion chromatographic system, consisting of two col
umns in tandem, namely a TSK Fractogel HW 40 S
column (70 x 2.6 cm J.D.) (Merck) and a Bio-Gel
P-2 (400 mesh) column (100 x 2.5 cm J.D.) (Bio
Rad). Elution was carried out with 0.5 M ammoni
um acetate (Sigma), pH 5.0 at a flow-rate of 0.7
ml/min and the chromatogram was recorded with a
refractive index detector (ERC 7510 Erma). Frac-
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tions of increasing molecular mass were combined
into six pools, which on the basis of elution volume
correspond to di-, tetra-, hexa-, octa-, deca- and do
decasaccharides. The pools containing the di- and
dodecasaccharides were not used for further stud
ies. The remaining pools were desalted on Bio-Gel
P-2, lyophilized and stored at - 20°C until used.

High-performance anion-exchange chromatography
The colominic acid hydrolysate, the disaccharide

reference compounds, the heparin fragments ob
tained by heparinase treatment and gel permeation
chromatography and the synthetic pentasaccha
rides were each dissolved in water purified with a
Milli-Q-system (Millipore, Milford, MA, USA) to a
concentration of 0.1-5 mg/ml and separated by
anion-exchange chromatography on a Hewlett
Packard (Palo Alto, CA, USA) Model 1050 HPLC
system equipped with an HR 55 Mono Q column
(Pharmacia, Uppsala, Sweden). The injection vol
ume was 25-200 til and the column was eluted at a
flow-rate of 1 ml/min using linear concentration
gradients of 0-1, 0-2 or 0.88-1.60 MNaCI in Milli
Q-purified water. The elution profiles were recorded
at 214 or 215 nm.

High-performance capillary electrophoresis
The colominic acid hydrolysate, the disaccharide

reference compounds, the heparin fragments ob
tained by heparinase treatment and gel permeation
chromatography and the synthetic pentasaccha
rides were each dissolved in Milli-Q-purified water
to a concentration of 0.1-5 mg/ml and separated by
high-performance capillary electrophoresis using a
Beckman (Palo Alto, CA, USA) PlACE 2100 CE
system equipped with a UV absorbance detector
and a fused-silica capillary tube (57 cm x 75 tim
J.D., detector at 50 em). System operation and data
handling were fully controlled and integrated via
the System Gold software (version 6, Beckman)
running on an IBM 55 SX personal computer. The
apparatus was operated in the reversed polarity
mode, i.e., the sample was introduced at the cath
odic side of the capillary. Samples were loaded by
applying pressurized nitrogen for 10 s, resulting in
the injection of 25 nl of sample solution. Before in
troduction of the first sample, the capillary was
rinsed for 15 min each with 0.1 M H 3P04 , 0.5 M
NaOH, 0.1 M NaOH (all from J. T. Baker), Milli-
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e1ectroosmotic flow, which is in the direction of the
injection site, is too high.

In Fig. 1B, the chromatogram obtained for the
same sample with HPAEC on Mono Q is depicted.

Fig. I. (A) CE and (B) HPAEC of a partial hydrolysate of col
ominic acid. Prior to CE and HPAEC the hydrolysate was de
salted by gel permeation chromatography on a Bio-Gel P-2 col
umn. CE was carried out in 200 mM phosphate buffer (pH 4) at
40°C and 7.5 kV in the reversed polarity mode. Column: 57 cm
(50 cm effective length) x 75 J1m I.D. On-capillary detection was
at 214 nm. Injection by pressurized nitrogen: 25 nl from a solu
tion containing 5 mglml of the hydrolysate. The number of (neg
atively charged) N-acetylneuraminic acid residues of the oligom
ers is indicated. HPAEC was carried out on a Mono Q HR 515
column using a linear concentration gradient of 0-2 M NaCI in
30 ml of Milli-Q-purified water at a flow-rate of I ml/min. Detec
tion at 214 nm. Injection volume, 25 J11 from a sample solution
containing 5 mg/ml of the hydrolysate.
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Q-purified water and running buffer. Between runs
only the last three wash steps were applied. Sep
arations were carried out using 200 mM NaHzP04

(1. T. Baker), adjusted to pH 2, 3 or 4 with concen
trated H 3P04 , as running buffer at a potential of
7.5 kV (131.5 Vjcm) and 40°C. On-capillary detec
tion was performed by UV absorbance measure
ment at 214 urn.

RESULTS AND DISCUSSION

The optimum conditions for the separation of
sulphated glycosaminog1ycans byCE were deter
mined using co10minic acid oligomers and heparin
disaccharide reference compounds. It was establish
ed that at low pH the oligosaccharides can be effec
tively separated without complexation with borate.
The apparatus is operated in the reversed polarity
mode and hence the migration time is, in principle,
inversely correlated with the negative charge of the
oligosaccharide. Operation at low pH ensures that
the electroosmotic flow is nearly eliminated and is
smaller than the electrophoretic flow, affording mi
gration of the solutes towards the detector. Co1
ominic acid was partially hydrolysed to afford a
mixture ofmono- and di- to n-mers, having the gen
eral formula (NeuAc)n, where n represents the de
gree of polymerization and the number of (charged)
carboxyl groups. The oligomers were subjected to
CE and HPAEC to compare the effect of (negative)
charge on the migration and elution time, respec
tively. At pH 4, where the ionization of the carboxyl
groups of the N-acety1neuraminic acid residues is
nearly complete, CE resulted in baseline separation
of the mono- to nonamers (Fig. lA).

The identity of the peaks, as indicated in Fig. lA,
was established by injection of oligomers having a
known degree of polymerization. The peaks migrat
ing at 31.79 and ca. 31 min (inset in Fig. lA) prob
ably represent larger co10minic acid polymers that
remained after partial hydrolysis. As expected, the
migration time increases as the degree of polymer
ization and hence the number of carboxyl groups
decrease. The pH of the e1ectrophor~sis buffer ap
pears to be very critical for a high resolution as nei
ther at pH 3 nor at pH 5 was a satisfactory result
obtained (results not shown). Probably at pH 3 the
carboxyl groups of the co10minic acid oligomers are
not sufficiently ionized (pK 2.9) and at pH 5 the
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Fig. 2. CE of nine heparin disaccharides. The electropherograms are compiled in a three-dimensional plot. Electrophoresis was carried
out as in Fig. lA, except that the electrophoresis buffer was pH 3. Injection volume, 25 nl from a solution containing ca. 0.1 mg/ml of
each disaccharide. The structures of disaccharides 1-9 are indicated. One part of the absorbance scale corresponds to 0.005 a.u.f.s.

Again, nine peaks, belonging to the mono- to non
amers, are visible with an additional peak at ca. 10.5
min which can be attributed to remaining polymeric
material. As expected, the order of elution is re
versed compared with CEo It should be noted that
with HPAEC the separation is accomplished in a
shorter time. However, much more material (125 flg
vS. 125 ng) is needed for the analysis.

In Fig. 2, the capillary electropherograms ob
tained at pH 3 for nine heparin disaccharides (de
noted 1-9) are shown. Ll 4.5-Uronic acid-2-sulphate
(f31-4)-glucosamine-N,6-disulphate (1, LlUA-2S--+
GlcNS-6S), having four negative charges (three sul
phate groups and one carboxyl group), migrates at
15.5 min.

Ll 4,5-Uronic acid-2-sulphate-(f31-4)-glucosa-
mine-N-sulphate (2, LlUA-2S--+GlcNS), Ll4,5-uron
ic acid-(f31-4)-glucosamine~N,6-disulphate (3,
LlUA--+GlcNS~6S), Ll4,5-uronic acid-2-sulphate
(131-4)-N-acetylglucosamine-6-sulphate(4, Ll UA
2S--+ GlcNAc-6S) and Ll 4,5-uronic acid-2-sulphate
(f31-4)-glucosamine-N-carboxyethyl-6-sulphate (5,
LlUA-2S--+GlcNOEt-6S), all having three negative
charges (two sulphate and one carboxyl group), mi
grate at 19.1, 19.8,20.2 and 20.8 min, respectively.

Ll 4,5-Uronic acid-2-sulphate-(f31-4)-N-acetylglu-

cosamine (6, LlUA-2S-,-*GlcNAc), Ll 4,5-uronic acid
(f31-4)-glucosamine-N-sulphate (7, LlUA--+GlcNS)
and Ll 4.5-uronic acid-(f31-4)-N-acetylglucosa
mine-6-sulphate (8, LlUA GLcNAc-6S), each hav
ing two negative charges (one sulphate and one car
boxyl group), migrate at 29.7, 29.9 and 30.8 min,
respectively. Finally, Ll 4,5-uronic acid-(f31-4)-N
acetylglucosamine (9, LlUA--+GlcNAc) with one
negative charge migrates at 89.0 min. From this it is
clear that the separation is based on (negative)
charge, as already shown for the colominic acid oli
gomers, but also on structure (i.e., charge distribu
tion). Simultaneous injection of the nine disaccha
rides has no effect on the migration times, indicat
ing that the migration properties do not influence
each other (Fig. 3A). In this case LlUA
2S--+GlcNAc (6) and LlUA--+GlcNS (7), migrating
at 29.7 and 29.9 min, respectively, show a large
overlap.

For comparison, the nine disaccharide reference
compounds were also analysed by HPAEC on
Mono Q (Fig. 3B). As with CE, eight baseline-sep
arated peaks are obtained. Compounds 4 (LlUA
2S--+GLcNAc-6S) and 5 (LlUA-2S--+GlcNOEt-6S),
which were completely resolved by CE, give rise to
overlapping peaks. On the other hand compounds 6
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Fig. 3. (A) CE and (B) HPAEC of a mixture of nine heparin disaccharides. Conditions for CE and HPAEC as in Fig. 2 and IB,
respectively, except that for HPAEC a linear concentration gradient of 0-1 M NaCI in 45 ml of Milli-Q-purified water was used.
Injection volume, 25 nl (CE) or 25 JlI (HPAEC) from a sample solution containing ca. 0.1 mg/ml ofeach disaccharide (for the structures
of disaccharides 1-9, see Fig. 2).

(LlUA-2S-+GlcNAc) and 7 (Ll UA-+ GlcNS), only
partly resolved by CE, are baseline separated.
LlUA-+GlcNAc-6S (8) yields two peaks. Probably
the major peak represents the disaccharide, while

the minor peak stems from a negatively charged
non-carbohydrate (because it is not visible in CE)
contaminent. The identity of the peaks as disaccha
rides 1-9 was established by injection of the individ-
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Fig. 4. Fractionation of heparinase-treated heparin by gel permeation chromatography. Heparin was partially degraded by heparinase
and batch-adsorbed on an anion-exchanger. The material that desorbed from the anion-exchange column between 5 and 10% (w(v)
NaCI was fractionated by a gel permeation chromatographic system, consisting of two columns in tandem, namely a TSK Fractogel
HW 40 S column (70 x 2.6 cm J.D.) and a Bio-Gel P-2 (400 mesh) column (100 x 2.5 cm J.D.). The elution pattern was recorded hv
refractive index (RI) detection. Six fractions of increasing molecular mass were collected as indicated.

ual compounds (results not shown). The order of
elution of the differently charged molecules is re
versed as compared with CE, as was already shown
for the colominic acid oligomers. However, the re
versal of the migration/elution order is not main
tained within a series of identically (negatively)
charged compounds. This is demonstrated, for in
stance, for the disaccharides containing three nega
tive charges, having an elution order 2---+3---+4---+5 in
CE VS. 3---+2---+4---+5 in HPAEC. This indicates that
while charge exerts an opposite effect on the migra
tion and elution time in CE and HPAEC, respec
tively, the influence of charge distribution is unpre
dictable in this respect.

On the basis of the CE conditions established for
the reference compounds, more complicated mix
tures of heparin fragments were analysed by CEo
Also in this instance the CE performance was com
pared with the performance of HPAEC. Heparin
was treated with heparinase and batch-absorbed on
an anion exchanger. The pool of heparin fragments
that desorbed from the anion-exchange column be
tween 5 and 10% NaCI was fractionated by gel per
meation chromatography. The fractions were col
lected as indicated in Fig. 4 and the relative molec
ular mass of each pooled fraction, which still con
tains many carbohydrate structures. was calculated

on basis of elution posItIOn to be 4200 (E3382),
3500 (E3383), 3100 (E3384), 2500 (E3385), 1600
(E3386) and 600 (E3387). According to their appar
ent molecular masses, the fractions should repre
sent mixtures of dodeca-, deca-, octa-, hexa-, tetra
and dimers, respectively; however, no attempts
were made to resolve the structures. The deca- to
tetramer mixtures were each subfractionated by ei
ther CE or HPAEC.

In Fig. 5A, the patterns obtained by CE are col
lected. The separation was carried out at pH 2
which nearly eliminates the electroosmotic flow and
results in relatively short retention times. It should
be noted that in this instance an optimum separa
tion is achieved at pH 2, which is lower than that for
the separation of heparin disaccharides (having a
smaller molecular mass and fewer sulphate groups)
and colominic acid oligomers (having carboxyl in
stead of sulphate groups as charged constituents). It
is clear that with increasing molecular mass the
structural heterogeneity of the heparin fragments
increases and the resolution obtained decreases. In
terestingly, the migration times of all heparin prep
arations are virtually in the same range (16--24 min).
With increasing molecular mass the negative charge
increases accordingly, which means that the separa
tion is based not only on charge and charge distri-
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oligosaccharides in the sample solutions was 4 mg/ml and the phosphate buffer for CE was of pH 2.

bution, as already discussed, but also on molecular
mass, which apparently exerts an opposite effect on
the migration time. This result is in agreement with
the Debye-Hiickel-Henry theory on electrophoret
ic mobility. According to this theory, the electro
phoretic mobility is, to a good approximation, pro
portional to thecharge-to-mass (radius) ratio of the
analyte [40]. The opposing effect of the molecular
mass might also explain why colominic acid oligom
ers, differing in negative charge and molecular mass
from each other, migrate relatively close together
(Fig. lA) while heparin disaccharides, differing only
in negative charge, migrate far apart (Fig. 2).

Fig. 5B shows the corresponding patterns ob
tained with HPAEC on Mono Q. Also with
HPAEC the elution times of all heparin fragments
are in the same range. When the capillary electro-

pherograms are compared with the HPAEC traces
it is evident that the general pattern remains al
though, as expected, the order of elution is reversed,
as is especially clear for fraction E3386. The resolu
tion obtained for sample E3386 with CE and
HPAEC is comparable but for the more complex
samples E3385, E3384 and E3383 CE appears to be
superior. It should be noted that for analysis by CE
only small amounts of sample are needed. In this
instance 25 nl of sample solution, corresponding to
0.1 flg of carbohydrate material, was injected (vs.
0.1 mg for HPAEC). Concentration of the sample
solution, allowing reduction of the sample volume,
should yield an even better resolution.

Based on these results, the applicability of CE for
assessment of the quality of synthetic heparin pen
tasaccharide preparations was investigated. The
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pentasaccharides are identical with, or are deriva
tives of, the unique sequence responsible for the an
ticoagulant activity of heparin and were synthesized
by Organon in collaboration with Sanofi via a mul
ti-step procedure. In Fig. 6A the capillary electro-

pherograms obtained for three synthetic pentasac
charides, denoted Org 31213, Org 31540 and Org
31550, are compiled. The three compounds have an
identical pentasaccharide backbone (structures in
Fig. 6A) and differ from each other only with re-

~ AU ,..
C e 50

~:
~ c 40

f ttl 30 30

o " 20 20mN
~ .- 10 10

0

2520

B

15
Migration time (min)

Fig. 7. (A) HPAEC and (B) CE of a batch of raw material of Org 31550 (I mgjml). HPAEC was carried out on a Mono Q HR 5/5
column at a flow-rate of I ml/min. The column was elutcd with a mixture of eluents A and B, starting with 45% (v/v) A-55% (v/v) B,
followed by a linear increase of B to 100% in II min, where eluent A is Milli-Q-purified water containing 0.1 % (v/v) of dimethyl
sulphoxide and eluent B is 1.6 M NaCI. Injection volume, 0.2 ml. Detection was based on UV absorbance at 215 nm (upper part) or on
measurement of optical activity by a polarized laser [41] (Chiramonitor) (lower part). In both instances the detector signal is expressed
in arbitrary units. CE conditions as in Fig. I, except that the pH of the electrophoresis buffer was 3 and the concentration ofOrg 31550
in the sample solution was ca. I mg/ml.
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spect to the number of sulphate substituents, which
can be seven (Org 31213), eight (Org 31540) or nine
(Org 31550). The purity of the preparations has
been determined previously by 360- and 500-MHz
lH NMR spectroscopy and is at least 99% (mol/
mol) [30-32]. Using the CE conditions established
for the heparin disaccharides, the Org 31213 sample
gives rise to two peaks at 13.9 (numbered 1 in Fig.
6A and B) and 15.7 min (4), respectively. Based on
its migration time the main peak at 15.7 min is as
signed to Org 31213. Similarly, CE of the Org 31540
preparation yields two peaks at 15.3 (3) and 16.2
min (6), respectively. According to its migration
time, the main peak at 15.3 min is assigned to Org
31540. In addition, two minor peaks at 15.7 (4) and
16.5 min (7) are visible. Although the minor peak at
15.7 min has the same migation time as Org 31213,
it is unlikely (on basis of the synthesis route) that
the Org 31540 preparation could contain Org
31213. The Org 31550 sample yields four peaks,
namely a main peak at 14.7 min (2), which is as
signed to Org 31550, and three smaller peaks at 15.2
(3), 15.5 (3) and 16.1 min (5). Apparently, the vari
ous pentasaccharide structures can be separated ef
ficiently from each other by CEo This is confirmed
by co-injection of the three pentasaccharide sam
ples (Fig. 6B). In this instance, however, the com
pounds migrating at 15.2, 15.3 and 15.5 min, which
are separately visible in Fig. 6A, give rise to a multi
component peak (3). The contaminants in the pen
tasaccharide preparations most likely represent syn
thetic precursors, although at present their identity
is not known. It should be realized that, in general,
detection based on UV absorption is much more
sensitive for the synthetic precursors, containing
strong UV absorbing substituents, than for the end
products, which leads to a major overestimation of
the amount of contaminants. This is confirmed by
the NMR data on the purity of these preparations.

The value of CE as a qualitative assay for the
purity of pentasaccharide preparations is also dem
onstrated by the analysis of sample HH2174 by CE
and HPAEC. HH2174 represents a batch of raw
material of Org 31550 that was deliberately kept
from further purification. NMR spectroscopic anal
ysis had previously shown that HH2174 consists of
ca. 85% (mol/mol) or Org 3155. HPAEC of
HH2174 and detection at 215 nm give rise to two
broad peaks eluting at 8.5 and 9.3 ml (Fig. 7A).

307

Additionally, two minor, partly overlapping peaks
are discernible at 6.3 and 6.8 ml. From the injection
of pure Org 31550 it is known that the peak at 9.3
ml represents Org 31550. Again, it is clear that de
tection of contaminants is far more sensitive than
detection of the main product. A better estimate of
the molar ratio of the compounds present in
HH2174 is obtained when the detection is carried
out with a Chiramonitor (Applied Chromatogra
phy Systems, Macclesfield, UK), where detection is
based on optical activity [41]. In this instance the
two minor peaks are no longer visible and the areas
of the two main peaks are in accordance with the
expected values. When HH2174 is subjected to CE
at least nine peaks are visible in the electrophero
gram (Fig. 7B), demonstrating the high resolution
achieved with CEo Based on the migration time
(compare Fig. 6A) and relative peak area (compare
Fig. 7A), the peak at 14.7 min can be attributed to
Org 31550. Most likely the peak at 15.1 min repre
sents the major contaminant that in HPAEC elutes
at 8.5 min (Fig. 7A). At least six additional peaks
belonging to minor contaminants are discernible. It
should be noted that the order of migration of the
various peaks is, as expected, reversed compared
with HPAEC.

Bearing in mind, the potential suitability of CE as
a quality control for heparin fragments, it was im
portant to obtain a better insight into the rugged
ness of the method. In this respect the effects of the
presence of salts in the sample solution or a change
of pH of the electrophoresis buffer are relevant. As
a first approach, samples ofE3384 were dissolved in
Milli-Q-purified water, 0.5 M NaCI and 1 M NaCl,
and subjected to CE (Fig. 8A). Obviously, the NaCI
concentrations tested have virtually no effect on the
CE performance. The slight increase in migration
times that is noted is probably caused by the in
creased conductivity and concomitantly decreased
electrical field in the sample zone. Because injection
volumes are in general very small (typically 25 nl),
the disturbance of the electical field is marginal.
However, the pH of the electrophoresis buffer has a
major influence on the CE performance. This is ex
emplified in Fig. 8B where CE ofE3384 at pH 3 and
2 are compared. Evidently, lowering the pH of the
operating buffer, leading to a decrease in the elec
troosmotic flow and net charge of the heparin frag
ments, gives rise to an enhancement of the resolu-
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tion. This was also the case for the other hepari
nase-derived heparin fragments.

In summary, we conclude that CE may open the
way to a new, sen~itive and easy to use analytical
procedure for the assessment of the purity of low
molecular-mass heparin preparations.
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Identification of vitamin B12 and analogues by high
performance capillary electrophoresis and comparison
with high-performance liquid chromatography
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INSERM U308, Mechanisms of Regulation of Alimentary Behaviour, Group of Biochemistry, Faculty of Medicine, Avenue Foret de
Haye, B.P. 184,54505 Vandoeuvre Cedex (France)

ABSTRACT

High-performance capillary electrophoresis (HPCE) was compared for the identification and determination of corrinoids (hydroxy-,
cyano-, 5'-desoxyadenosyl- and methyl-cobalamin and cyano-cobinamide) with high-performance liquid chromatography (HPLC).
The within-run reproducibility of the retention times in HPCE and HPLC were similar (2.4 and 2.2%, respectively). The detection limit
in HPCE was 20 Ilg/ml. HPLC can be used, in combination with radioisotope dilution assay, when very low concentrations (100 pg/ml)
have to be determined in biological material. HPCE is more efficient than HPLC for the identification of corrinoids after conversion
into the CN-cobalamin and CN-cobinamide forms.

INTRODUCTION

Human biological fluids contain different forms
of vitamin B12 : hydroxo-cobalamin (OH-cbl), cya
no-cobalamin (CN-cbl) and the two coenzymatic
forms 5'-deoxyadenosyl-cobalamin (Ado-cbl) and
methyl-cobalamin (CH 3-cbl). Cobalamins can be
distinguished from potentially harmful analogues
of vitamin B12, devoid of enzymatic activity [1].
These analogs can be divided in two groups: cob
amides that lack the nucleotide moiety (5,6-dimeth
ylbenzimidazole) and cobamides that contain a
modified nucleotide. Only analogues with a nucleo
tide close to that of cbl bind intrinsic factor (IF).
Haptocorrin (Hc) binds both cobinamides and co
bamides [2].

Human [2-4] and animal [5] tissus contain corri
noids analogues that do not have any activity. and

Correspondence to: Dr. D. Lambert, INSERM U308, Mecha
nisms of Regulation of Alimentary Behaviour, Group of Bio
chemistry, Faculty of Medicine, Avenue Foret de Haye, B.P.
184, 54505 Vandoeuvre Cedex, France.

that sometimes inhibit growth and development
and cause severe demyelinization of nerve fibres [6].

The f3 aquo ligand (Ado or CH3 ) can be replaced
by an aquo group after exposure to light. The f3
ligand is replaced by a CN group after incubation
with KCN. The consecutive treatment of a mixture
of cobalamins and cobinamides by exposure to light
and addition of KCN produces therefore the two
forms CN-cbl and CN-cobinamide.

The determination of cobalamins has been used
in order to .diagnose cobalamin deficiencies in hu
mans [7,8]. In recent years, both thin-layer chroma
tography and high-performance liquid chromatog
raphy (HPLC) have been developed for the deter
mination of the different forms of cobalamin pre
sent in plasma and other biological samples [9,10].
Methods combining chromatography and isotope
dilution assay can be used to separate and to identi
fy the different forms of corrinoids [11-14].

In this study, two methods for the separation of
corrinoids were compared: high-performance capil
lary electrophoresis (HPCE) and HPLC. The appli
cation of HPCE was tested on multi-vitamin prep-

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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arations for parenteral nutrition, the corrinoids sta
bility of which can be altered by physical conditions
and interactions with other components [15,16].

EXPERIMENTAL

Chemicals
Crystalline OH-cbl, CN-cbl, Ado-cbl, CH3-cbl

and CN-cobinamide were obtained from Sigma (St.
Louis, MO, USA) and used as standards for both
HPLC and HPCE. Standards were dissolved in dis
tilled water (concentrations were chosen to obtain a
good detector response), and filtered through a
0.45-.um filter (Millipore).

NaH2P04 and orthophosphoric acid respectively
were obtained from BDH (AnalaR grade) and Pro
labo, respectively. For both HPCE and HPLC, buf
fers were filtered (0.45 .urn) and degassed under vac
uum. A multi-vitamin mineral preparation (Soluvit)
was obtained from Kabi-Pharmacia.

C18 cartridges (5-.um silica, 250 mm x 5 mm
I.D.) and Sep-pak C18 cartridges were purchased
from Waters.

High-performance capillary electrophoresis
Capillary electrophoresis was performed using a

Waters Quanta 4000 apparatus. The system was
equipped with a fused-silica capillary tube (100 cm
x 75.um I.D.) with an effective length of 93 cm.
The applied voltage was 30 kV. Sampl~ injection
was maintained for 15 s and the column temper
ature was maintained at 26°C. The anode and cath
ode buffer was 20 mM NaH2P04 , adjusted to pH
2.5 with 20 mM orthophosphoric acid solution. Ab
sorbance was measured at 214 nm.

Reversed-phase high-pelformance liquid chromatog
raphy

HPLC was performed at room temperature using
a two-pump gradient system (Waters). The detec
tion wavelength was 254 nm (Lambda-max 480
spectrophotometer, Waters).

HPLC separation of corrinoids was carried out in
40 min, on a C18 cofumn, using a 10-50% linear
gradient of acetonitrile in 0.085 M phosphoric acid
as mobile phase. The pH was adjusted to 3.0 with
triethanolamine. The flow-rate was 0.5 ml/min.

D. Lambert et al. / J. Chromatogr. 608 (1992) 311-315

Exposure to light and KCN treatment
Standard corrinoids were first exposed to light

(45-min exposure to a 60-W tungsten lamp at a dis
tance of 50 em) and then subjected to KCN treat
ment (incubation with one volume of 0.2 .10- 2 M
KCN for 2 h) in order to convert corrinoids into the
CN forms.

RESULTS

A mixture of the five standards, OH-, CN-, Ado
and CHrcbl and CN-cobinamide, was resolved in
five well separated peaks in HPCE (Fig. lA). The
retention times of the corrinoids are given in Table
I. Identification was achieved by injecting either the
corrinoid mixture or a sample of each corrinoid
form. A better separation of CN-cobinamide, OH
cbl and Ado-cbl was obtained with a lower voltage
(15 kV), the retention times ofCHrcbl and CN-cbl
then being longer than 16 and 25 min, respectively
(not shown).

The peaks of OH-cbl, Ado-cbl and CHrcbl dis
appeared after exposure to light and treatment with
KCN. Only two peaks, whose retention times corre
sponded to CN-cobinamide and CN-cbl, were pres
ent (Fig. lB). The detection limit of CN-cbl was 20
.ug/ml.

The multi-vitamin mineral preparation (Soluvit)
was passed through a Sep-pak C18 cartridge to ob
tain water-soluble components [9]. The eluent was
20% 2-butanol. The identification by HPCE al
lowed four main peaks to be obtained. One of these
had a retention time corresponding to that of CN
cobalamin (not shown). The three other peaks had
retention times below those of corrinoids (2.2, 3.0
and 3.9 min). There was no similar peaks between
Soluvit and corrinoid standards.

The five different forms of cobalamin were also
identified by HPCL (Fig. 2A). The differences in
retention times (Table I) were not as marked as with
HPCE. Morever, at pH 3, CN-cobinamide injected
alone appeared to be present as two peaks corre
sponding to CNa- and CN,B-cobinamide [12,17].
The retention time of CN-cbl was intermediate be
tween those of CNa- and CN,B-cobinamide.

After exposure to light and treatment with KCN,
only three peaks, whose retention times corre
sponded to CN-cobinamide and CNa- and CN,B
cbl, were present on the HPLC trace (Fig. 2B).
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The within-run reproducibilities of the retention
times in HPCE and HPLC were similar, with coeffi
cients of variation of 2.4 and 2.2%, respectively.

DISCUSSION

Tn HPCE, the retention times ofCN-cbl and CN-
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TABLE I

RETENTION TIMES OF CORRINOIDS SEPARATED BY
HPCE AND HPLC

HPCE: capillary size, 100 em x 75 Ilm J.D.; applied voltage, 30
kV; sample injection, 15 s; temperature, 26'C; anode and cath
ode buffer, 20 mM NaH 2PO.. (pH 2.5, adjusted with 20 mM
orthophosphoric acid); detection wavelength, 214 nm. HPLC:
C ts column with a 10-50% linear gradient of acetonitrile in
0.085 M phosphoric acid as mobile phase (pH 3.0, adjusted with
triethanolamine); run time, 40 min at room temperature; flow
rate, 0.5 ml/min; detection wavelength, 254 nm.

cobinamide differed by CG. 5.5 min. This result al
lowed errors of identification that could sometimes
occur in HPLC, where the difference was only 1.2
min, to be avoided. For this reason, HPCE is more
efficient than HPLC for the identification of corri
noids after conversion into the CN forms. HPCE
allows a better discrimination between active and
harmful corrinoids. However, only HPLC was able
to distinguish CNa-cobinamide from CN{3-cobin
amide. The elution of both CNa- and CN{3- cobin
amide in the same peak in HPCE can be explained
by the absence of a difference in the net charge of
the two molecules.

HPLC allows fractions of the eluate to be collect
ed which can be used for radioisotope analysis of
corrinoids (radioisotope dilution assay, RIDA).
For this reason we use HPLC, in combination with
RIDA, when very low concentrations (100-1000
pg/ml) in biological material have to be determined.
With this method for the quantification of corri
noids, the "true cbl" forms can be distinguished
from cbl analogues, using intrinsic factor (IF) and
haptocorrin (HC) as binders of the RIDA [14].
Such a combination with RIDA is not possible with
HPCE; the amount of sample is of the order of na
nolitres and the amount of corrinoid eluted in each
peak is too small to be detected.
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When concentration is not a limiting factor,
HPCE is easier to perform than HPLC. For exam
ple, HPCE can be used for the analysis of multi
vitamin preparations for parenteral nutrition and to
check the stability of corrinoid compounds to light
exposure and temperature and the interaction of
corrinoids with other vitamins and trace elements.

In conclusion, both HPCE and HPLC are effi-

Fig. 2. HPLC of standard corrinoid samples. (A) Untreated sam
ples; (B) samples after exposure to light (45 min, 60-W tungsten
lamp; distance 50 em) and then KCN treatment (incubation with
one volume of 0.2 . 10- 2 M KCN for 2 h). Chromatographic
conditions as in Table 1.

HPCE

5.24 ± 0.10
4.95 ± 0.12

10.85 ± 0.25
4.95 ± 0.12
5.50 ± 0.10
8.45 ± 0.18

HPLC

Retention time (min) ± S.D. (II = 6)

14.08 ± 0.50
15.82 ± 0.31
17.21 ± 0.31
18.48 ± 0.18
18.86 ± 0.45
21.10 ± 0.47

Corrinoid

OH-cobalamin
CNex-cobinamide
CN-cobalamin
CN/3-cobinamide
Ado-cobalamin
CH 3-coba1amin
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cient methods for separating corrinoids. The choice
between the techniques depends on the type of sam
ple to be analysed. HPCE can be performed when
the corrinoid concentration is high enough, whereas
a combination ofHPLC with RIDA is recommend
ed for low-concentration samples such as biological
fluids.
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ABSTRACT

The effect of five different buffer solutions on the elution order and separation of bis(amidinohydrazones) by micellar electrokinetic
capillary chromatography was studied at pH 7.0. The buffers were sodium phosphate, tris(hydroxymethyl)aminomethane, N-(2
hydroxyethyl)piperazine-N'-(2-ethanesulphonic acid), N,N-dimethylmethylenediamine and N,N-diethylethylenediamine. The factors
affecting the elution order of the solutes were: (I) ion-pair formation between the solute and the buffer ion, (2) the cationic nature and
structure of the solute, (3) reactions between ion-pair complexes and micelles and (4) the nature of the buffer solution. Sodium
phosphate (0.05 M) with I mM N-cetyl-N,N,N-trimethylammonium bromide was the only buffer solution to fully separate eight
aliphatic congeners of bis(amidinohydrazone).

INTRODUCTION

Micellar electrokinetic capillary chromatography
(MECC), which is an adaptation of capillary zone
electrophoresis (CZE), extends the enormous power
of CZE to the separation of uncharged molecules
[1,2]. In MECC the addition ofan ionic surfactant to
the electrolyte in an amount greater than its critical

Correspondence to: Dr. M.-L. Riekkola, Analytical Chemistry
Division, Department of Chemistry, University of Helsinki,
Vuorikatu 20, SF-OOIOO Helsinki, Finland.

micelle concentration (CMC) makes possible the
separation of neutral particles. Because the micelles
provide ionic and hydrophobic sites of interaction
simultaneously, MECC is also preferable to CZE for
the separation of mixtures of charged and un
charged solutes. Yet another application of MECC
is the separation of ionic compounds, such as the
bis(amidinohydrazones) studied here, whose elec
trophoretic mobilities are too similar to be separated
by CZE [3,4]. In MECC, the migration time of an
ionic substance is a function of three factors: (I) the
electrophoretic mobility of the solute, (2) the distri-

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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bution ratio of the solute between the micellar phase
and the aqueous phase and (3) the chemical reactions
between the solute molecules and the micelles.

The synthesis of glyoxal bis(amidinohydrazone)
(GBG) was reported by Thiele and Dralle [5] toward
the end of the nineteenth century. Sixty years later
Freedlander and French [6] synthesized its methyl
glyoxal analogue (MGBG), which they showed to
have strong antileukaemic activity against Ll210
leukaemia in mice. These compounds are of great
interest because many of them inhibit adenosyl
methionine decarboxylase, a key enzyme of poly
amine biosynthesis. GBG and MGBG are both
potent antileukaemic agents [7,8).

In earlier work we developed a quantitative
MECC method for the determination of bis(ami
dinohydrazones) [9]. At that time we found the
elution order of these solutes to differ in inorganic
and organic buffer solutions. The quality of the
separation was affected by the nature of the buffer
solution.

In this work, the suitability of buffer solutions
of different strength, with pH adjusted to 7.0,
was tested for the separation of eight bis(amidino
hydrazones). The buffers were sodium phosphate,
tris(hydroxymethyl)aminomethane (Tris), N-(2
hydroxyethyl)piperazine-N'-(2-ethanesulphonic ac
id) (HEPES), N,N-dimethylmethylenediamine
(DMAEA) and N,N-diethylethylenediamine
(DEAEA). N-Cetyl-N,N,N-trimethylammonium
bromide (CTAB) was used for coating the inner
column and for micelle and ion-pair formation. The
separated solutes were detected by UV-VIS method
at wavelength 280 nm.

EXPERIMENTAL

Apparatus
MECC was performed in a 680 mm x 0.075 mm

J.D. fused-silica capillary tube (SGE, Milton Key
nes, UK) where 600 mm was the effective length for
separation. A Waters Quanta 4000 capillary electro
phoresis system (Millipore, Waters Chromatogra
phy Division, Milford, MA, USA) was employed.
Detection was at wavelength 280 nm with UV-VIS
detection. All experiments were carried out at am
bient temperature (ca. 24-27°C). Injections were
made in hydrostatic mode for 10 or 12 s and the
running negative' voltage was betweeen 20 and
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25 kV. The data were collected with an HP 3392A
integrator (Hewlett-Packard, Avondale, USA).

Materials
The synthesis of the free bases of GBG, MGBG

and their analogues was carried out as describ
ed previously [10). Sodium dihydrogenphosphate
monohydrate, disodium hydrogenphosphate dihy
drate, Tris and CTAB were purchased from Merck
(Darmstadt, Germany), HEPES was purchased
from Sigma (Dorset, UK) and DMAEA and
DEAEA were purchased from Fluka (Buchs,
Switzerland). All compounds were used as received.
Other reagents used in the development of the
method were of analytical grade and were used
without further purification. Distilled water was
purified through a Water-I system from Gelman
Sciences (Ann Arbor, MI, USA). All the micellar
buffer solutions were filtered using 0.45-.um mem
brane filters (Millipore, Molsheim, France) and
degassed before use. Samples and other solutions
were filtered through Millex filters of 0.5-.um pore
size from Millipore (Nikon Millipore, Kogyo,
Yonezawa, Japan). With Tris, HEPES, DMAEA
and DEAEA, the pH was adjusted to 7.0 with 0.1 M
hydrochloric acid solution.

MECC procedure
To obtain good separation, the capillary was

cleaned according to the following procedure each
time the buffer solution was changed: the capillary
was purged for 15 min with 0.5 M potassium
hydroxide and then for 2 min with the new buffer
solution. In addition, the capillary was purged for
2 min with the working buffer before each injection.

RESULTS AND DISCUSSION

Earlier studies on the protonation equilibria and
species distribution of bis(amidinohydrazones) [10]
suggested to us that a good separation of these
congeners would be achieved by CZE. The species
distribution of GBG and MGBG (at pH 7.4 and
37°C) is distinctly different from that of the dialkyl
glyoxal congeners. Moreover, considerable portions
ofGBG (ca. 10%) and MGBG (ca. 4%) exist in the
free base form, whereas the diakylglyoxal analogues
exist almost exclusively in the mono- and dicationic
forms and the proportion of the free base is only
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ca. 0.5% or less. The bis(amidinohydrazones) we
wished to separate are listed in Table I.

To study the effect of the buffer solution on the
elution order and separation, we carried out MECC
experiments with five different buffers (sodium
phosphate, Tris, HEPES, DMAEA and DEAEA) at
pH 7.0. The concentration of the buffers was 0.05,
0.1, 1.2, 0.02 and 0.03 M, respectively, and CTAB
concentration was 0.001 M (CMC [11]). The struc
tures of the buffer solutions are shown in Table II.
Sodium phosphate buffer at concentration 0.05 M
gave the best separation with the lowest currents
(Fig. 1). It was also the only buffer in which all eight
bis(amidinohydrazone) congeners were fully sepa
rated. Accordingly, the operating conditions for this
system were optimized to provide good resolution
within a reasonable time. Under the optimized
conditions (0.05 M sodium phosphate buffer with
1 mM CTAB, voltage -22 kV and hydrodynamic
injection 12 s), the method gave good repeatability
and linearity between 2.5 and 100 .ug per ml of solute
[9].

TABLE I

STRUCTURE OF THE BIS(AMIDINOHYDRAZONES)
STUDIED

The Chemical Abstracts' systematic name for MGBG is 2,2'-(1
methyl-I ,2-ethanediylidine)bis(hydrazinecarboximidamide), and
other congeners are named analogously.

Compound R1 Rz M Cationic
forma

GBG H H 170 MC
MGBG CH3 H 184 MC
DMGBG CH3 CH3 198 DC
EMGBG CH zCH 3 CH3 212 DC
DEGBG CH zCH 3 CH zCH 3 226 DC
MPGBG CH3 (CHzhCH3 226 DC
MBGBG CH3 (CHzhCH 3 240 DC
DPGBG (CHzhCH3 (CHzhCH 3 254 DC

a The main cationic form of the compound at pH 7.0: MC =

monocationic; DC = dicationic.
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The elution order of the bis(amidinohydrazone)
congeners varied with the buffer. In inorganic buffer
solution (sodium phosphate), monocationic solutes
eluted first and then the dicationic solutes. Evident
ly, the symmetric molecules interacted more strong
ly with the micelles and eluted more slowly than the
asymmetric molecules. By contrast, in the organic
buffer solutions (Tris, HEPES, DMAEA and
DEAEA) the bis(amidinohydrazone) congeners
eluted in decreasing size order, except for the
monocationic molecules (GBG and MGBG), which
behave irregularly. The concentration of the buffer
and of CTAB did not affect the elution order of the
solutes, only the resolution. The elution orders and
relative retention times are listed in Table III.

In phosphate buffer the elution order was deter
mined by the cationic nature and structure of the
compounds (Fig. 1, Table III). Because GBG and
MGBG are more monocationic than the other
congeners, they eluted first. The dicationic mole
cules with an alkyl chain even one carbon atom
shorter eluted more slowly than the molecules with
longer alkyl chains, because of their stronger electro
phoretic mobility and more intense interaction with
the micelles. In addition, the symmetric molecules
apparently reacted more strongly with the micelles
and eluted more slowly than the asymmetric mole
cules.

The elution order in Tris differed from that in
phosphate buffer solution (Fig. 2A, Table III). The
Tris molecule is hydrophilic and at pH 7.0 the
structure contains three free polar hydroxyl groups
and one NHj group. The dicationic molecules with
long alkyl chains eluted more quickly than the
molecules with short alkyl chains, because they
undergo stronger interactions with the slowly
eluting micelles. The two monocationic compounds
eluted according to their molecular weight in separa
tion conditions (hydrophilic eluent), because the
methyl substituent is more hydrophobic than hydro
gen (Table I).

The elution order ofbis(amidinohydrazones) was
different in HEPES solution (Fig. 2B, Table III).
The compounds of high molecular weight eluted
before those of low molecular weight. HEPES and
bis(amidinohydrazone) molecules can form ion
pairs because a HEPES molecub contains one
negatively charged group (Table II). There are also
hydrogen bonds between these buffer molecules and
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TABLE II

STRUCTURES OF THE TESTED BUFFER IONS AT pH 7.0 WITH THEIR pK. VALUES

Buffer ion

Sodium phosphate
(PK., 7.21) [12]

Tris
(pK., 8.09) [13]

HEPES
(PK., 7.57)[13]

DMAEA
(PK., 6.49) [13]

DEAEA
(PK., 7.25) [13]

Structure

o
I

HO-P =0
I
o

HOCH2I +
HOCH2-C -NH

f 3
HOCH

2

solutes. The complex is more stable and elutes more
slowly the shorter the alkyl chains of the solute,
owing to interaction with slowly eillting micelles.

There is only one positively charged group in the

DMAEA molecule at pH 7.0 under the separation
conditions tested (Table II). Non-polar interactions
should occur between DMAEA molecules and bis
(amidinohydrazones) in polar media. Under these
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Fig. I. Electropherogram ofeight bis(amidinohydrazones) (25 llg
per ml of solute) in 0.05 M sodium phosphate buffer with I mM
CTAB. Capillary: 68 cm x 75 llm J.D.; pH 7.0; hydrodynamic
injection mode: 12 s at 10 cm height; detector: UV at 280 nm;
applied voltage: -22 kV; temperature: ambient. Peaks: I =

GBG; 2 = MGBG; 3 = MBGBG; 4 = DPGBG; 5 = MPGBG;
6 = DEGBG; 7 = EMGBG; 8 = DMGBG [9].

forces, solutes, buffer ions and micelle molecules
form large positively charged complexes. In the case
of bis(amidinohydrazones) the charge of the com
plex is more positive when alkyl chains are long. In
polar solutions a complex with large radius elutes
before one with a shorter radius. Because mono
cations have shorter alkyl chains the complexes
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formed with the monocationic solutes GBG and
MGBG are smaller and less stable than those
formed with the dicationic solutes, and they eluted
late (Fig. 3A, Table III). The dicationic compounds
eluted in order of decreasing molecular weight. The
monocationic compounds eluted between EMGBG
and DMGBG, but in order of increasing molecular
weight because in the electro-osmotic flow large
particles elute more quickly than small ones.

The DEAEA molecule has two positively charged
groups at pH 7.0 under the separation conditions
tested (Table II). The non-polar interactions occur,
in the same way in DEAEA as in DMAEA and the
elution order of the bis(amidinohydrazones) is the
same (Fig. 3B). In the case of GBG, the micelle and
DEAEA molecules are competing for the same
bonding place (two carbon atoms and the bond
between them in the middle of the GBG molecule,
see Table I), and the complex is positively charged.
MGBG has room for one more positively charged
molecule than GBG, and so the MGBG complex is
more positively charged than the GBG complex.
DMGBG forms an even more positively charged
complex, and the elution order is GBG and then
MGBG and DMGBG (Fig. 3B, Table III).

TABLE III

ELUTION ORDER OF BIS(AMIDINOHYDRAZONES) WITH RELATIVE RETENTION TIMES RELATIVE TO DPGBG IN
THE DIFFERENT BUFFER SOLUTIONS AT pH 7.0 AND WITH I mM CONCENTRATION OF CTAB

Elution Tested buffer solutions with relative retention times
order

Sodium phosphate Tris HEPES DMAEA DEAEA
(0.05 M) (0.1 M) (1.2 M) (0.02 M) (0.Q3 M)

GBG, 0.72 DPGBG, 1.00 DPGBG, 1.00 DPGBG, 1.00 DPGBG, 1.00

II MGBG, 0.85 MBGBG, 1.03 MBGBG, 1.05 MBGBG, 1.05 MBGBG, 1.03

III MBGBG,0.97 DEGBG DEGBG DEGBG DEGBG
MPGBG, 1.08 MPGBG, 1.12 MPGBG, 1.13 MPGBG, 1.08

IV DPGBG, 1.00 GBG, 1.14 EMGBG, 1.21 EMGBG, 1.24 EMGBG, 1.12

V MPGBG, 1.03 EMGBG, 1.16 DMGBG,1.34 GBG, 1.28 GBG, 1.15

VI DEGBG, 1.05 MGBG, 1.20 MGBG, 1.38 MGBG, 1.37 MGBG
DMGBG,1.20

vIi EMGBG, 1.07 DMGBG,1.24 GBG, 1.43 DMGBG, 1.40

VIII DMGBG,1.10
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Fig. 2. (A) Electropherogram of eight bis(amidinohydrazones) (25 /lg per ml of solute) in 0.1 M Tris buffer with I mM CTAB.
Experimental conditions as in Fig.!. Peaks: I = DPGBG; 2 = MBGBG; 3 = DEGBG and MPGBG; 4 = GBG; 5 = EMGBG; 6 =
MGBG; 7 = DMGBG. (B) Electropherogram of eight bis(amidinohydrazones) (25 /lg per ml of solute) in 1.2 M HEPES buffer with
1 mM CTAB. Experimental conditions as in Fig. 1. Peaks: 1 = DPGBG; 2 = MBGBG; 3 = DEGBG and MPGBG; 4 = EMBGB; 5 =
DMGBG;6 = MGBG; 7 = GBG.
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Fig. 3. (A) Electropherogram of eight bis(amidinohydrazones) (25 /lg per ml of solute) in 0.02 M DMAEA buffer in I mM CTAB.
Experimental conditions as in Fig. 1 except the applied voltage was -25 kYo Peaks: I = DPGBG; 2 = MBGBG; 3 = DEGBG and
MPGBG; 4 = EMGBG; 5 = GBG; 6 = MGBG; 7 = DMGBG. (B) Electropherogram ofeight bis(amidinohydrazones)(25 /lg per ml of
solute) in 0.03 M DEAEA buffer with 1mM CTAB. Experimental conditions as in Fig. 1except the applied voltage was - 20 kV. Peaks:
1 ;= DPGBG; 2 = MBGBG; 3 = DEGBG and MPGBG; 4 = EMGBG; 5 = GBG; 6 = MGBG and DMGBG.
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CONCLUSIONS

MECC is an effective method for the separation
of bis(amidinohydrazones). In phosphate buffer
solution eight aliphatic congeners were fully sepa
rated. Under the other buffer conditions, MPGBG
and DEGBG eluted with the same retention time.
The elution order of bis(amidinohydrazones) is
determined by the cationic nature and structure of
the compounds. In inorganic buffer solution ad
justed to pH 7.0, monocationic solutes elute first and
then the dicationic. The monocationic nature of
GBG and MGBG has less effect on the elution order
of bis(amidinohydrazones) in organic than in in
organic buffer solutions. Ion-pair formation be
tween solutes and buffer ions has a strong effect on
the elution order.

Factors affecting the elution order of bis(ami
dinohydrazortes) in MECC are: (1) ion-pair forma
tion between solute and buffer ion; (2) the cationic
nature and structure of the solute; (3) reactions
between ion-pair complexes and micelles; and (4) the
nature of the buffer solution.
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ABSTRACT

The determination of alkyl and alkylbenzyl quaternary ammonium compounds can be difficult owing to the polarity of the com
pounds, the formation of micelles by longer chain compounds and the lack of a chromophoric substituent for detection by standard
separation techniques. The development of a free zone capillary electrophoresis method necessitated the use of organic modifiers in
order to disrupt the formation of micelles by the longer chain (> C 1Z ) surfactants. The selectivity obtained by using various levels of
tetrahydrofuran as an organic modifier allowed the separation of a mixture of alkylbenzyl and alkylethylbenzyl quaternary compounds.
The separation of alkyltrimethyl and dialkyldimethylammonium compounds was accomplished by the addition of a chromophoric
cationic compound to the buffer system in order to allow the detection of the compounds with a standard UV absorbance detector. By
varying the electrophoretic mobility of the indirect detection reagent, a variety of alkyl quaternary compounds, ranging from tetra
methylammonium chloride to stearyltrimethylammonium chloride, can be detected with good peak shapes. The use of these methods for
the determination of quaternary ammonium compounds will also be discussed. The use of internal standard methods....and the linearity
and linear range of the technique are considered.

INTRODUCTION

Capillary electrophoresis (CE) has been used to
separate a variety of compounds, including proteins
and peptides, DNA fragments, pharmaceuticals, in
organic ions and other organic compounds, and has
been reviewed in several recent papers [1-3]. The
technique provides high resolution and minimum
solvent or buffer consumption and is appropriate to
samples that are difficult to separate by gas or liquid
chromatography. The successful application of CE
requires that the compound of interest migrates
freely through the column, with minimum adsorp
tion or localized field effects, and that there be a
suitable spectroscopic characteristic to detect the
compound during the migration process.

Correspondence to: Dr. C. S. Weiss, S. C. Johnson & Son, Inc.,
Racine. WI 53403. USA.
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The ability to find a suitable detection scheme for
microcolumn separations, including CE, has been a
major obstacle for many applications [4]. The UV
absorbance detector is the most frequently used but
limitations in terms of sensitivity and dependence
on the absorptivity characteristic of the analyte can
be limiting in the development of CE methods. At
tempts to develop conductivity detectors have met
with limited success [5,6] owing to the difficulty of
measuring small changes in conductivity in the
background electrolyte as a compound migrates
through the column in the presence of the voltage
which is driving the migration. The successful appli
cation of fluorescence and mass spectral detectors
has been reported [7-11]. However, the universal
application of these detectors is limited owing to
their complexity and/or cost. Derivatization meth
ods, both pre- and postcolumn, have been reported
but require sample treatment and may have limita
tions based on the sample of interest [7,8,12,13].
Electrochemical detection methods have been re-
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ported, and essentially involve the very careful
preparation of a micro electrochemical cell at the
outlet of the CE column [14,15]. The construction
of the end column cell, using a porous joint or a
micromanipulator, makes the technique difficult to
perform and still has limitations based on the elec
trochemical characteristics of the analyte of inter
est.

The application of indirect methods of detection
for CE have been reviewed [16]. The technique was
originally developed by Small and Miller [17] for
ion chromatography using indirect UV detection.
The measurement is based on having a concentra
tion of UV-absorbing ion in the mobile phase, or in
the buffer for CE, which provides a constant back
ground. As the analyte moves through the column,
the concentration of the background absorbing ion
must be depleted in order to maintain electroneu
trality. This depletion will cause a localized decrease
in the concentration of the background absorbing
ion and a subsequent decrease in the UV absor
bance as the analyte band passes through the detec
tor. The application of the method does not require
any modifications to a basic CE instrument. The
application of this technique of the CE analysis of
inorganic ions has been reported by Jandik and
Jones [18], of organic anions by Foret et al. [19] and
of aliphatic alcohols by micellular electrokinetic
chromatography by Szucs et al. [20]. Laser-induced
fluorimetry offers a very favorable dynamic reserve
for indirect detection and has been reported by
Kuhr and Yeung [21]. The application of indirect
amperometric detection has been demonstrated by
Olefirowicz and Ewing [22]. The relationship be
tween effective mobilities and peak areas, when us
ing conductivity or indirect UV detection, has been
defined by Ackermans et al. [23].

Alkyl and benzalkyl quaternary ammonium com
pounds are frequently used as surfactants and disin
fectants in a variety of industrial and consumer ap
plications. The analysis of these compounds is diffi
cult owing to their polarity, ability to form micelles
at low concentrations, thermal instability and the
lack of a chromophoric substituent in the case of
the non-benzyl types. The total concentrations are
typically determined by the reaction with a com
pound which forms an ion pair with the quaternary
compound [24]. Methods which use this process in
clude two-phase titrations using chloroform, titra-
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tions using surfactant electrodes for end-point 'de
tection and liquid-liquid extractions with UV de
tection. Gas chromatographic methods can be used
to determine the alkyl chain distributions via an in
jection port pyrolysis reaction to the corresponding
amine. These techniques provide useful informa
tion, but for the development of experimental com
pounds and the evaluation of the stability of these
compounds in complex matrices, methods are re
quired that can separate the mixtures of these com
pounds directly without modification. High-per
formance liquid chromatographic methods have
been developed for benzalkyl quaternary com
pounds, but the analysis of the alkyl varieties is
more problematic, requiring conductivity [25], re
fractive index [26] or indirect photometric detection
[27]. The development of CE methods for the analy
sis of these compounds has provided a complemen
tary technique which provides improved resolution,
the ability to develop indirect UV detection for non
UV-absorbing analytes, minimum solvent con
sumption and inexpensive column replacement.

EXPERIMENTAL

The capillary electrophoresis system was construct
ed from various components. The power supply
was a Model RHR30PN30jEIjOVjSS obtained
from Spellman High Voltage Electronics (Plain
view, NY, USA). The UV absorbance detector was
a Model CV4 obtained from ISCO (Lincoln, NE,
USA) and was operated at 210 nm. The electrophe
rograms were acquired on either a Model 4270 in
tegrator obtained from Spectra-Physics (San Jose,
CA, USA) or a Model 941 interface using Access
*Chrom software from PE Nelson (Cupertino, CA,
USA; on a VAX computer obtained from Digital
Equipment (Maynard, MA, USA).

Phosphoric acid was of Baker Ana lyzed Reagent
Grade. Sodium phosphate, monobasic, was ob
tained from Mallinckrodt. The following Com
pounds were obtained from Aldrich (Milwaukee,
WI, USA): benzyltrimethylammonium chloride
(BTMACL), benzyldimethyldodecylammonium
bromide (C 12 Benzyl), benzyldimethytetradecylam
monium chloride (C 14 Benzyl), benzylcetyldimethy
lammonium chloride (C16 Benzyl), benzyldimethyl
stearylammonium chloride (CIS Benzyl), dodecyl
trimethylammonium bromide (C12 Trimethy1).
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myristyltrimethylammonium bromide (C 14 Tri
methyl), cetyltrimethylammonium bromide (C 16

Trimethyl), octadecyltrimethylammonium bromide
(C 18 Trimethyl) and sodium dodecyl sulfate (SDS).
Tetramethylammonium chloride (TMACL) was
obtained from Eastman Kodak. Other quaternary
compounds were obtained from various suppliers.
Tetrahydrofuran (THF) was obtained from EM
Science.

THF-containing buffers were prepared by first
mixing qppropriate volumes of THF and water.
The mixture was heated on a steam-bath and and
then vacuum filtered in order to degas. The appro
priate volumes of solutions of sodium dihydrogen
phosphate, phosphoric acid and, in the case of in
direct detection, the alkylbenzyldimethylammoni
urn bromide, were then added. The buffered THF
water solutions were also heated and vacuum fil
tered. The concentrations of THF-water reported
reflect the volume percentages of the orginal
amounts of THF and water that were actually
mixed; loss of THF during filtration was noted.

The capillary tubing was uncoated fused silica of
50 flm 1.D. and 360 flm O.D., obtained from Poly
micro Technologies (Phoenix, AZ, USA). The cap
illary tubes were conditioned by treating them with
a sequence of washes using air pressure applied to
the ground-side reservoir. This procedure was per
formed on new columns and only when a problem
in performance was suspected. A typical sequence
would include 10 min water, 20 min 1.0 M NaOH,
10 min water, 20 min 1.0 M phosphoric acid, 10 min
water and at least a 20-min rinse with the buffer to
be used. The capillary columns were rinsed with
buffer by applying pressure to the ground-side res
ervoir before each run.

Introduction of the sample on to the column was
achieved by hydrostatic pressure, either by elevat
ing the high-voltage end of the .capillary tube, in
contact with the sample solution, about 10 cm
above the ground reservoir or by lowering the
ground end of the capillary tubing about 16 cm,
while the high-voltage end was immersed in the
sample solution.
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were performed using a 0.05 M phosphate buffer.
Separation was achieved in under 20 min, but the
peaks tailed and the tailing worsened with increas
ing chain length. The signal obtained for the C18

quaternary compound was barely distinguishable
from the baseline. We speculated that this may be
due to the formation of micelles. The critical micelle
concentrations (CMCs) for these compounds are
given in Table 1. It should be noted that the concen
trations of the solutions introduced on to the CE
column were of the order of 1 mM, which would
indicate that the C12 quaternary compound was be
ing introduced at around its CMC. The C18 qua
ternary compound was being introduced at a level
several orders of magnitude above its CMC and
would be present as a micelle. The behavior of a
micelle as it passes through the column would con
tinuously yield free quaternary molecules and could
provide servere taling. A common way to disrupt
micelle formation is to add organic solvents. The
addition of methanol and acetonitrile did not im
prove the peak shape. The addition of
tetrahydrofuran provided a sufficent alteration to
the buffer to improve the peak shapes. A typical
electropherogram obtained for a mixture of C12,

C14, C16 and C18 alkylbenzyldimethyl ammonium
bromides is presented in Fig. 1. The peak shapes are
considerably improved, providing adequate separa
tions of a number of quaternary compounds.

The theoretical plate number was calculated to be
over 150000 plates/m based on C12 Benzyl. The
precision of the technique is summarized in Table
II. The relative standard deviation of the measured
area is ca. 5%, even with manual sample introduc
tion. Calibration of the system showed a linear re
sponse from 10 to 80 ppm. The correlation coeffi-

TABLE I

CRITICAL MICELLE CONCENTRAnONS OF ALKYL
BENZYLDIMETHYLAMMONIUM CHLORIDE QUA
TERNARY COMPOUNDS [28]

Alkyl chain Critical micelle concentration (M)
length

RESULTS AND DISCUSSION

The initial attempts to separate alkybenzyldimethyl
ammonium bromides of chain lengths C12-C18

3 . 10- 3

3.7 . 10- 4

2· 10- 4 ,4. 10- 5

8 . 10- 6
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Fig. I. Electropherogram obtained from the dii'ect detection of (A) C ,2, (B) CI4' (C) t'6 and (D) C'8 alkylbenzyldimethylammonium
quaternary compounds using THF-Water (57.5:42.5) containing 44 mM phosphate at 25 kV/m on a 24 em x 50 /lm l.D. column.

cient was 0.999 for C14 Benzyl. The detection limit
has been estimated to be less than I ppm. The appli
cation of this technique to the separation of a com
mercially available mixture of benzalkyl quaternary
compounds revealed the ability not only to separate
ethylbenzylalkyl from benzalkyl quaternary com
pounds but also to separate the ortho and para iso-

mers of the ethylbenzylalkyl quaternary com
pounds.

The initial attempt to develop an indirect detec
tion mode involved the use of 0.01 M benzyltri
methylammonium chloride in THF-water
(57.5:42.5). The separation of TMACL and C14

Trimethyl was attempted. The sensitivity of the sys-

TABLE II

PRECISION OF AREA AND RETENTION TIME FOR DIRECT DETECTION

C,4 C,6 C'8

Area Elution time Area Elution time Area Elution time
(counts) (min) (Counts) (min) (counts) (min)

79053 15.828 68552 16.624 67999 17.365
83797 15.663 73964 16.448 73169 17.178
81 390 15.565 71065 16.352 69553 17.082
79438 15.565 68942 16.342 67305 17.073
91405 15.497 78226 16.273 75452 17
91 821 15.412 80768 16.182 81212 16.899
82826 15.446 72 607 16.208 72 686 16.928
86099 15.386 72 545 16.157 69327 16.878

Mean 84479 15.55 73 334 16.32 72 088 17.05
S.D. 4958 0.15 4277 0.16 4625 0.16
R.S.D. (%) 5.87 0.94 5.83 0.96 6.42 0.96
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tern for TMACL was greater than that for C14 Tri
methyl and the peak was more symmetric. The
skewing of peaks in indirect CE has been attributed
to the differences in electrophoretic mobility of the
analyte relative to the electrophoretic mobility of
the UV-absorbing background electrolyte [18]. Sub
sequent method modifications were made, and the
final buffer consisted of THF-water (57.5:42.5), 3
mM C12 Benzyl, 3 mM SLS and 8 mM sodium
phosphate, monobasic.

The electropherogram obtained for the mixture
of alkyltrimethylammonium quaternary com
pounds is presented in Fig. 2. The resolution of the
C12 , C14, C16 and C1S compounds is easily ob
tained, although the asymmetry of the peaks in
creases with increase in chain length, as the differ
ence in electrophoretic mobility of the analyte and
C12 Benzyl increases. The calibration of the system
is linear from 4 to 80 ppm and the correlation coeffi
cients for each of C12, C14, C16 and C1S trimethyl
ammonium quaternary compounds were greater
than 0.99. The detection limit was estimated to be
less than I ppm. The precision of the indirect detec
tion mode is summarized in Table III. It is compa
rable to the precision obtained in the direct mode.

A B
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The ability to analyze real samples was the ob
jective of this work. Fig. 3 displays the electrophe
rogram of a quaternary in an experimental disin
fectant product. The C14 Trimethyl has been added
as an internal standard. Table IV summarizes the
precision of the technique. The precision based on
the area of the analyte of interest is 3.5% R.S.D..
but when an internal standard ratio is used the pre
cision is improved to about 2.5% (R.S.D.).

The ability to detect UV-absorbing components
using the indirect detection mode had been ob
served earlier in the method development: Fig. 4
displays the signal obtained for a mixture of ben
zyldimethylalkyl quaternary compounds using the
indirect mode. The sensitivity is reduced compared
with the signal obtained in the direct mode for these
components, and is lower than the sensitivity ob
tained for the alkyltrimethyl quaternary com
pounds in the indirect mode. These findings are rea
sonable considering the mechanism of the indirect
mode.

CONCLUSIONS

The separation of long-chain cationic surfactants

c

o

10 11 12 131 141 15 16 171 181 191 201 211 22
Time (mln)

Fig. 2. Electropherogram obtained from the indirect detection of (A) C 12 , (B) C14, (C) C16 and (D) CIS alkyltrimethylammonium
quaternary compounds at 18 kV/m; buffer as described in text.
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TABLE III

PRECISION OBTAINED DURING CALIBRATION FOR INDIRECT DETECTION

80 ppm

Area (counts)

4 ppm 20 ppm 40 ppm

9787 37592 76626
8189 38647 76830
8610 18661 77 060
8826 77 371
8410 77 505

79206

Mean 8764 38300 77 433
S.D. 618 613 928
R.S.D. (%) 7.05 1.6 1.2

150050
155305
159274

154876
4626
2.99

Elution time
(min)

16.897
0.112
0.66

has been accomplished using capillary electropho
resis. The addition of THF to the buffer system has
overcome the difficulty associated with micelle for
mation of these analytes during the the course of
the analysis. The method is robust enough to devel
op indirect UV detection methods, which provide
sufficient linear response and precision to determine

B

A210 ~

these compounds in real samples. Capillary electro
phoresis serves as a complimentary technique to
other methods that have been reported and pro
vides minimization of solvent consumption and an
increased number of theoretical plates. The ability
to separate these compounds in a bare silica capil
lary column provides a robust separation compart-

(min)
22 24 26

Fig. 3. Electropherogram obtained from the indirect detection of a quaternary compound (A) in an experimental disinfectant product
with a C,4 trimethylammonium quaternary (B) included as an internal standard.
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22120191815 16 17
Time (m1n)

14131211
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II :;1 :;1 71 ~I ~I 11 I' 210

A 210 ~

Fig. 4. ElectropherogJ:am obtained from the indirect detection of a mixture of (A) C 14, (B) C l6 and (C) C1's alkylbenzyJdimethylammo
nium quaternary compounds. Conditions as in Fig. 2.

TABLE IV

PRECISION OF DATA OBTAINED FROM APPLICATION OF INTERNAL STANDARD METHOD

C,4 Internal standard Analyte Area
ratio

Area Elution time Area Elution time
(counts) (min) (counts) (min)

52951 17.948 35312 21.3 0.67
54486 17.823 38356 21.157 0.7
55362 17.834 39464 21.214 0.71
55907 17.854 38167 21.226 0.68
56052 17.773 38123 21.116 0.68
55742 17.656 38271 20.983 0.69
56621 17.658 38350 20.982 0.68
56105 17.495 37244 20.758 0.66
56911 17.318 39269 20.558 0.69
58 128 17.246 41086 20.466 0.71

Mean 55826.5 17.6605 38364.2 20.976 0.69
S.D. 1395.53 0.24 1494.93 0.29 0.02
R.S.D. (%) 2.5 1.34 3.9 1.38 2.41
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ment which can easily be cleaned and or inexpen
sively replaced, allowing for the development of
methods for and analyses of difficult matrices with
little concern for permanent damage to the column.
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ABSTRACT

A series of mono- and disubstituted acrylamide monomers [monomethylacrylamide, dimethylacrylamide, trisacryl (Tris-A), dideoxy
trisacryl and acryloylmorpholine] were investigated as potential candidates of a novel class of polyacrylamide matrices, exhibiting high
hydrophilicity, high resistance to hydrolysis and larger pore size than conventional polyacrylamide gels. However, the most promising
monomer (Tris-A) exhibited first-order degradation kinetics in 0.1 M NaOH, suggesting that such a structure is electronically unstable.
On the other hand, the fact that, once incorporated into a polymer chain, such a monomer exhibited a strong resistance to alkaline
hydrolysis suggests that, perhaps, a poly(trisacryl) matrix could be stereoregular, perhaps via helix formation. Another unique finding is
the inverse relationship between the partition coefficient of such monomers and the incorporation efficiency: the more hydrophobic
members of the family exhibit a-very poor conversion from monomer into polymer. The efficiency, however, can be dramatically
increased by increasing the polymerization temperature from 25 to 60°C.

INTRODUCTION

Polyacrylamide, first reported by Raymond and
Weintraub in 1959 [1] as a supporting medium for
zone electrophoresis, has enjoyed enormous popu
larity in biochemical separations. While the chemis
try of acrylamide monomers has been extensively
developed (see refs. 2 and 3 for reviews), not much
work has been done on the structure and properties
of the polymer. Following earlier studies on the
properties of some cross-linkers [4], Gelfi and co
workers [5-7] started a decade ago an extensive
investigation on polymerization conditions as a
function of different types and amounts of cross
linkers, temperature and amount and type of cata
lysts. Some general rules were derived: (a) the order
of reactivity for copolymerization with acrylamide

Correspondence to: Prof. P. G. Righetti, Chair of Biochemistry
and Department of Biomedical Sciences and Technologies,
University of Milan, Via Celoria 2, Milan 20133, Italy.

decreases for cross-linkers in the following order:
N,N'-methylenebisacrylamide (Bis) ~ N,N'-(1,2
dihydroxyethylene)bisacrylamide (DHEBA) > eth
ylene diacrylate ~ N,N'-bisacrylylcystamine
(BAC) » N,N'-diallyltartardiamide (DATD) [5];
(b) high temperatures (ideally 50°C) greatly favour
polymerization [6]; and (c) photopolymerization
produces in general poor gels with poor conversion
of the monomers into the polymer [7]. In particular,
DATD was found to be an inhibitor ofgel polymeri
zation and its use was discouraged.

A decade later, having synthesized a novel series
of monomers (mostly mono- and disubstituted
acrylamide), we decided to investigate some physi
co-chemica] properties of such monomers and of the
matrix thus obtained by using capillary zone elec
trophoresis (CZE). CZE is a suitable technique for
separating and determining small molecules, for
which gel electrophoresis does not have much to
offer. In particular, we have studied the following
parameters: (a) resistance to hydrolysis of the differ
ent monomers in free solution; (b) resistance to

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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hydrolysis of the monomers in the polymeric phase;
(c) relative hydrophobicity of the different mono
mers; and (d) extent of incorporation of the various
monomers into the polymer. For all these aspects,
CZE was instrumental in producing quantitative
and highly reliable data, except for point (b); in this
last instance, we had to resort to frontal analysis,
which gave a precise determination of the extent of
production of acrylic acid in the polymer on hydro
lysis of amido bonds. These investigations were
prompted by a series of studies performed by our
group in the last few years on the acrylamido weak
acids and bases copolymerized into polyacrylamide
gels for performing isoelectric focusing in immobi
lized pH gradients [8-11].

As we understand more of the physico-chemical
properties of such monomers, we hope to arrive at
novel gel formulations.

EXPERIMENTAL

Materials
The following six monomers were analysed: acryl

amide (Acr), N-methylacrylamide (MMA), N,N-di
methylacrylamide (DMA), N-acryloyltris(hydroxy
methyl)aminomethane (trisacryl, Tris-A), N-

TABLE I

MONOFUNCTIONAL ACRYLAMIDO DERIVATIVES

C. Gelfi et al. / J. Chromatogr. 608 (1992) 333-341

acryloyldimethylhydroxymethylaminomethane (di
deoxytrisacryl, DD-Tris) and N-acryloylmorph
oline (ACM). Their formulae are listed in Table I
and their syntheses have been described elsewhere
[3,12]. All gels were prepared by cross-linking with
Bis. Acrylamide, Bis, TEMED and ammonium
peroxodisulphate were obtained from Bio-Rad
Labs. (Richmond, CA, USA). Mandelic acid and pK
9.3 Immobiline, used as internal standards in CZE
runs, were purchased from Aldrich (Steinheim, Ger
many) and Pharmacia-LKB (Uppsala, Sweden),
respectively.

Alkaline hydrolysis
All monomers were dissolved (20 mM each) in 0.1

M NaOH and incubated at 70°C for up to 6 h. At
given time intervals (see the relevant figures) ali
quots were collected and diluted in o. I M sodium
borate buffer (pH 9.0) to 2.5 mM. After adding
mandelic acid (2.50 mM) as an internal standard, the
samples were analysed by CZE.

Incorporation efficiency
In order to check for the extent of conversion of

the various monomers into the polymer, 5 ml of gel
(made with the different monomers in Table T) were

Formula Name M,

CHz=CHCONHz
CH z= CHCONHCH3

CHz=CHCONCH3

I
CH,

CH3

I
CHz=CHCONHCCHzOH

I
CH 3

CHzOH
I

CHz=CHCONHCCHzOH
I

CHzOH

Acrylamide (Acr)
N-Methylacrylamide (MMA)
N,N-Dimethylacrylamide (DMA)

N-Acryloylmorpholine (ACM)

N-Acryloyldimethylhydroxymethylaminomethane (DD-Tris)

N-Acryloyltris(hydroxymethyl)aminomethane (Tris-A)

71
85
99

141

143

175
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polymerized in a test-tube under anaerobic condi
tions (protected by a thin film of water-saturated
n-butanol). After polymerization (1 h, temperatures
ranging from 25 to 60°C), the gel was extruded and
homogenized and an equal amount of water was
added (extraction was also performed in methanol).
After stirring for 30 min, the gel phase was filtered
through a Buchner funnel, the supernatant was
diluted, internal standard (2.5 mM pK 9.3 Immobi
line) was added and the mixture was filtered through
an Ultrafree-MC Millipore filter (0.22 flm porosity)
and analysed by CZE.

Capillary zone electrophoresis
CZE was performed in a Beckman (Palo Alto,

CA, USA) PlACE System 2000 instrument equip
ped with a 50 cm x 75 flm J.D. capillary. Runs were
performed at 25°C in a thermostated environment in
0.1 M borate buffer (pH 9.0). In all instances the
migration direction was toward the negative elec
trode, which means that the acidic species (mandelic
acid) are transported there by electroosmosis as they
migrate electrophoretically toward the positive elec
trode. The samples were injected into the capillary
by pressure (55 kPa), usually for 10 s. The calibra
tion graph for each acrylamido derivative analysed
was constructed with the Beckman integration sys
tem Gold, with concentration points of 0.25, 0.50,
1.00, 1.25,200,250 and 3.50 mM. In each run the pK
9.3 Immobiline (2.50 mM) was used as an internal
standard (except for the hydrolysis experiments,
where mandelic acid was utilized). Runs were usual
ly performed at 15 kV and 50 flA with the detector
set at 254 nm.

Partition coefficient
In order to establish a hydrophobicity scale, the

various acrylamido monomers were subjected to
partitioning in water-l-octanol as described by
Purcell et al. [13]. The partition coefficient P is
defined as the ratio between the molarity of a given
compound in the organic phase and that in the
aqueous phase. Partitioning was performed as fol
lows: each monomer was dissolved (2 mM) in water
saturated with l-octanol; 3.5 ml of this solution and
3.5 ml of l-octanol were transferred to a separating
funnel and shaken for 2 min. After decanting for 1 h,
the aqueous phase was collected and centrifuged for
75 min at 1800 g. All operations were performed at
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25°C. The clarified solution was diluted, internal
standard (2.5 mM pK 9.3 Immobiline) was added
and the mixture was analysed by CZE as described
above.

Titration of acrylate groups in polyacrylamides by
frontal analysis

In order to assess the amount of protolytic groups
(acrylic acid) produced on extensive hydrolysis of
the different types of polyacrylamides, the gels were
cast not as continuous layers but as beads (with a
concentration of 10%T and 8%Ct by emulsion
polymerization [14]. The beads were extensively
washed, dehydrated in methanol and dried in vacuo.
A known amount ofdry beads (from 0.25 to 1g) was
then reswollen in water and subjected to hydrolysis
in 0.1 M NaOH at 70°C for up to 6 h. After extensive
washing in water (to negligible conductivity), the
beads were loaded on a 1.6-cm diameter column to a
bed height of ca. 10 cm. Titration was performed
with 0.1 M HCl and the eluate was pumped at
constant speed (1.5 ml/min, LKB peristaltic pump)
through a micro-conductimetric cell (4-fll volume,
Orion conductimeter, 10 mQ -1 full-scale). The
signal was registered on a Kipp and Zonen recorder
(20 mV full-scale, 10 mm/min chart speed). Once the
conductivity curve had reached a plateau (corre
sponding to the conductivity of the titrant, diluted
by the dead volume of the resin) the titration was
stopped and a solution, with half the molarity of the
titrant, was injected directly into the conductimeter
cell; this was necessary in order to measure the
inflection point of the curve. For calculating the
total amount of protolytic groups (acrylic acid)
generated on the resin by alkaline hydrolysis (Cot),
the following equation applies:

Ctot = [V/L(L 1 - Lo) - Gv]Mtit

where V is the volume of titrant utilized (in ml, as
measured with a burette), L is the total length of the
recorder tracing (in cm) for this V value, Lo is the
length of the recorder tracing (in cm) corresponding
to the dead volume of all connecting tubings, L 1 is
the length of the recorder tracing (in cm) up to the
inflection point (as measured when pumping in the

a %C = g Bis(%T; T = g acrylamide + g Bis per 100 ml of
solution.
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titrant at half the molarity), Gv is the total gel volume
(in ml) and M til is the molarity of the titrant. In our
case, the value of Ctot obtained was divided by the
resin dry weight so that our data were expressed in
Ilequiv.jg of dry beads. These data were finally
converted into percentage hydrolysis with time (see
Fig. 4).

RESULTS

good as in a control, non-hydrolysed matrix, sug
gesting a strong resistance to hydrolysis of such a
polymer.

Given these findings, we decided to screen the
series of monomers listed in Table I in order to check
their resistance to alkaline hydrolysis. Fig. 2 shows a
representative CZE run of DMA before and after
hydrolysis; mandelic acid is always added as internal
standard for quantitation purposes. A summary of
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Fig. 2. Representative CZE runs for monitoring alkaline hydro
lysis of acrylamido monomers. Conditions: 100 mM borate
NaOH buffer (pH 9.0), 15 kV, 86 JiA at 25°C. Uncoated
fused-silica capillary (50 cm x 75 Jim J.D.). Beckman PlACE
2000 instrument, monitoring at 254 nm. DMA = N,N-dimethyl
acrylamide; CTRL = control, before hydrolysis. In this and all
subsequents runs the migration is towards the cathode.
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Fig. 1. Check for hydrolysis of polyacrylamide matrices. A
polyacrylamide (PAA) and a polydimethylacrylamide (DMA) gel
were cast on to a glass coated with Bind-Silane and then subjected
to hydrolysis in 0.1 M NaOH for 20 min at 70°C. After extensive
washing and drying, the gels were reswollen in 2% pH 3-10
carrier ampholytes and subjected to isoelectric focusing (2 h at
1500 V, 4°C). The gels were sliced along the electrode distance and
the pH measured after equilibration in 300 Jil of 10 mM NaCI.
Note the flattening and marked acidification of the pH gradient
in the PAA gels.

It is well known that mono- and disubstituted
amides are substantially more resistant to alkaline
hydrolysis than unsubstituted species. As most zone
electrophoretic runs in polyacrylamides are per
formed at alkaline pH values, it seemed worthwhile
to explore new types of matrices formed with
N-substituted monomers. At first glance, Fig. 1
seems to confirm this hypothesis: when a regular
polyacrylamide matrix (5%T, 4%C) is briefly ex
posed to 0.1 M NaOH at 70°C, washed, dried and
then reswollen in carrier ampholytes, during the
focusing step a strong electrosmotic flow ensues,
resulting in a marked acidification of the pH gradi
ent, which suggests the formation of polyacrylate
[15]. Conversely, when a similar matrix, but made
with N,N-dimethylacrylamide, is subjected to the
same protocol, the pH gradient generated is just as
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TABLE II

HALF-LIVES (I;,)" AND FIRST-ORDER RATE COEFFI
CIENTS (K)b FOR DEGRADATION OF ACRYLAMIDES
IN 0.1 M NaOH, 70°C

a The half-life of the process was calculated from the equation
It = 0.6931K.

b The first-order rate coefficient (K) was calculated from the slope
ofthe line obtained when the logarithm of the residual molarity
(undegraded monomers) was plotted against time.
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Monomer

N,N-Dimethylacrylamide
Dideoxytrisacryl
Acrylamide
Acryloylmorpholine
Trisacryl

monomers, exhibit a much higher stability in the
polymer matrix as compared with control acryl
amide. Most striking is the behaviour of trisacryl,
which, from zero-order degradation kinetics as the
free monomer, exhibits a very slow degradation
process in the polymer. Such findings could provide
unique information about the three-dimensional
structure of polyacrylamides, still believed to be a
random network of fibres (see Discussion).

We next measured the relative hydrophobicities of

60
Time (min)

Fig. 4. Degradation kinetics of the monomers into the polymeric
gel. The different monomers were polymerized (by emulsion
polymerization) into beads, subjected to hydrolysis in 0.1 M
NaOH at 70°C for the times indicated and then analysed for
hydrolytic products. Hydrolysis was assessed in the beads by
titrating free acrylic acid residues, produced by hydrolysis of the
amide bond, by frontal analysis. Note tne much increased
stability of trisacryl in the polymer as compared to its behaviour
as free monomer (Fig. 3).
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all the hydrolysis data is shown in Fig. 3; surprising
ly, not all substituted acrylamides exhibit a stronger
resistance to alkaline hydrolysis than control acryl
amide. In addition, whereas almost all acrylamido
derivatives exhibit first-order degradation kinetics,
one of them (trisacryl) shows zero-order kinetics,
suggesting that such a monomer is intrinsically
unstable. Based on the data obtained by CZE, Table
II summarizes the relevant parameters of such
hydrolytic processes, viz., the half-lives (t-!-) and the
first-order rate coefficients.

The findings in Fig. 3 were disturbing, as we had
hoped to locate new monomers which would be not
only more resistant to hydrolysis, but also bulkier
than acrylamide, so that they would form a more
porous gel, having a larger fibre diameter. However,
a completely different picture emerges ifone looks at
the relative resistance to hydrolysis not of the free
monomers, but of the monomers after incorporation
into the polymer chain. In order to measure such
kinetics, the gels had to be polymerized into beads,
subjected to hydrolysis and then titrated by frontal
analysis. The data are summarized in Fig. 4; it can
now be seen that all substituted acrylamides, in
dependent of their degradation kinetics as free

Fig. 3. Kinetics of hydrolysis ofdifferent acryJamide monomers.
Hydrolysis was performed in 0.1 M NaOH at 70°C for the times
indicated. The amounts were assessed by collecting in triplicate at
each point, neutralizing and injecting into the CZE instrument
(Beckman PlACE 2000). Conditions: 100 mM borate-NaOH
buffer (pH 9.0), IS kV, 86 J1A at 25°C. Uncoated fused-silica
capillary (50 em x 75 J1m J.D.). Peak integration with the
Beckman system Gold (mandelic acid was used as an internal
standard). Abbreviations as in Table J. Note that whereas all the
other monomers exhibit first-order kinetics, Tris-A follows
zero-order degradation kinetics.
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the six monomers in Table I by partItIOning in
water-1-octanol phases. It is well known that, for
protein separation by electrokinetic processes, the
supporting matrix should be highly hydrophilic so
as to avoid any hydrophobic interaction. The quan
titative data after the partitioning process, as mea
sured by CZE (see Fig. 5 as a representative CZE
run), are summarized in Fig. 6. It is seen that, in
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Fig. 5. Representative CZE runs for measuring partition coeffi
cients (in the aqueous phase) of acrylamido monomers. Condi
tions: 100 mM borate-NaOH buffer (pH 9.0), 15 kY, 86 {tA at
25°C. Uncoated fused-silica capillary (50 cm x 75 {tm J.D.).
Beckman PlACE 2000 instrument, monitoring at 254 nm.
DMA = N,N-dimethy1acrylamide; pK9.3 = Immobi1ine ofpK
9.3 used as internal standard for peak integration.

after pari Itlonlng

general, trisacry1 (as expected from its formula) is
the most hydrophilic monomer: its P value is almost
two orders of magnitude lower than that of DD
Tris. Acrylamide also exhibits good hydrophilicity
whereas all other substituted acrylamides show
progressively increasing hydrophobicity. It might be
asked if there is a limiting value above which, owing
to cooperative hydrophobic increments into the
polymer, the gel matrix might be unable to re-swell
in water. Empirically, we find this value to be located
around P = 0.8 (the partition coefficient of dide
oxytrisacryl), as poly(DD-Tris) becomes a white
plastic, which collapses in the gravitation field and
exudes all the water solvent.

There seems to be another undesirable feature
associated with increasing hydrophobicity of the
monomers: as the P value increases, the efficiency of
incorporation into the growing polymer chain di
minishes. This unique finding, previously unre
ported, is illustrated in Fig. 7; it is seen that in fact
there is an inverse correlation between P and the
extent ofmonomer incorporation. Under exactly the
same polymerization conditions, ACM (P = 0.79)
exhibits only 55% incorporation, while Tris-A (P =
0.01) is 95% incorporated. Fig. 7 also shows another
unique finding: even the poorly reacting, more
hydrophobic monomers can be incorporated as
efficiently as Tris-A by increasing the polymeriza
tion temperature from 25 to 60°C. The three curves

Fig. 6. Hydrophobicity scale for six acrylamide monomers. It
was obtained by partitioning inwater-1-octano1 at room tempe
rature and determining the concentrations in the two phases by
CZE. Conditions: 100 mMborate-NaOH buffer (pH 9.0), 15 kY,
86 {tA at 25°C. Fused-silica capillary (50 cm x 75 {tm I.D.). Peak
integration with the Beckman system Gold (pK 9.3 Immobiline
was used as an internal standard). Abbreviations as in Table I.
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ACM

% Incorporation

DISCUSSION

tion is known to be strongly exothermic. By using
the Van 't Hoff equation, and plotting -RinK vs.
liT (Fig. 8), it is possible to calculate !JHo for such
reactions. It is seen that !JflO for Tris-A and acryl
amide conversion is essentially constant, whereas for
the more hydrophobic members of the series it
increases progressively with increasing temperature.

Our aim is to arrive at novel polyacrylamide
gel formulations that satisfy the following require
ments: high hydrophilicity, high resistance to alka
line hydrolysis and higher porosity. The reason is
that in modern separation science there exist a
dichotomy between the two most popular gel matri
ces: agaroses have been confined mostly to DNA
separations [16], whereas polyacrylamides are uti
lized only for protein analysis [2,3]. However, as
recently demonstrated with the Hydrolink matrices
[17], there is a need for modified polyacrylamides
that could properly sieve nucleic acids starting from
oligonucleotides up to a few thousand base pairs
(BP). This is a sort of "dark" region, where regular
polyacrylamides sieve too much (in the Ogston
model) [18] and agaroses are too porous. As demon
strated by Smith et al. [19], in a plot of log (BP) vs.
%T, Hydrolink matrices are able to link diagonally
the behaviour of polyacrylamides and agaroses,
whose plots run parallel to each other at a distance
of ca. three orders of magnitude (in sieving ability;
see Fig. I in ref. 19). Hence novel monomers able to
fulfil the above requirements would be welcome in
electrokinetic separations. One such monomer ap
peared to be trisacryl; this molecule has been
described by Boschetti's group [3] and represents the
backbone of a number of highly hydrophilic ion
exchangers for chromatography [20]. The amino
2-hydroxymethyl-2-propanediol residues create a
micro-environment that favours the approach of
hydrophilic solutes (proteins) to the polymer sur
face. As a result of grafting the "tris" moiety on to
the acrylamido residue, the polyethylene backbone
remains buried underneath a layer of hydroxy
methyl groups. Such a matrix therefore has a
pronounced advantage over polyacrylamide- or
hydroxymethyl methacrylate-based supports, which
have a hydrophobic character. Our data on such
substituted acrylamides bring a unique insight into
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Fig. 8. Van 't Hoff plot of the data in Fig. 7. The equilibrium
constant (K) represents the molar ratio between the incorporated
and free monomer at the different temperatures. The slope of the
different curves represents !JHo. Note that !JH" is essentially
constant for Tris-A and acrylamide, whereas it increases progres
sively with increasing monomer hydrophobicity.
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Fig. 7. Incorporation efficiency of different monomers vs. parti
tion coefficient (P). There seems to be a unique inverse correlation
between P and incorporation efficiency. The latter was assessed
by polymerizing the gel into beads, extracting ungrafted mono
mers by extensive washing and determining them by CZE.
Conditions: 100 mMborate-NaOH buffer (pH 9.0), IS kV, 86 /lA
at 25°C. Fused-silica capillary (50 cm x 75 /lm 1.0.). Peak
integration with the Beckman system Gold (pK9.3 Immobiline as
internal standard). Abbreviations: as in Table I. Note how, even
for hydrophobic monomers, much better incorporation efficien
cies can be obtained simply by increasing the polymerization
temperature from 25 to 60°C.
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seem to have as a pivotal point the Tris-A incorpora
tion efficiency, the upper, slower reacting members
rotating from a diagonal curve to a vertical position
above the Tris-A point. These findings seem to be
paradoxical, as the acrylamide polymerization reac-
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the chemistry of polyacrylamides, which we shall
discuss below.

Structure-stability relationship for N-substituted
acrylamides

This is an argument that we have elucidated in the
case of the Immobiline chemicals, which are mono
N-substituted acrylamides bearing a weak protoly
tic group. Although we agreed with the general
knowledge on the greater stability of such com
pounds, as compared with unsubstituted amides, it
was clear from our results [8-10] that there were
other, more subtle mechanisms governing such
stability. On the basis of our data, and of the known
structures of these acrylamido derivatives, we de
rived the following rules:

(a) to afford protection of the amido bond, the
most important parameter is not the degree of
substitution in the nitrogen engaged in the amido
plane (mono- or disubstituted) but the type of
substituent;

(b) in particular, rigid ring structures are ineffi
cient in protecting the adjacent amido bond, as their
rigidity prevents them from oscillating in the sur
rounding space and thus shielding the amido plane;

(c) flexible chains bound to the nitrogen of the
amido bond are capable of protecting the amido
plane, as they can fluctuate in the nearby space and
shroud the amido group;

(d) if rigid structures are present in the nitrogen
substituents, they should be some distance from the
plane of the amido bond;

(e) if a simple, flexible chain is present as a
substituent on the nitrogen of the amido bond,
greater protection of the latter is afforded by a
longer chain.

None of these general rules applies to the inborn
instability of the trisacryl monomer; this is due to the
fact that the 2-hydroxymethyl group neighbouring
the amido bond can form a hydrogen-bonded ring
with the latter and, for electronic reasons, favour the
hydrolytic attack (by a mechanism of N,O-acyl
transfer) [21]. Thus, paradoxically, such a mono
substituted acrylamide degrades with a zero-order
kinetics. However, more surprising, once this mo
nomer is inserted into a polymer chain, the poly(tris
acryl) becomes much more resistant to hydrolytic
attack than a regular polyacrylamide. This novel
finding could have interesting implications with
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regard to the three-dimensional structure of such a
polymer. The added stability in the polymer could be
due now to steric factors: it could be possible that the
polymer matrix is stereoregular, perhaps due to helix
formation of the poly(trisacryl) coil. We are current
ly trying to decode such a structure (if any) by
small-angle soft neutron scattering. If we could
demonstrate such spatial organization, it could be
an interesting advance in decoding the structure of
polyacrylamide matrices, still believed to be "a
random meshwork of fibres".

Polymerization efficiency
Because the monomers are neurotoxins, one

should always try to drive the reaction to comple
tion, an almost impossible task, in fact, with radical
polymerization. However, over the years, we have
described conditions that ensure incorporation of
the monomers into the growing chain to the extent
of > 95% [4-6]. An efficient removal of ungrafted
monomers is also necessary in zone electrophoresis
ofproteins, as at alkaline pH values the double bond
ofunreacted acrylamide could easily add to free SH
groups, forming a cysteine adduct [22]. An alterna
tive to this could be the use of "washed" matrices, a
technique we have introduced since 1980 when
developing immobilized pH gradients (IPG). It is a
routine, in IPGs, to wash the matrix extensively, dry
it and re-swell it in any desired additive [II].

An unexpected finding was the strong dependence
of the efficiency of conversion of the more hydro
phobic monomers on the polymerization tempera
ture. We had always advocated polymerizing stan
dard polyacrylamide gels at 50°C (1 h reaction time),
but the increase in conversion was from ca. 88% to
95% on going from 25 to 60°C (see Fig. 7).
Considering that the heat of polymerization from
aqueous monomer to aqueous polymer solutions is
ca. 82.8 kllmol (a large amount of heat i1'ldeed), and
that the overall activation energy for polymerizing
in water-peroxodisulphate initiator is 70.7 kllmol, it
is surprising that one could drive the reaction to even
better yields by increasing the temperature, as we
routinely do. Even more surprising is the great
temperature dependence of the more hydrophobic
monomers in the series; as shown in Fig. 7, for
ACM, increasing the polymerization temperature
from 25 to 60°C increases the efficiency from barely
55% to 94%. There might be several possible
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explanations for this phenomenon: (a) the decrease
in viscosity with higher temperature (nascent poly
mer chains would greatly augment the viscosity of
bulk solution); (b) the possibility that the more
hydrophobic elements of the series are not fully
dissolved in water,but secluded into aggregates [6];
(c) the possibility that, as the hydrophobicity of the
series increases, this is paralleled by an increase in
overall activation energy (as also indicated by the
increment in AJr, see Fig. 8). The present findings,
hopefully, should terminate a 20-year-long disagree
ment among two main groups of polyacrylamide
users: those who regularly polymerize at high tem
peratures and those who have been pestering us by
suggesting polymerization in a thermostated ice
bath!
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Investigation of the properties of acrylamide bifunctional
monomers (cross-linkers) by capillary zone electrophoresis
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(Italy)

ABSTRACT

A series of cross-linkers [N,N'-methylenebisacrylamide (Bis), N,N'-(I ,2-dihydroxyethylene)bisacrylamide (DHEBA), N,N'-diallyl
tartardiamide (DATD) and N,N'-bisacrylylcystamine (BAC)] were investigated as potential candidates of a novel class of polyacryl
amide matrices, exhibiting high hydrophilicity, high resistance to hydrolysis and larger pore sizes than conventional polyacrylamide
gels. The most hydrophilic cross-linker (DATD) exhibited first-order degradation kinetics in 0.1 M NaOH, suggesting that such a
structure is electronically unstable, whereas the other cross-linkers displayed first-order kinetics. In addition, when used in highly
cross-linked gels (for increasing pore size), DATD acts as an inhibitor of gel polymerization. Another interesting finding is an inverse
relationship between the partition coefficient of such cross-linkers and the incorporation efficiency; the more hydrophobic members of
the family exhibit a reduced conversion from monomer into polymer, which is more pronounced in highly cross-linked gels. When
measuring the partition coefficient, DATD and DHEBA appear to be highly hydrophilic whereas BAC, owing to the two sulphur atoms
in the molecule, appears to be extremely hydrophobic. The use of BAC in gels for protein separations should therefore be avoided.

INTRODUCTION

In the accompanying paper [1], we reported the
investigation of a series of monofunctional acryl
amide monomers (in general mono- and disubsti
tuted acrylamides), aimed at arriving at novel gel
formulations. To this end, we utilized capillary zone
electrophoresis (CZE) for studying such parameters
as incorporation efficiency, hydrophilicity and resis
tance to hydrolysis. In this work, we investigated the
same parameters for a series ofcross-linkers, i.e., the
bi-functional agents used for producing the gel
network. In addition to the standard molecule
[N,N'-methylenebisacrylamide (Bis)], a host of them
have been described over the years, and there are
really no guidelines to suggest any strategy for their
use. In 1976 O'Connell and Brady [2] reported the

Correspondence to: Prof. P. G. Righetti, Chair of Biochemistry
and Department of Biomedical Sciences and Technologies,
University of Milan, Via Celoria 2, Milan 20133, Italy.

use of N ,N'-(1,2-dihydroxyethylene)bisacrylamide
(DHEBA) for casting reversible gels, as the 1,2-diol
structure of DHEBA renders them susceptible to
cleavage by oxidation with periodic acid. The same
principle should also apply to N,N'-diallyltartardi
amide (DATD) gels, as described by Anker [3].
Alternatively, ethylene diacrylate gels could be used,
as this cross-linker contains ester bonds which
undergo base-catalysed hydrolytic cleavage [4]. An
other series ofpoly(ethylene glycol) diacrylate cross
linkers, as reported by Righetti et al. [5], also belong
to the same category of ester derivatives. One of the
latest addition to the series, N,N'-bisacrylylcyst
amine (BAC), contains a disulphide bridge cleavable
by thiols and as such offers gel matrices which can be
liquefied under mild and almost physiological con
ditions [6]. BAC-cross-linked gels were first pro
posed for the fractionation of RNA and they can be
liquefied in an excess of f3-mercaptoethanol or with
dithiothreitol. As a novel class of cross-linkers,
bisacrylylpiperazine has been reported [7] as a
moiety able to copolymerize with good efficiency

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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with a modified monomer, N-acryloylmorpholine.
Such a cross-linker was later reported to impart
unique properties to gels to be silver stained, as it
produced a perfectly clear background [8].

In this work, we selected the four most common
cross-linkers (Bis, DHEBA, DATD and BAC) and
studied their properties by CZE.

EXPERIMENTAL

Materials
The formulae of the four cross-linkers studied are

given in Table J. Gels were prepared by using
aerylamide as a monofunctional monomer and each
of the four cross-linkers. Acrylamide, N,N,N',
N'-tetramethylethylenediamine (TEMED), the four
cross-linkers and ammonium peroxodisulphate
were obtained from Bio-Rad Labs. (Richmond, CA,
USA). Mandelic acid and pK 9.3 Immobiline, used
as internal standards in CZE runs, were purchased
from Aldrich (Steinheim, Germany) and Pharma
cia-LKB (Uppsala, Sweden), respectively.

Alkaline hydrolysis
All cross-linkers were dissolved (20 mM each) in

0.1 MNaOH and incubated at 70°C for up to 6 h. At
30-min intervals aliquots were collected and diluted
in 0.1 M sodium borate buffer (pH 9.0) to 2.5 mM.
After adding mandelic acid (2.50 mM) as an internal
standard, the samples were analysed by CZE.

Incorporation efficiency
In order to check for the extent of conversion of

the various monomers into the polymer, 5 ml of gel

TABLE I

BIFUNCTIONAL ACRYLAMIDO DERIVATIVES

C. Gelfi et al. / J. Chromatogr. 608 (1992) 343-348

(made with the different cross-linkers in Table 1)
were polymerized in a test-tube under anaerobic
conditions (protected by a thin film of water-satu
rated n-butanol). After polymerization (1 h, 50°C),
the gel was extruded and homogenized and an equal
amount of water was added (extraction was also
performed in methanol). After stirring for 30 min,
the gel phase was filtered through a Buchner funnel,
the supernatant was diluted, internal standard (2.5
mMpK9.3 Immobiline) was added and the mixture
was filtered through an Ultrafree-MC Millipore
filter (0.22 .urn porosity) and analysed by CZE. No
attempts were made to separate acrylamide from the
cross-linkers, so that the incorporation efficiency
refers to the sum of the two monomers.

Capillary zone electrophoresis
CZE was performed in a Beckman (Palo Alto,

CA, USA) PlACE System 2000 instrument equip
ped with a 50 em x 75.um J.D. capillary. Runs were
performed at 25°C in a thermostated environment in
0.1 M borate buffer (pH 9.0). In all instances the
migration direction was toward the negative elec
trode, which means that the acidic species (mandelic
acid) are transported there by electroosmosis as they
migrate electrophoretically toward the positive elec
trode. The samples were injected into the capillary
by pressure (55 kPa), usually for 10 s. The calibra
tion graph for each acylamido derivative analysed
was constructed with the Beckman integration sys
tem Gold, with concentration points of 0.25, 0.50,
1.00,1.25,2.00, 2.50and 3.50mM. In each run either
mandelic acid or the pK 9.3 Immobiline (2.50 mM)
was used as an internal standard. Runs were usually

Formula

CH2 =CHCONHCH2NHCOCH=CH 2

CH2 =CHCONHCHCHNHCOCH=CH2

I I
OHOH

CH 2 = CHCH2NHCOCHCHCONHCH 2CH = CH 2

I I
OHOH

(CH 2 = CHCONHCH2CH 2S-h

Name

N,N'-Methylenebisacrylamide (Bis)
N,N'-(l,2-Dihydroxyethylene)bisacrylamide (DHEBA)

N,N'-Diallyltartardiamide (DATD)

N,N'-Bisacrylylcystamine (BAC)

154
200

228

260
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performed at 15 kY and 50 f.1A with the detector set
at 254 nm.

Partition coefficient
In order to establish a hydrophobicity scale, the

various cross-linkers were subjected to partitioning
in water-l-octanol as described by Purcell et al. [9].
The partition coefficient P is defined as the ratio
between the molarity of a given compound in the
organic phase and that in the aqueous phase.
Partitioning was performed as follows: each mono
mer was dissolved (2 mM) in water saturated with
l-octanol; 3.5 ml of this solution and 3.5 ml of
l-octanol were transferred into a separating funnel
and shaken for 2 min. After decanting for 1 h, the
aqueous phase was collected and centrifuged for 75
min at 1800 g. All operations were performed at
25°C. The clarified solution was diluted, internal
standard (2.5 mM pK 9.3 Immobiline) was added
and the mixture was analysed by CZE as described
above.

RESULTS

In order to check the stability of the four cross
linkers, they were subjected to hydrolysis in 0.1 M
NaOH at 70°C for various lengths of time and then
analysed by CZE for separation and precise deter
mination of the degradation products. Fig. 1 shows
a representative run of the CZE analysis ofDHEBA,
before and after hydrolysis (mandelic acid was
added as an internal standard in all runs). A
summary of all the hydrolysis data is given in Fig. 2.
It can be seen that, whereas all the cross-linkers
exhibit first-order degradation kinetics, as expected,
one of them, DATD, displays a zero-order degrada
tion process, suggesting that this structure is intrin
sically unstable. This is noteworthy, as this cross
linker has recently been proposed in highly cross
linked gels for DNA analysis [10].

Table II summarizes the data obtained on the
incorporation efficiency (of the two monomers) in a
polyacrylamide gel subjected to standard polymer
ization conditions (1 h, 50°C) as routinely adopted
in the field of electrophoresis [11]. Two phenomena
are apparent: (a) in general, as the amount of
cross-linker increases from 4 to 10% (or 30% in
some instances), the incorporation efficiency dimin
ishes; this is true for all the cross-linkers; (b) two
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of the cross-linkers (Bis and DHEBA) show very
high incorporation efficiencies (> 90%) whereas the
other two show progressively lower incorporation
rates. A case in point is DATD, which, at progres
sively higher percentages of cross-linker, shows
dramatic decreases in corporation efficiencies, down
to as low as 50%.

Fig. 3 shows the hydrophobicity scale of the four
cross-linkers, as obtained by partitioning in water
l-octanol phases. It is seen that DATD and DHEBA
are highly hydrophilic, as expected given their
vicinal diol structures, whereas BAC appears to be
extremely hydrophobic, owing to the presence of an
-8-'-8- bridge. These findings have important im
plications on the use ofsuch gels for protein analysis,
as discussed below.

DISCUSSION

The present findings suggest a strategy for the use
of such cross-linkers, as outlined below.

Copolymerization efficiency
It appears that two main factors affect the co

polymerization of cross-linkers with the standard
monofunctional monomer (acrylamide): (a) the
total percentage of cross-linker in the mixture
(expressed as %C) and (b) the relative hydro
phobicity of such compounds. Independently from
the type of cross-linker, at progressively higher %C
the incorporation efficiency diminishes (for both,
the mono- and bifunctional monomers). This can be
interpreted by assuming that, as %C progressively
increases, the gel becomes more "knotty", i.e., the
chains become shorter and thicker. Given this
gradual structural change, the monomers would
have difficulty in diffusing in contact with the fibres
and in finding the propagation point for the chain
growth [12,13]. We have also seen in the accompany
ing paper [1] that, as monomers become more
hydrophobic, their incorporation efficiency progres
sively diminishes. In fact, a unique inverse correla
tion has been found between the partition coefficient
and rate of transfer into the growing polymer (see
Fig. 7 in ref. 1). Thus, it is not surprising that BAC
should lower the incorporation efficiency from
>90% to only 77%. It might be asked then why
DATD, being so strongly hydrophilic, exhibits even
poorer chain transfer. This is in fact due to complete-
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Fig. I. Representative CZE runs for monitoring alkaline hydrolysis ofcross-linkers. Conditions: 100 mM borate-NaOH buffer (pH 9.0),
IS kY, 86 J1.A at 25°C. Uncoated fused-silica capillary (50 cm x 75 J1.m I.D.). Beckman PlACE 2000 instrument, monitoring at 254 nm.
DHEBA = N,N'-(1,2-dihydroxyethylene)bisacrylamide; CTRL = control, before hydrolysis. In this and all subsequents runs the
migration is towards the cathode.

ly different reasons: allyl derivatives are in general
poorly reacting species. It has been reported that the
em value (transfer constant to monomer) for most
allyl compounds is usually 1000 times higher than
for acrylamide [14]. Moreover, the rj value (mono
mer reactivity ratio), which expresses the extent to
which a monomer either propagates a chain by
reacting with itself or by reacting with another,
different monomer present in the mixture, is, for
allyl derivatives, usually 100 times smaller than for
acrylamide and, in some instances, is actually zero
[15]. Thus, for all practical purposes, DATD, when

copolymerized with acrylic double bonds, acts like
an inhibitor of gel polymerization.

Use of different cross-linkers
It is now apparent why the "old pair" acrylamide

Bis has survived unscathed all these years: as a
general rule, if we follow the old adage "similar
dissolves similar", we can extrapolate it to copoly
merization chemistry: "similar reacts with similar".
The rule for selecting the appropriate copolymer
izing pair is that they should be very similar
molecules, like acrylamide and Bis. Thus. in 1984.
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Fig. 2. Kinetics of hydrolysis of different cross-linkers. Hydro
lysis was performed in 0.1 M NaOH at 70°C for the times
indicated. The amounts were assessed by collecting in triplicate at
each point, neutralizing and injecting into the CZE instrument
(Beckman PlACE 2000). Conditions: 100 mM borate-NaOH
buffer (pH 9.0), 15 kY, 86 JlA at 25°C. Uncoated fused-silica
capillary (50 em x 75 Jlm J.D.). Peak integration with the
Beckman system Gold (mandelic acid was used as an internal
standard). Abbreviations as in Table I. Note that whereas all the
other cross-linkers exhibit first-order kinetics, DATD follows
zero-order degradation kinetics.

when we reported the novel monomer N-acryloyl
morpholine [7], we synthesized as a co-reacting
species bisacrylylpiperizine; this pair produced ex-

TABLE II

INCORPORATION EFFICIENCY AS A FUNCTION OF
PERCENTAGE OF CROSS-LINKER (%C)

All experiments refer to standard polymerization conditions: I h
at 50°C.

Monomer" %C Incorporation (%)b

BAC 4 77
10 72

Bis 4 95
10 90

DHEBA 4 90
10 85

DATD 4 65
10 58
30 48

a %C = g Bis/%T; T = g acrylamide + g Bis per 100 ml of
solution; all gels had variable %C at constant" %T (total
monomers, 6% T). .

b The incorporation efficiency refers to the sum of the two
monomers (acrylamide + cross-linker).

cellent gels for electrophoresis. It does not seem a
promising proposition to try to copolymerize allylic
with acrylic moieties, as suggested recently [10]; in all
practical effects, the former acts like a radical sink,
inhibiting the gel formation. The notion of using an
"inhibitor" for polymerizing a gel does not seem to
be based on sound polymer chemistry. In addition,
DATD is electronically unstable, as it displays
zero-order degradation kinetics (probably by the
same N,O-acyl transfer mechanism reported for
trisacryl) [16]. Given such severe drawbacks, the use
of DATD as a cross-linker should in general be
avoided. A word ofcaution should also be expressed
about the use of BAC: its relative hydrophobicity
seems to inhibit to some extent the conversion of
monomers into the polymer. Moreover, if used for
protein separations, as suggested elsewhere [17],
there could be another major risk: because, for the
purpose of liquefying the gel for sample recovery,
highly cross-linked gels should be used, this would
greatly increase the matrix hydrophobicity, with a
concomitant risk of hydrophobic interaction of the
protein sample with the matrix. This would not, of
course, discourage the use of BAC-cross-linked gels
for nucleic acid analysis, as such polymers are not
prone to hydrophobic interaction with the matrix.
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Sodium dodecyl sulfate-eapillary gel electrophoresis of
proteins using non-cross-linked polyacrylamide

Dan Wu and Fred E. Regnier
Department of Chemistry, Purdue University, West Lafayette, IN 47907 (USA)

ABSTRACT

Prateins with relative molecular masses of 14 000 to 205 000 were separated by sodium dodecyl sulfate-capillary gel electrophoresis
(SDS-CGE) using non-crass-linked linear polyacrylamide gels on both coated and uncoated fused-silica capillaries. It was determined
that viscosity of the acrylamide solution was a major factor affecting column stability with linear acrylamide gels. When the viscosity of
the acrylamide solution reaches 100 cP, electro-osmotically driven displacement of the gels is insignificant. Uncoated capillaries
provided better resolution, stability, and reproducibility than surface coated capillaries when the concentration of linear polyacryl
amide was greater than 4%. At lower gel concentrations, non-crass-linked polyacrylamide is easily displaced fram the columns. A
calibration plot of log molecular mass vs. mobility with non-linear polyacrylamide was linear, which indicated that resolution was
equivalent to that obtained with cross-linked acrylamide. Separations with model proteins indicated that baseline resolution between
pratein species that vary 10% in molecular mass can be achieved.

INTRODUCTION

Sodium dodecyl sulfate-polyacrylamide gel elec
trophoresis (SDS-PAGE) in the slab gel format has
been used for over 25 years to separate proteins by
molecular mass [1]. Using this method, proteins are
separated on cross-linked polyacrylamide gels with
low applied electric fields (10-30 V/cm) and typical
ly detected by staining. Although SDS-PAGE is
one of the most commonly used methods for deter
mining molecular masses of proteins, it has some
limitations. First, the process is slow. Gel prepara
tion, separation and staining can require hours.
Second, quantification is difficult. Stains are non
linear and present problems with amino acids, such
as proline. In an effort to overcome some of these
problems, Cohen et al. [2] examined the separation
of proteins in capillaries by SDS-PAGE. SDS-eap
illary gel electrophoresis (CGE) was much more
rapid and of higher resolution than SDS-PAGE in

Correspondence to: Dr. F. E. Regnier, Department of Chemistry,
Purdue University, West Lafayette, IN 47907, USA.

the slab gel format. Separations by SDS-CGE are
typically achieved in less than 20 min with on-col
umn absorbance detection [3]. It is even possible to
automate SDS-CGE. Furthermore, the CGE col
umn may be used in multiple separations.

Both cross-linked' and non-cross-linked
polyacrylamide have now been used in SDS-CGE
[4-8]. Traditional cross-linked gels create a sieving
medium based on a rigid matrix of pores. The pore
size is controlled by varying the concentration of
acrylamide at a fixed concentration of crosslinking
agent. Cross-linked gels were used because they
provided a matrix of small pore, were reproducible,
and were of sufficient mechanical strength that they
could be removed from the system and stained [9].
Unfortunately, cross-linked gels are not very satis
factory in capillary columns. Voids form in the cap
illary as a result of gel shrinkage during polymeriza
tion. The void problem has been addressed both by
polymerization under pressure [10] and by adsorb
ing a layer of linear polymer onto the capillary sur
face [11]. These techniques reduce, but do not elim
inate this problem.

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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Attempts to circumvent the problems of cross
linked polyacrylamide in SDS-CGE have led to the
examination of non-cross-linked acrylamide. It was
apparently anticipated in previous studies that elec
tro-osmosis would be a problem in the use non
linear polyacrylamide. If this were true, electro-os
mosis could be effectively eliminated by applying a
viscous coating at the capillary wall. This technique
was first reported by Hjerten [12] for controlling
electro-osmosis in capillary isoelectric focusing.
Columns were prepared by coating the capillary
with the bifunctional reagent 3-methacryloxypropyl
trimethoxysilane (MAPS). Subsequent to silylating
capillary walls with MAPS, the capillary was filled
with acrylamide and polymerization initiated.
Acrylamide polymer was grafted to the capillary
wall through MAPS groups. Hjerten suggested the
electro-osmosis flow in this capillary will be inverse
ly proportional to the viscosity of the polymer layer
attached to the surface.

Previous reports on SDS-CGE have been with
surface-modified fused-silica capillaries to reduce
electro-osmosis [12,13]. The surface modification
most widely used has been to apply a layer of poly
acrylamide. Although separations with these capil
laries were outstanding, separations on uncoated
capillaries were not provided as a control. Thus, it is
not possible to assess the contribution of surface
coatings in SDS-CGE.

This paper focuses on the importance of surface
modification in SDS-CGE with linear polyacryl
amide gel filled capillaries. It will be shown that (i)
electro-osmosis in CGE is a smaller problem than
previously anticipated and (ii) linear polyacryl
amide can be used in uncoated capillaries without
appreciable gel displacement when the total concen
tration of acrylamide in the column exceeds 4%.
Polypeptides ranging in relative molecular mass
(Mr) from 2000 to 200 000 could be accommodated
using a set of 4, 6 and 8% linear polyacrylamide
gel-filled capillaries.

EXPERIMENTAL

Chemicals
All proteins were purchased from Sigma (St.

Louis, MO, USA). Acrylamide, ammonium persul
fate (APS), SDS, N,N,N' ,N'-tetramethylethylene
diamine (TEMED), and Tris base were purchased

D. Wu and F. E. Regnier / J. Chromatogr. 608 (1992) 349-356

from Bio-Rad (Richmond, CA, USA). MAPS was
purchased from Polyscience (Warrington, PA,
USA). All of the buffer solutions were prepared by
using double distilled water that was passed
through OA5-fim nylon filters. All of the samples
were stored at O°C between analysis.

Instrumentation
The CGE system was based on an in-house de

sign available in our laboratory. All high-voltage
components of the system were contained in a Lu
cite cabinet fitted with a safety interlock that would
interrupt the power supply when the cabinet door
was opened. A Glassman PS/EL30P01.5 (Glassman
High Voltage, Whitehouse Station, NJ, USA) pow
er supply was used to apply the electric field across
the capillary. The power supply was connected to
4-ml buffer reservoirs. On-column detection was
performed with an Isco CV4 (Lincoln, NE, USA)
variable-wavelength UV-absorbance detector.

Preparation of aerylamide gel-filled capillaries
Bonded acrylamide capillaries. Fused-silica capil

laries of 375 fim O.D. x 75 fim J.D. and 45 em
length with a detector window at 25 em were ob
tained from Polymicro Technologies (Phoenix, AZ,
USA) and used for all separations. The capillary
was first treated with 0.01 M NaOH for 30 min
followed by 15 min of washing with deionized wa
ter. The columns were coupled to a nitrogen gas
supply and dried in a gas chromatography oven at
100°C for I h. MAPS-methanol (9:1) solution
was forced through the capillaries at 50°C for 1.5 h.
After the reaction was complete, the solution was
purged with nitrogen and the column sequentially
washed with methanol for 15 min and with water
for another 15 min.

Gel-filled capillaries were prepared by a modified
procedure described by Yin et al. [14]. A 5-ml vol
ume of 4% acrylamide solution was degassed by
aspiration for 30 min. Then 100 fil APS (10%), 20 fil
TEMED (10%) and 50 fil SDS (10%) were added.
After stirring, the solution was pushed into the cap
illary under pressure. An hour later the column was
ready to use.

Uncoated capillaries. To prepare a gel-filled col
umn with uncoated capillaries, the initial wash pro
cedure was followed. After washing the column, the
polymerizing gel solution prepared as above, was
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introduced into the capillary.
Protein sample preparation. SDS-Protein samples

were prepared in 0.1 M Tris-0.25 M borate buffer
(pH 8.1). The mass ratio of SDS to protein is 2.5: 1,
which ensures complete absorption of SDS to pro
teins. SDS-protein samples were electrophoretical
ly injected into the gel column by setting the nega
tive end of the column into the sample vial and ap
plying an electrical field for 10 s at constant voltage.

Viscosity measurements. A dropping ball visco
simeter (Gilmont 2302) was used to measure the
viscosity of the polyacrylamide solutions. Different
acrylamide solutions were prepared by the proce
dure described above and the density of each solu
tions was measured. The viscosimeter was filled
with gel solution and the time of a ball falling freely
through the gel solution was measured over a con
stant distance. Two different types of balls, glass
and steel, were used at different concentration
ranges. Viscosity (11) was calculated from the equa
tion:

IJ = K (db• 1I - dso1n)t

in which, K is a constant, db • 1I and dso1n are the den
sities of the ball and the solutions and t is the time in
minutes.

RESULTS AND DISCUSSION

Comparison of coated and uncoated capillaries
A comparison study was carried out using capil

laries with a polymeric surface layer as previously
described [14] and uncoated capillaries in which lin
ear polyacrylamide was formed in the capillary.
Capillaries with the polymeric surface layer will be
referred to henceforth as coated capillaries whereas
native fused-silica capillaries will be designated as
uncoated capillaries. Polymer concentrations of3, 4
and 6% were used in both types of capillaries.

A comparison of coated and uncoated capillaries
in the separation of protein molecular mass stan
dards is shown in Fig. 1. These standards ranged in
from M r from 14400 to 78000 in increments of
approximately 10 000. Identification of the protein
was accomplished by enrichment with individual
standard proteins. The 4% and 6% columns are
seen to be comparable in resolution and peak shape,
although migration times were longer on the un
coated columns. Resolution is even slightly higher
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with high-molecular-mass species on the uncoated
capillary. Organic surface coating appears to make
no contribution to resolution with 4% and 6% line
ar polyacrylamide filled capillaries.

In contrast, the 3% columns are very different.
Resolution is inferior and the migration time short
er with the uncoated capillary. This is attributed to
electro-osmotically driven migration of gel in the
capillary. After approximately three sample runs,
i.e. 1 h of operation, much of the acrylamide had
eluted from the capillary. Polymer concentration is
seen to be an important variable. Even small differ
ences in concentration can have a large impact. This
is attributed to a reduction in electro-osmotically
driven transport at high polymer concentrations.

Viscosity of linear aerylamide gels
A concentration-dependent reduction of electro

osmosis could be due to one of several phenomena.
One could be that electro-omotically driven flow is
controlled by increases in viscosity at high polymer
concentration. A second could be that , potential
and electro-osmosis are decreased by adsorption of
polyacrylamide onto the capillary wall at high con
centrations of polymer.

It can be seen in Fig. 2 that the viscosity of linear
polyacrylamide increases exponentially with con
centration. Viscosity changes from 40 cP for a 3%
gel solution to 103 cP for a 4% solution. There is
good correlation between viscosity and the ob
served difference in longevity of 3 and 4% uncoated
capillaries. This does not eliminate the possibility
that adsorption also plays some role at higher poly
mer concentration. Adhesion of polymer to the cap
illary wall favors both stability and heat transfer
from the gel to the capillary wall [15].

Column stability
Properties of a gel, such as viscosity, maybe influ

enced by the buffer and preparation procedure. To
insure consistent polymerization the procedure for
gel synthesis was strictly followed. Monomer solu
tions were always degassed for the same periods of
time, and reaction time and temperature were iden
tical for all cases. These procedures insure the re
producibility of capillaries as will be discussed be
low.

Column stability was studied with coated and un
coated capillaries filled with 4% linear polyacryl-
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Fig. I. Capillary gel electrophoretic separation of protein molecular mass standards on coated (A) and uncoated capillaries (B) with 3%
(left), 4% (middle) and 6% (right) acrylamide concentration. Conditions: capillary length 45 cm; separation length 25 cm; 75 J1m J.D.;
separation potential, 12 kV, 267 V/cm, 0.1 % SDS. Peaks: 1 = a-lactalbumin (bovine milk) (M, 14400); 2 = carbonic anhydrase (M,
29000); 3 = glyceraldehyde-3-phosphatedehydrogenase (M, 36000); 4 = albumin (chicken egg) (M, 45 000); 5 = albumin (bovine)
(M, 66 000); 6 = conalbumin (M, 78 000).
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amide. Coated capillaries had ruri-to-run and col
umn-to-column reproducibility of 4% relative stan
dard deviation (R.S.D.) (n = 14) and 2% R.S.D.
(n = 21), respectively. These columns could be used
for up to 6 h without significant baseline drift. Un
coated capillaries gave a run-to-run reproducibility
of 2% R.S.D. (n = 21) and could be used no more
than 7 h. This generally allowed 20 samples to be
run before baseline fluctuation began. Air bubble
formation during use was not observed in either
column type.

Baseline fluctuation was noted at 230 nm, but not
at 280 nm. This phenomenon is explained in the
following way. Free radical polymer polymeriza
tion of acrylamide in aqueous 0.1 % SDS produces

Fig. 4. Plot of log molecular mass of proteins as a function of
mobility in gel columns with 4% (0),6% (x) and 8% (.)
acrylamide in uncoated columns. Separation conditions as in
Fig. I.

polymers of broad molecular mass distribution. At
this concentration of SDS there will also be a weak
association of the alkyl portion of SDS with the
hydrocarbon backbone of polyacrylamide. Under
high voltage, these SDS-polyacrylamide complexes
will be induced to migrate toward the anode. Low
molecular-mass complexes will migrate more rap
idly than those of high-molecular mass. After sever
al hours of operation, an axially asymmetric molec
ular mass distribution of polyacrylamide should be-

-3.55

Fig. 3. Ferguson plot for linear acrylamide on uncoated capil
lary. 0 = o:-Lactalumin (bovine milk) (M, 14400); x = car
bonic anhydrase (M, 29000); 0 = glyceraldehyde-3-phosphate
dehydrogenase (M, 36000); + = albumin (chicken egg) (M,
45 000). Separation conditions as in Fig. I.
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myoglobin fragment II (M, 6210); 3 = myoglobin fragment I
(M, 8160); 4 = myoglobin fragment I + Ii (M, 14400); 5 =

myoglobin fragment polypeptide backbone (M, 16 950). Separa
tion conditions as in Fig. I.
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gin to occur. When the wavelength is set at 230 nm,
amide absorbance is sufficiently high that these
complexes are observed as they migrate past the de
tector. Column longevity is better at 280 nm [16].

Separations on uncoated capillaries
The separation of SDS denatured proteins re

quires a size sieving medium. A Ferguson plot [17],
i.e. log mobility of proteins versus percent acryla
mide (%T), exhibits a linear relationship for each
protein. Fig. 3 illustrates a Ferguson plot for four
proteins on uncoated capillaries containing between
3 and 8% acrylamide. The linear fits of the data
were obtained by linear regression. As expected, the
slopes increased with M r and all proteins had identi
cal mobilities at 0% acrylamide. The relationship
between electrophoretic mobility and molecular
mass with linear polyacrylamide gels is seen in Fig.
4. It is interesting that in these typical plots of log

4
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molecular mass vs. mobility that there is no statisti
cally significant difference in the slopes. This is simi
lar to cross-linked polyacrylamide gels in the slab
gel format. However, higher gel concentrations are
better for the separation of low-molecular-mass
peptides. This is evident in the separation of myo
globin fragments of M r 2500 to 17000 in an 8%
linear polyacrylamide capillary (Fig. 5). These pep
tides coeluted on a 4% linear polyacrylamide gel
column.Fig. 6 shows the resolution of polypeptides
ranging in M r from 6500 to 78 000 with a 6% gel
while Fig. 7 shows the separation of polypeptides
ranging in M r from 29000 to 205000 with a 4% gel.

SDS-CGE was applied to several protein separa
tions problems. Immunoglobulin G (IgG) purified
from bovine serum by ion-exchange and reversed
phase chromatography was examined to determine
purity. Following partial reduction the sample was
run on a coated column with 2% polyacrylamide.
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Fig. 7. Separation of protein mixture with wider molecular mass
range on 4% acrylamide capillary. Peaks: I = carbonic anhy
drase (M, 29 000); 2 = albumin (chicken egg) (M, 45 000); 3 =
albumin (bovine) (M,66 000); 4 = phosphorylase B (rabbit mus
cle (M, 97 400); 5 = f3-galactosidase (Escherichia coli) (M,
116000); 6 = myosin (rabbit muscle) (M, 205 000). Separation
conditions as in Fig. I.
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Fig. 6. Separation of protein mixtur" un 1I1l"udl"ci "apillary with
6% acrylamide. Peaks: I = aprotinin (bovine lung) (M, 6500);
2 = cytochrome c (horse heart) (M, 12400); 3 = trypsin inhib
itor (soybean) (Mr 20 100); 4 = trysinogen,.phenylmethylsulfo
nyl fluoride (PMSF) treated (M, 24 000); 5 = carbonic anhy
drase (M, 29000); 6 = glyceraldehyde-3-phosphatedehydroge
nase (M, 36000); 7 = albumin (chicken egg) (M, 45 000); 8 =
albumin (bovine (M, 66 000); 9 = conalbumin (M, 78 000). Sep
aration conditions are given in Fig. I.
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B

Fig. 9. (A) Separation of human salivary proteins by capillary gel
electrophoresis on uncoated surface of 4% acrylamide. Separa
tion conditions as in Fig. I. (B) SDS-PAGE of human parotid
saliva on a 12.5% slab gel. From Beeley [18].

in previous studies. When viscosity of a linear po
lyacrylamide solution reaches 100 cP, electro-osmo
sis plays no significant role in either determining
separation efficiency or pumping gels from the cap
illary. This allows uncoated fused-silica capillaries
to be used with linear polyacrylamide gels for the
preparation of capillaries that may be used 20 times

76

- - .---.:- Mrx 10-3

5432

The importance of surface modification and elec
tro-osmosis in SDS-CGE has been over-estimated

CONCLUSIONS

The three major peaks in the electropherogram
(Fig. 8) represent the heavy chain if IgG (Mr ~

53000), the light chain (Mr ~ 22000) and the com
bination of heavy and light chain (Mr ~ 75000).
Impurities with M r greater than 75000 and less
than 22 000 are also clearly seen, indicating that the
IgG sample still is not pure.

Human salivary proteins ranging in M r from
14000 to 94000 have been separated by SDS-slab
gel electrophoresis and used in clinical programs de
signed to monitor oral health [18]. The fact that the
electrophoretic separation (Fig. 9B) and staining
took over 7 h is a limitation in a clinical assay. The
very high proline content of many salivary proteins
is yet another complication. Proline-rich proteins
are difficult to detect by conventional staining pro
cedures. The separation and detection of human sa
livary proteins on a 4% linear polyacrylamide SDS
CGE system in 15 min is illustrated in Fig. 9A.
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without deterioration of either resolution of detec
tion sensitivity.
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Assessment of the capabilities of capillary zone
electrophoresis for the determination of hippuric and
orotic acid in whey

P. A. Tienstra, J. A. M. van Riel, M. D. Mingorance* and C. Olieman
Department of Analytical Chemistry, Netherlands Institute for Dairy Research (NIZO), P.O. Box 20, 6710 BA Ede (Netherlands)

ABSTRACT

A rapid method was developed for the simultaneous determination of hippuric and orotic acid in rennet whey by capillary zone
electrophoresis using an 'uncoated capillary utilizing a 0.04 M amino-2-methyl-1 ,3-propanediol (AMPD)-N,N-bis(2-hydroxyethyl)
glycine (BICINE) buffer (pH 8.8) with UV detection at 254 and 280 nm. Whey proteins were removed by ultrafiltration. The method
was evaluated for external, internal and standard addition procedures for both peak areas and peak heights. The use of an internal
standard (sorbic acid) eliminated injection errors and gave, when applied to peak areas, the same levels for hippuric and orotic acid in
those obtained with high-performance liquid chromatography. Relative standard deviations were 1-2%. Peak heights gave erratic
results owing to sample matrix effects on peak widths.

INTRODUCTION

Milk and milk products contain small amounts
of hippuric and orotic acid, and milk is the main
source of these components in the human diet. In
addition to their possible physiological properties
[1], these components are especially of interest in
the processing of liquid whey to give several prod
ucts where the presence of these components mayor
may not be desirable at low concentrations. For in
stance, the production of pharmaceutical-grade lac
tose requires that the UV absorbance at 280 nm of
the final product should meet a specific criterion as
described in the Dutch Pharmacopoeia [2]. Orotic
acid has an absorption maximum near 280 nm and
its presence in lactose could, therefore. among other

Correspondence to: Dr. C. Olieman, Department of Analytical
Chemistry, Netherlands Institute for Dairy Research (NIZO),
P.O. Box 20, 6710 BA Ede, Netherlands.

." On leave from Estaci6n Experimental del Zaidin (CSIC).
Dept. Quimica Analitica Aplicada, Prof. Albareda I, 1800l'
Granada, Spain.

components be significant for the suitability of lac
tose to be classified as pharmaceutical grade. The
determination of orotic acid in milk bread permits
the calculation of non-fat milk solids [3]. Current
methods for the determination of the title com
pounds are based on reversed-phase high-perform
ance liquid chromatography (HPLC) [3-6].

Capillary zone electrophoresis (CZE) in principle
offers a high separation power, which can result in
short analysis times. Recently, Goodall et al. [7] re
viewed the quantitative aspects of CZE. In order to
assess the possibilities of this technique in the field
of dairy research, we have developed a CZE method
to determine hippuric and orotic acid in whey.

EXPERIMENTAL

Reagents and chemicals
Buffer A, used for CZE, consisted of a 0.94 M

solution of 2-amino-2-methyl-1,3-propanediol
(AMPD) (Fluka, Buchs, Switzerland) titrated to
pH 8.8 with 1 M N,N-bis(2-hydroxyethyl)glycine
(BTCTNE) (Fluka). For sample preparation 0.02 M

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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AMPD-BIClNE (pH 8.8) was prepared (buffer B).
The calibration sample for CZE was prepared by

weighing about 10 mg of orotic acid (BDH, Poole,
UK) and 6 mg of hippuric acid (Sigma, St. Louis,
MO, USA) and dissolving them together in 200 ml
of buffer B. A lO-ml volume of this solution was
diluted to 25 ml with buffer B after the addition of
50 /11 of the internal standard solution of sorbic acid
(50 mglml in buffer B) (Merck, Darmstadt, Germa
ny) for detection at 254 nm and 625 /11 for detection
at 280 nm. Appropriate dilutions were prepared in
order to obtain the calibration graph.

The calibration solution used with HPLC con
sisted of weighed amounts of about 22 mg of orotic
acid and 8 mg of hippuric acid in 100 ml of the
HPLC eluent and was diluted tenfold with the
HPLC eluent.

Capillary zone electrophoresis
Electromigration was carried out with a Beck

man PlACE System 2000 controlled with a Laser
386/2 computer with Beckman PlACE v. 1.50 soft
ware in combination with an uncoated fused-silica
capillary (50 cm x 75 /1m J.D.) fitted in a cartridge.
Migrations were run at 2YC and the voltage across
the capillary was maintained at 25 kV, with ground
at the detector side. Injections were carried out by
pressure (10 s). After each separation the capillary
was flushed with 0.1 M sodium hydroxide solution
for 18 s, followed by water (1 min) and buffer A (2
min). Detection was performed at 254 or 280 nm.

Peak areas and peak heights were obtained from the
same raw data after processing with Caesar for
Windows software (v. 1.0, B*Wise, Geleen, Nether
lands). The capil1ary was blown dry with nitrogen
on storage.

Liquid chromatography
Separations were carried out with a Model6000A

pump (Mil1ipore-Waters, Milford, MA, USA), set
at 0.6 mllmin, in combination with a Model
ISS-IOO automatic sample injector (25-/11 injection)
(Perkin Elmer, UberJingen, Germany). The column
(HPX-87H; BioRad Labs., Richmond, CA, USA)
was maintained at 30°C in an oven (CTO-2A; Shi
madzu, Kyoto, Japan). The eluent was 0.005 M sul
phuric acid, which was filtered prior to use. The
solutes were detected with an Lambda Max Model
481 UV detector (Millipore-Waters) operated at
254 or 280 nm. The chromatograms were integrated
with a Model SP4200 integrator (Spectra-Physics)
and quantification was based on peak heights.

Sample treatment
For CZE analysis, 100/11 (detection at 254 nm) or

1250 /11 (detection at 280 nm) of internal standard
solution were added to a weighed amount of rennet
whey (ca. 25 g) and the volume was made up to 50
ml with buffer A. This solution (10 ml) was diluted
to 25 ml with buffer B. For standard addition 3, 5
and 10 ml of standard solution were added before
the addition of buffer B. About 2 ml of the solution
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Fig. 1. Electropherogram of (I) hippuric, (2) sorbic and (3) orotic acid (a) in ultrafiltered rennet whey and (b) in a standard solution with
detection at (A) 254 and (B) 280 nm. Buffer, AMPD-BICINE (pH 8.8)-0.04 M AMPD; voltage, 25 kV; detector side grounded.
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obtained were ultrafiltered (LGC, modified cellu
lose, MW cut-off 10 000; Millipore). The first few
drops were discarded and about 1 ml was collected
for CZE analysis. About 30 Jil of this solution were
placed in a micro-insert vial.

For HPLC analysis, about 12.5 g of a weighed
amount of rennet whey was diluted to 25 ml with 1
M perchloric acid and after standing for 1 h, 4 ml of
this solution were filtered (MillexSLGV, Millipore,
Molsheim, France) and the filtrate was used for
analysis.

RESULTS AND DISCUSSION

Several buffers were investigated for the separa
tion of hippuric and orotic acid in whey. In general
we considered only so-called "super buffers", with
good anion and cation buffering capacity and low
conductivity. With detection at 214 nm there were
in many instances interferences between matrix
components and the peaks of the acids to be deter
mined. In general, with most buffers satisfactory re
sults were obtained when use was made of detection
at 254 or 280 nm. An AMPD-BICINE (0.04 M, pH
8·.8) buffer was ch~sen for further experiments on
quantification. Sorbic acid proved to be a suitable
internal standard, taking into account its migration
position and its UV absorption at 254 and 280 nm

TABLE I

RELATIVE STANDARD DEVIATIONS OF THE RE
SPONSE FACTORS, BASED ON PEAK AREAS, OB
TAINED AFTER FIVE CALIBRATIONS OF HIPPURIC
ACID AND OROTIC ACID AT DETECTION WAVE
LENGTHS OF 254 nm AND 280 nm, CALCULATED WITH
AND WITHOUT THE INTERNAL STANDARD

Detection Internal/ Relative standard deviation
wavelength external (n=5) (%)
(nm) standard"

Hippuric acid Orotic acid

254 I.S. 0.51 0.21
254 E.S. 6.8 6.8
280 I.S. 0.39
280 E.S. 1.9

" I.S. = calculated with internal standard (sorbic acid); E.S. =

calculated without internal standard.

(Fig. 1). The HPLC separation is shown in Fig. 2
for the standards and whey.

The relative standard deviation (R.S.D.) of the
response factors obtained with the calibration sam
ple is given in Table 1. At 280 nm the UV absorp
tion of hippuric acid is negligible, so no response
factors were obtained. A comparison of the results
obtained for the external standard method with
those for the internal standard method reveals that
the precision of injection is sometimes poor. Errors

Time (min)

Fig. 2. Chromatogram of (I) hippuric and (2) orotic acid (a) in
rennet whey and (b) in a standard solution. Column, HPX-87H
at 30T; eluent, 0.005 M sulphuric acid; flow-rate, 0.6 ml/min;
detection at 254 nm.
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TABLE II

95% CONFIDENCE LIMITS FOR PREDICTED ANALYTE CONTENTS AT MEAN AREA COUNTS CORRESPONDING
TO THE LOWER, MIDDLE AND UPPER PARTS OF THE CONCENTRATION RANGE USED FOR CALIBRATION

Ranges: hippuric acid, 2.85-28.5 Ilg/ml; orotic acid, 4.94-49.4 Ilg/ml.

Analyte

Hippuric acid
Orotic acid
Orotic acid

Detection
wavelength (nm)

254
254
280

95% Concentration limita

L M H L M H
(Ilg/ml) (Ilg/ml) (Ilg/ml) (%) (%) (%)

0.53 0.38 0.60 19 3.3 2.1
0.96 0.67 1.13 17 3.4 2.3
1.20 0.82 1.37 23 4.3 2.8

a L, M and H denote lower, middle and upper part of the calibration range, respectively. Calculations were performed with the
Program RRGRAPH (version 4.52, Stichting Reactor Research, Delft University Press, 1990).

due to evaporation of solvent were expected to be
small, because large volumes (4 ml) were used in the
sample vials.

Fig. 3 shows the calibration graphs obtained at
254 and 280 nm. For both acids good linearity was

observed. The offset, obtained after linear regres
sion, was in general significantly different from zero
but small. Calculations of the accuracy of the ana
lytical results by using the regression equation are
given in Table II. For the middle and higher parts of

TABLE III

AVERAGE RESULTS AND RELATIVE STANDARD DEVIATIONS FOR THE DETERMINATION OF HIPPURIC AND
OROTIC ACID IN RENNET WHEY (11= 5) OBTAINED BY CZE'IN COMBINATION WITH EXTERNAL, INTERNAL AND
STANDARD ADDITION QUANTIFICATION AND WITH HPLC AS A REFERENCE METHOD

Solute Quantificationa Concentration (mg/kg) R.S.D. (%)

Peak area Peak height Peak area Peak height

Hippuric acidb E.S. 23.1 38.3 11 11
I.S. 22.6 19.8 1.7 3.9
S.A.i. 22.4 25.1 3.8 15
S.A.m. 22.4 25.4 1.8 4.4
HPLC 22.0 1.7

Orotic acidb E.S. 75.5 111.6 10 5.8
I.S. 74.0 58.0 0.9 3.0
S.A.i. 74.3 172.3 2.4 23
S.A.m. 74.5 177.0 1.0 3.3
HPLC 74.9 Q.3

Orotic acid' E.S. 79.5 184.3 8.0 7.1
I.S. 74.0 91.8 2.0 2.7
S.A.i. 75.6 169.1 4.0 9.2
S.A.rn. 75.6 168.9 1.9 2.9
HPLC 74.6 0.3

a E.S. = external standard; I.S. = internal standard; S.A.i. = standard addition, calibrated by linear regression of the three concentra
tion levels for each sample; S.A.m. = standard addition, calibrated by linear regression of the average of three concentration levels of
the five samples analysed; HPLC, average result obtained after five determinations with an HPX-87H column.

b Detection at 254 nrn for CZE and HPLC.
, Detection at 280 nm for CZE and HPLC.
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the calibration line acceptable results were ob
tained. On the basis of these observations, in prac
tice one can obtain higher accuracy by using an av
erage calibration (e.g., n = 5) at a single concentra
tion level, comparable to that expected for the sam
ples. This approach was used in addition to stan
dard addition to determine the little components in
rennet whey.

The results obtained for rennet whey are given in
Table III. Measurement of peak areas, irrespective
of the method of quantification, in all instances
gave values that did not differ statistically signif
icantly (99% confidence) from those obtained with
HPLC. This means that both CZE and HPLC are
devoid of systematic errors in the determination of
hippuric and orotic acid in whey, because both tech
niques are based on entirely different principles.
Moreover, for orotic acid the results were obtained
at two different wavelengths, 254 and 280 nm. The
repeatabilities, expressed as relative standard devia
tions (R.S.D.), ranged from 0.9% to 2.0% for the
internal standard (I.S.) and the standard addition
method with averaged response factors (S.A.m.),
respectively. The external standard (E.S.) method
yielded a higher R.S.D. similar to that obtained
with the standards. For standard addition with cali
bration at three levels (S.A.i.), higher R.S.D. values
were obtained. In this instance the response factor
was calculated after three determinations, whereas
for the I.S. methods the average of five and for the
S.A.m. method the averages of five determinations
at three concentration levels were used.

Peak-height measurements gave erroneous re
sults, caused by sample matrix effects on the peak
width. These effects were different for each of the
acids, including sorbic acid (Fig. 1). An example is
the result obtained for orotic acid with the I.S.
method: at 254 nm 58 mg/kg and at 280 nm 92
mg/kg were obtained. The only difference in the
sample matrix is the concentration of the internal
standard sorbic acid, which is 12.5 times higher if
detection at 280 nm is used, compared with detec
tion at 254 nm. In general, one can conclude that
stacking of components occurs to a different extent
for each analyte and that it is highly dependent on
the sample matrix. Consequently, peak height is not
a good parameter for quantification, unless one can
rigorously control the sample matrix.
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Migration of the electrophoretic zones occurs
with different speeds, and consequently the peak
widths increase with increasing migration times.
Peaks areas can be normalized by division by their
migration times [8]. Differences between the migra
tion times of analytes in standards and in actual
samples are sometimes observed. A constant differ
ence for the migration times of the analytes in the
standard and in the sample indicates a deviation of
the electroosmotic flow during a short time (prob
ably due to sample matrix effects), after which it
regains its original value. In this instance normal
ization of peak areas is not allowed. If there is a
constant relative difference, however, then the elec
troosmotic flow during the whole separation is dif
ferent from its original value. Normalization of
peak areas is then allowed and might improve the
analytical precision.

We obtained R.S.D. values for the migration
times of the acids in the range 0.9-1.4%, which was
caused mainly by a gradual decrease in the migra
tion times. The differences between the migration
times of the analytes in the standard and in the sam
ple were smaller than 0.1 min. Application of nor
malized areas resulted in almost the same average
values and R.S.D.s for hippuric and orotic acid.

CONCLUSION

The determination of hippuric and orotic acid in
whey by CZE is almost ten times faster than with
HPLC. The repeatabilities are slightly lower
(R.S.D. 0.9-2%) than those with HPLC (R.S.D.
0.3-1.7%), provided that use is made of an internal
standard (sorbic acid). The levels found do not dif
fer significantly from those obtained by HPLC.
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Factors influencing the separation and quantitation of
intact glucosinolates and desulphoglucosinolates by
micellar electrokinetic capillary chromatography

S0ren Michaelsen, Peter M011er and Hilmer S0rensen
Chemistry Department, Royal Veterinary and Agricultural University, 40 Thorvaldsensvej, DK-1871 Frederiksberg C (Denmark)

ABSTRACT

Micellar electrokinetic capillary chromatography methods using cetyltrimethylammonium bromide as a surfactant have been devel
oped for the qualitative and quantitative determination ofintact glucosinolates and desulphoglucosinolates. The influence ofchanges in
separation conditions has been investigated. A great number of different intact glucosinolates and desulphoglucosinolates have been
used for the development of efficient separation conditions for the closely related, but structurally different, compounds. Repeatability
and linearity of the quantitative analyses have been evaluated, and critical parameters have been determined. Rapid and efficient
separations are possible for glucosinolates in crude extracts and for mixtures of glucosinolates isolated from seeds and the vegetative
parts of plants.

INTRODUCTION

Glucosinolates are plant products with well de
fined structures, and more than 100 glucosinolates
are known [I]. Glucosinolates and degradation
products of glucosinolates are of great importance
for the quality of food and feed based on glucosino
late-containing plants (e.g. oilseed rape, cabbage
and kale). High concentrations of these compounds
in food and feed results in antinutritive, toxic and
off-flavour effects [1,2]. This limits the possible use
of economically important crops such as oilseed
rape. To determine the glucosinolate content in feed,
food and the various plant species containing gluco
sinolates, there is a need for reliable, fast and in
expensive methods of analyses for individual gluco
sinolates.

Available methods for the determination of indi
vidual glucosinolates include gas chromatography
(GC) and high-performance liquid chromatogra-

Correspondence to: Dr. H. S0rensen, Chemistry Department,
Royal Veterinary and Agricultural University, 40 Thorvaldsens
vej, DK-1871 Frederiksberg C, Denmark.

phy (HPLC), where HPLC has several advantages
over GC [1,3]. However, HPLC methods suffer
from some disadvantages. Columns are expensive
and sensitive to sample impurities, the chemicals are
relatively expensive, the time of each analysis is typ
ically 50-60 min, and the peak capacity and resolu
tion obtainable are relatively low compared with
that of capillary electrophoresis. An inexpensive,
fast, simple and low detection limit method is there
fore required.

Since the introduction of micellar electrokinetic
capillary chromatography (MECC) by Terabe et al.
in 1984 [4], this technique has been developed into
very powerful and advantageous methods for the
separation of various charged and uncharged com
pounds [5-10]. Over 700000 theoretical plates per
metre of capillary have been obtained [8]. With the
experience gained from the use of ion-paired re
versed-phase HPLC for the determination of gluco
sinolates [1,11] it was decided to investigate the use
of MECC for the separation of glucosinolates.

The MECC method using cetyltrimethylammo
nium bromide (CTAB) has been introduced for the
separation of glucosinolates [12]. It allows efficient

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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separation of various intact glucosinolates in sam
ples obtained after a fast and simple purification
and concentration step or even in the crude extracts
of plants [12,13]. Furthermore, uncharged desul
phoglucosinolates and various phenolic compounds
can also be analysed by this technique [13,14].

This paper describes the aspects of qualitative
and quantitative determinations of intact glucosi
nolates and desulphoglucosinolates. This includes
the evaluation of the method by studying the influ
ences of different separation conditions on migra
tion times, peak areas, resolution, and the number
of theoretical plates obtained with a wide variety of
closely related but structurally different glucosino
lates. The migration order of various glucosinolates
is presented and discussed. Critical parameters for
the repeatability and linearity of the qualitative and
quantitative analyses have been determined. Fur
thermore, detection limits and sample solvent ef
fects, from crude extracts or isolated samples from
seeds and vegetative parts of plants, are described.

EXPERIMENTAL

Apparatus
Three different capillary electrophoresis instru

ments were used. The ABI Model 270A capillary
electrophoresis system (Applied Biosystems, Foster
City, CA, USA) was used with a 720 mm x 50 11m
J.D. fused-silica capillary and detection at 500 mm
from the injection end of the capillary. Data
processing was performed on a Shimadzu Chroma
topac C-R3A instrument (Kyoto, Japan). The Dio
nex capillary electrophoresis system I (Dionex, Sun
nyvale, CA, USA) was used with a 650 mm x 50
11m J.D. fused-silica capillary. The detection win
dow was 600 mm from injection end of the capil
lary, and data were processed by manufacturer-sup
plied software on an IBM PS/2 computer. The
Spectra PHORESIS 1000 System (Spectra-Physics,
San Jose, CA, USA) had a 690 mm x 50 11m J.D.
fused-silica capillary. The detection was at 620 mm
from the injection end of the capillary. Data were
processed with manufacturer-supplied software on
an IBM PS/2 computer.

Materials and reagents
Glucosinolates (potassium salts) from the collec

tion in this laboratory were used [1]. The com-

S. Michaelsen et al. I J. Chromatogr. 608 (1992) 363-374

pounds have been extracted from various plants
and isolated as intact glucosinolates or desulpho
glucosinolates [1]. Determination of glucosinolate
purity and identification have been based on paper
chromatography, high-voltage electrophoresis, UV
and NMR spectroscopy, and HPLC [1,15]. The ra
peseed used was Danish-grown single and double
low spring rape of different varieties (Gulliver, Cer
es, Global and Line). Isolation and purification of
intact glucosinolates were performed according to
Bjerg and S0rensen [16] and S0rensen [1].

Sodium tetraborate and sodium phosphate were
from Sigma (St. Louis, MO, USA). CTAB was
from BDH (Poole, UK). All chemicals were of ana
lytical-reagent grade.

Procedure
Buffer preparation for the CTAB system consist

ed of stock solutions of (1) sodium tetraborate (100
mM), (2) sodium phosphate (150 mM) and (3)
CTAB (100 mM). The run buffers were mixed from
these stock solutions, water was added to the desir
ed concentration, adjusted to pH 7.0, and filtered
through a 0.45-l1m membrane filter before use.

Buffers were changed manually on the ABI in
strument after various numbers of analyses. On the
Spectra-Physics instrument, buffers were changed
at the detection end of the capillary between each
analysis and after various numbers of analyses at
the injection end. On the Dionex instrument, buf
fers were changed at both ends of the capillary be
tween each analysis. Samples were introduced from
the cathodic end of the capillary. Sample injections
were carried out either by vacuum for 1 s (ABI) or
for 6 s (Spectra-Physics), or by a hydrodynamic
process at 150 mm for 25 s (Dionex). Separations
were performed at 20 kV with negative polarity at
the injection end unless stated otherwise. The tem
peratures were 30°C (ABI and Spectra-Physics) and
room temperature (Dionex) unless stated otherwise.
On-column UV detection was at 235 nm unless oth
er wavelengths are stated.

The columns were washed with buffer between
each analysis for 4-7 min. After various numbers of
analyses, the capillary was washed for 2-4 min with
1.0 and 0.1 M NaOH.
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Calculations
Migration times were calculated relative to a ref

erence glucosinolate in the mixture:

where RMT is the relative migration time, MT I is
the migration time of the actual glucosinolate, and
MT2 is the migration time of the reference glucosi
nolate for which RMT has a value of 1.

Peak areas were calculated relative to a reference
glucosinolate in the samplr:

RESULTS AND DISCUSSION

Separation conditions
A systematic investigation of the influence of pa

rameter changes on MT, RMT, NA, Rs and effi
ciency expressed as N have been carried out. The
initial parameters used on the ABI instrument were
a running buffer consisting of 18 mM borate, 30
mM phosphate and 50 mM CTAB adjusted to pH
7.0, a temperature of 30°C and the voltage set at 20

The names and structures of the glucosinolates
used in this study are presented in Fig. 1, together
with numbers used in the other figures and tables.
Differences between glucosinolates are due to the
various types and sizes ofR-groups as well as to the
numerous substituents on the R-groups and the glu
cose moiety. More than 100 naturally occurring
glucosinolates exist, but most often only a few are
quantitatively dominate in the single plant species
of the various glucosinolate-containing plants [1].

Preliminary high-performance capillary electro
phoresis experiments were performed with buffers
containing various concentrations of phosphate
and borate as well as sodium dodecylsulphate. The
separations obtained with the glucosinolates inves
tigated were not acceptable, and changes of temper
ature and voltage did not improve the separations
sufficiently in relation to expectations. The tech
nique based on CTAB was attractive because of the
possibility of both hydrophobic and ion-pairing in
teractions with glucosinolates [1,3,11].

The MECC separation using CTAB is based on
the hydrophobic and ion-pairing interaction of the
negatively charged glucosinolates and the positively
charged CTAB micelles and the CTAB-coated cap
illary wall. This results in differential partitioning of
glucosinolates in the CTAB phase in a similar way
to that described for the reversed-phase HPLC
method [1,3]. The electrophoretic mobility of the
negatively charged glucosinolates pulls them to
wards the anode with electro-osmotic flow increas
ing their speed and CTAB retarding them, because
the positively charged micelles move towards the
cathode. Separations of glucosinolates can, apart
from changes in voltage and temperature [12,13],
also be altered by changing the composition of the
running buffer (detergent, electrolyte and pH) and
various other parameters.

(4)

(1)

(2)

NA = A/MT

where RA is the relative peak area, Al is the mea
sured peak area of the actual glucosinolate and A z
is the measured peak area of the reference glucosi
nolate for which RA has a value of 1.

Correct quantitation of compounds by capillary
electrophoresis also involves correction of the ob
tained peak areas by multiplying by peak velocity
[17,18]:

VA = AI/MT (3)

where VA is the velocity-corrected peak area, A is
the measured peak area, I is the length of the capil
lary to detector, and MT is the migration time of
the glucosinolate. If the capillaries have identical
lengths between analyses, then the multiplication by
I in eqn. 3 can be omitted [18] to obtain eqn. 4 for
normalized peak area, NA:

The number of theoretical plates (N) [19] was cal
culated as:
N = l6(MT/w)Z = 5.54 (MT/w I/2 )2 (5)

where N is the number of theoretical plates, W
I/Z is

the peak width at half-height, and w is the peak
width at baseline.

Resolution (Rs) [20] was calculated as:

Rs = 2 (MT z - MTd/1.699 (wi lZ + W!/2) (6)

where MTI and MT2 are the migration times of
compounds 1 and 2, wilz and w!/Z are their corre
sponding peak widths at half-height, and w = 1.699
• W I/Z •

Repeatabilities were estimated from the means
and relative standard deviations (R.S.D.). The line
arity of the method was determined from linear re
gression analyses based on least-squares estimates.
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Fig. 3. Influence of CTAB concentration on migration times of
glucosinolates. Numbers as in Fig. I. Other separation condi
tions as in Fig. 2.

Fig. 2. Electropherogram of the mixture of glucosinolates used in
the optimization studies. Numbers as in Fig. I. Conditions: buff
er of 18 mM borate, 30 mM phosphate and 50 mM CTAB ad
justed to pH 7.0; temperature 30"C; voltage 20 kV; total length of
capillary 720 mm and length from injection end to detector 500
mm; detection wavelength 235 nm. Vacuum injection for I s.

kV. The total length of the capillary was 720 mm
and the length from the injection end to the detector
was 500 mm. The electropherogram in Fig. 2 shows
the glucosinolates used for these experiments to
gether with their migration order.

Values of MT generally increased with CTAB
concentrations from 10 to 40 mM, whereas small
reductions in MT values were seen when moving
from 40 to 50 mM (Fig. 3). RMT values with gluco
sinolate 1 as the reference compound decreased on
ly for glucosinolates 10, 16 and 17. NA values for
glucosinolates 10, 5, 1 and 2 were almost unaffect
ed, whereas a reduction in NA values was observed
for glucosinolates 16 and 17 when moving from 20
to 40 mM CTAB. NA values for these glucosino
lates increased again from 40 to 50 mM CTAB (Fig.
4). Rs and N values were highest when the buffer
contained 50 mM CTAB, therefore this concentra
tion was chosen for further study.

An increase in MT values of the more hydropho
bic glucosinolates with increasing CTAB concentra
tion is anticipated due to increasing the phase ratio,
i.e., the ratio of the volume of the micellar phase to

that of the aqueous phase, and may be due to
changes in the magnitude of the electro-osmotic
flow. The decreases in the MT values of especially
the more hydrophobic glucosinolates when increas
ing the CTAB concentration from 40 to 50 mM
may indicate an increase in the temperature of the
electrolyte in the capillary [21,22] or perhaps less
interaction between the CTAB micelles and glucosi
nolates, which is probably caused by types of
CTAB aggregates other than spherical micelles [23].
In all parameters investigated here, the most pro
found changes were seen when increasing the
CTAB concentration from 40 to 50 mM, showing

60 r-------~--------_,

60

40

30

20 f----_,---,----,---,__-_,----1
o ro w ~ ~ ~ 00

CTAB concentration (mM)

Fig. 4. Influence of CTAB concentration on normalized peak
areas of glucosinolates. Numbers as in Fig. I. Other separation
conditions as in Fig. 2.
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glucosinolates (Fig. 5). Increased current, due to
higher electrolyte concentrations, will increase the
temperature in the capillary and thereby reduce the
migration times due to the lower viscosity of the
buffer. This was not seen for the more hydrophobic
glucosinolates. Finally, increased electrolyte con
centrations in buffers containing anionic or cationic
detergents may lead to an increase in the aggrega
tion number of micelles and a decrease in the crit
ical micelle concentration [23,25]. The same effects
seem to be obtained by increasing the CTAB con
centration as seen in Fig. 3. The observed behaviour
of the glucosinolates is most probably a result of a
combination of these effects. From the electrophe
rograms it was seen that the large reductions in NA
values for glucosinolates 16 and 17 were a result of
reductions in peak height, rather than peak width.
A possible explanation could be decreasing re
sponse factors (peak area/glucosinolate concentra
tion) at high electrolyte concentrations for these
aromatic glucosinolates. Response factors of gluco
sinolates vary in HPLC according to the glucosino
late and separation conditions [3,26], and the molar
extinction coefficients vary from glucosinolate to
glucosinolate [I]. Changes in response factors could
also explain the variations seen in NA values when
increasing the detergent concentration.

Altogether, no single effect can explain the
changes observed; however, with the highest elec
trolyte concentration high Rs and N values were
found, therefore a concentration of 48 mM was

25 40
Electrolyte concentration (mM)

Fig. 6. Influence of electrolyte concentration (borate/phosphate
in a ratio of 3:5) on nonnalized peak areas of glucosinolates.
Numbers as in Fig. I. Other separation conditions as in Fig. 2.

~

~17

900 ~ 16(J)
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~ __ 2
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------------....,
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,,--------"'~ 1bD..... 500 • • ----- .::g --115

~10
300

10 25 40 55
Electrolyte concentration (mM)

1100,-----------------,

Fig. 5. Influence of electrolyte concentration (borate/phosphate
in a ratio of 3:5) on migration times of glucosinolates. Numbers
as in Fig. I. Other separation conditions as in Fig. 2.

the absence of a linear response to the higher num
ber of micelles in the buffer. The influence on NA
values also indicates altered separation conditions
for the hydrophobic glucosinolates. Based on these
findings, it is important to note that a quantitative
determination of especially the more hydrophobic
glucosinolates obtained with one CTAB concentra
tion cannot be compared with results obtained with
another CTAB concentration.

Increasing the electrolyte concentration from 16
to 48 mM borate plus phosphate (in a ratio of 3:5)
did not affect the MT and RMT values of the more
hydrophilic glucosinolates 1, 5 and 10, whereas the
values increased for the more hydrophobic glucosi
nolates 2, 16 and 17 (Fig. 5). Only NA values of
glucosinolates 16 and 17 were affected and de
creased considerably when moving from 32 to 40
mM of the electrolytes (Fig. 6). R s values were high
and constant at all electrolyte concentrations for
the two fastest migrating glucosinolates 10 and 5,
whereas for the other glucosinolates the Rs values
increased considerably with increasing electrolyte
concentration. With increasing electrolyte concen
tration, N values decreased for glucosinolate 10, in
creased for 5, 1 and 2, and were unaffected for 16
and 17.

It has been reported that electro-osmotic flow de
creases with increasing electrolyte concentration
[24]. This phenomena is further discussed by Bjerge
gaard et al. [14]. However, this cannot explain the
observed migration times of the more hydrophilic
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fects were taking place. An acceptable set of sep
aration parameters was obtained using a voltage of
20 kV.

As mentioned in the previous discussion of
changes in normalized peak areas, a general tem
perature increase in the capillary due to increased
heat produced as a result of higher CTAB concen
trations, electrolyte concentrations or voltage ap
plied could explain the similar changes seen in NA
values for the hydrophobic glucosinolates. The in
crease in temperature can be very significant [29],
and it might result in other forms of micelles or
changes in the interactions between glucosinolates
and micelles.

Increasing the temperature from 25 to 45"C gave
reduced migration times and had no effect on the
RMT, R s or N values. NA values increased, which
again suggests changes in the response factors of
glucosinolates and higher injection volume under
the applied MECC conditions. These changes in
NA values indicate that temperature changes within
the capillary are smaller here than the changes ob
tained by increasing the electrolyte or CTAB con
centrations or voltage. A temperature of 30°C was
chosen for the separation of glucosinolates as it re
sulted in an acceptable total analysis time.

N values determined with the chosen separation
conditions for the glucosinolates 10, 5, 1, 2, 16 and
17 were 566 000,506000,296000, ?-50 000, 328 000
and 240000, respectively, of theoretical plates per
metre of capillary. R s values for the glucosinolates

50,------------------,

Fig. 8. Influence of applied voltage on normalized peak areas '~f

glucosinolates. Numbers as in Fig. I. Other separation condi
tions as in Fig. 2.

8.587.56.56
20 r---,-----.----r---,-----,----1

5.5

chosen. A high electrolyte concentration in the buff
er also improves the stacking conditions of sample
molecules.

Changing the pH from 6.0 to 8.0 in the separa
tion buffer had relatively little effect on the separa
tion parameters except for NA values. MT values
increased slightly, and RMT values decreased
slightly, probably because of decreasing electro-os
motic flow with increasing pH [27]. Changes in NA
values with pH (Fig. 7) were a result of larger peak
heights and not wider peaks, indicating that band
broadening effects are not involved. The fact that
the observed NA values increased for the same
amount of glucosinolate at different pH values
again suggests that the actual MECC response fac
tors also change with pH. A pH of 7.0 was chosen
because of slightly higher values of R s and N at this
pH value.

Increasing the voltage from 15 to 26 kV reduced
the migration times and had no effect on RMT and
R s values. Only the Nvalues determined for the two
fastest migrating glucosinolates were affected. NA
values for the more hydrophobic glucosinolates de
creased markedly at voltages above 20 kV (Fig. 8).
The reductions were a result of both lower peak
heights and narrower peaks. According to Jorgen
son and Lukacs [19], N would be expected to in
crease with increasing voltage, whereas the increase
in temperature in the capillary will decrease N due
to additional band broadening [28]. No clear effect
on N was observed here, probably because both ef-

7
pH

Fig. 7. Influence of buffer pH on normalized peak areas of gluco
sinolates. Numbers as in Fig. I. Other separation conditions as
in Fig. 2.
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10-5, 5-1, 1-2, 2-16 and 16-17 were 35.8, 12.1,
22.1, 21.6 and 10.1, respectively, under the chosen
separation conditions.

Separation conditions have large influences on
MT, RMT, NA, Rs and N values as seen from the
previously described results. The mixture of gluco
sinolates tested represents a wide variation of struc
turally different glucosinolates, and the recommen
dations shown for separation conditions are based
on these glucosinolates. However, no single set of
separation conditions can be used to separate all
known glucosinolates, but changes in separation
conditions can alter the absolute and relative migra
tion times of glucosinolates. This gives the possibil
ity of separating the actual glucosinolates found in
various plant species. Once the conditions are se
lected, response factors of the different glucosino-
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lates have to be determined for that set of condi
tions to use the method quantitatively. This is being
undertaken now in this laboratory.

Repeatability
Determination of the repeatabilities of MT,

RMT, NA and relative normalized peak area
(RNA) values included experiments with all three
capillary electrophoresis instruments. Selected re
sults are shown in Table I and Fig. 9. The Dionex
and Spectra-Physics instruments performed very
well with respect to repeatabilities, whereas the ABI
instrument yielded less reproducible results in the
first test. When the buffer and sample were changed
between each analysis, the repeatabilities improved
considerably on the ABI instrument, as it is seen in
test 2 (Table I). The unsatisfactory repeatabilities in

TABLE I

RELATIVE STANDARD DEVIATIONS (R.S.D.) OF MIGRATION TIMES (MT), RELATIVE MIGRATION TIMES (RMT),
NORMALIZED PEAK AREAS (NA) AND RELATIVE NORMALIZED PEAK AREAS (RNA) FOR GLUCOSINOLATES

Conditions: ABI, vacuum injection for I s; Dionex, hydrodynamic injection for 25 s; Spectra-Physics, vacuum injection for 6 s. Other
separation conditions as in Fig. 2. Numbers in bold are glucosinolate numbers (see Fig. 1).

Instrument Relative standard deviation

Dionex (n = 5)
MT
RMTa

Spectra-Physics (n = 14)
MT
RMTa
NA

ABI test] (n = ]6)
NA

ABI test 2 (n = 9)
MT
RMTa

NA
RNA"

a Relative to gluconapin (2).

10 5

0.44 0.52
0.22 0.16

10 5

1.14 1.34
0.51 0.37
0.97 0.82

10 11

3.25 8.46

10 5

2.38 2.51
0.28 0.18
2.11 1.60
2.23 1.58

0.56
0.09

1

1.38
0.26
0.90

12

7.64

2.50
0.10
1.91
1.45

2 16 17

0.55 0.50 0.57
0.10 0.14

2 18 16 17

1.41 1.40 1.43 1.51
0.32 0.41 0.67

1.22 1.21 1.93 2.43

14 5 2 30 18

1.99 1.71 8.57 8.63 9.01

2 18 16 17

2.51 2.54 2.50 2.46
0.08 0.11 0.19

2.61 1.76 1.82 1.51
1.33 1.48 1.55
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Fig. II. Separation of eleven glucosinolates in one sample. Sep
aration conditions as in Fig. 2. Numbers as in Fig. 1.

22

Fig. 10. Migration order of glucosinolates under standard sep
aration conditions (see Fig. 2). Numbers as in Fig. I. The aste
risk refers to samples of Brassica napus seed.

18 31/32 3 16/26 22/21 17 23 24 27* 35/33 last

First 10 11113 12 28 14/29 4 5 6* 1 2 30 20

ues and peak areas. R.S.D. values for RNA of be
tween 0.8 and 2.2% were generally obtained using
internal standards, showing that repeatabilities can
be very high.

Migration order
The migration order of 28 glucosinolates was de

termined from MECC analyses of single glucosino
lates and various glucosinolate mixtures (Fig. 10).
An example of an effective separation of glucosino
lates within 15 min from a mixture containing elev
en different glucosinolates is seen in Fig. 11. It ap
pears that the relatively small differences in the
structure of these glucosinolates is sufficient to ob
tain complete separation. Desulphoglucosinolates
(no charge) migrated with a higher velocity than
intact glucosinolates (Fig. 12). This indicates that
ion-pairing with CTAB is of greater importance
than the electrophoretic mobility of the negatively
charged intact glucosinolates and the hydrophobic

16

o-o-o--o-o-o-o-o-o-o-o-o--Q-{J 10
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_'I'-.y-.-y~-.y 17
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600

Z

30
0 4 6 12

Analysis number

Fig. 9. Repeatability of normalized peak areas determined from
fourteen analyses performed on the Spectra-Physics instrument.
Vacuum injection for 6 s, other separation conditions as in Fig.
2. Numbers as in Fig. I.

test 1 were caused by a combination of buffer deple
tion, running many analyses with the same buffer,
and evaporation from sample vials during the test.

No anti-evaporation septa were used on the sam
ple vials in any of the instruments, but the design of
the instruments probably resulted in larger prob
lems with evaporation from sample vials on the
ABJ 270A instrument due to the placement of the
autosampler just under the chamber for temper
ature control of the capillary and fan. Evaporation
from sample vials was determined in two tests at a
temperature of 30°C and using four vials containing
glucosinolates in a volume of 250 J11 at the begin
ning. The evaporation from the eight samples was
determined to be 1.10-1.16% per hour. The values
were obtained from the weight loss in the vials and
quantitative UV measurements of glucosinolates in
vials after 13 h. The introduction of the new ABI
Model 270-A-MT with several buffer vials and sep
ta for sample vials has probably reduced problems
with buffer depletion and evaporation from samples
when analysing many samples in a series.

R.S.D. values of similar size to the values ob
tained here have been reported for the peak areas of
cinnamic acid and cinnamic acid analogues [27],
and for migration times of various phenols [30]. As
seen in Table I, the repeatability expressed as
R.S.D. values was reduced considerably when
RMT, NA and RNA [calculated relative to glucosi
nolate (2)] values were used compared with MT'val-
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16

20

2 18

Linearity
The linearity of the method was determined from

several tests as the correlation between increasing
concentrations of different glucosinolates and the
corresponding NA values. The results from one test
made on the ABI instrument and one made on the
Dionex instrument are shown in Table II. Correla
tion coefficients for the different glucosinolates were
between 0.9723 and 0.9960 with only small differ
ences between the results obtained from the two in
struments. The tests were made without an internal
standard, which probably would have increased the
correlation coefficients [30]. However, the obtained
correlation coefficients show that this MECC meth
od gives linear increases in NA values with increas
ing concentrations of glucosinolates in the samples.
The method can therefore be used to quantitate glu
cosinolates using internal standards once the cor
rect response factors have been determined.

glucosinolates and no steric hindrance of solubil
ization. The differences in migration order of 17
compared with 18 and 30 were probably caused by
the higher hydrophobicity of the glucosinolate
without the hydroxygroup. Sinapoyl- (33) and iso
feroyl- (35) derivatives had very high solubilities in
micelles as found for reversed-phase HPLC [16].
The importance of ion-pairing for the separation of
charged molecules by MECC has also been demon
strated by Nishi et al. [8] in the separation of water
soluble vitamins.

MT and RMT values were found to change as a
result of buffer depletion and the state of the capil
lary. Identification of glucosinolates from RMT
values should therefore be carried out with care,
and identification should only be performed using
standards containing one or more of the glucosino
lates present in the actual samples and analysed in
the same series of analyses as the samples in ques
tion. Furthermore, knowledge of the types of gluco
sinolates found in the actual plant material and
plant species is required. As a result of differences in
the number of chromophores and consequently the
UV spectra of the various glucosinolates [1], it will
be advantageous to use fast-scanning absorption
detection for the identification of glucosinolates.
Wernly and Thormann [32] demonstrated the ad
vantages in identifying various drugs and their me
tabolites using fast-scanning absorption detection.

,
26.7 min

i

2013.3

18*

6.7

20*

interaction of R-groups in desulphoglucosinolates
with CTAB. Furthermore, the desulphoglucosino
lates of 18 and 20 changed migration order com
pared with that of the intact glucosinolates.

The selective retention of solutes in MECC arises
from differences in the partitioning of solutes be
tween the micellar and aqueous phases. Partitioning
requires solubilization by the micelles through sur
face interactions or through penetration of the sol
ute into the micelle core [31]. Solubilization of
charged solutes in the micelles seems to require net
neutral ion-pairs [1,11], and solubilization may take
place simultaneously or after ion-pair formation.
Many complex equilibria can occur and this makes
the elucidation of the solubilization mechanism dif
ficult [31].

The behaviour of intact glucosinolates and des
ulphoglucosinolates was in agreement with the im
portance of ion-pair formation. Futhermore, the
hydrophobicity of the R-group as well as steric hin
drances because of the size of the R-group will influ
ence the solubilization by micelles. The epimers 4
and 5 as well as 18 and 30 separated well, which is
probably caused by differences in the steric hin
drance of solubilization inside micelles. The migra
tion order of glucosinolates in homologous series
such as 10-11-12, 5-6, 1-2 and 16-17 showed high
er hydrophobicity with longer side-chains of the

Fig. 12. Electropherogram of intact glucosinolates and desul
phoglLicosinolates analysed on the ABI instrument. Conditions:
voltage, 16 kV; temperature, 25"C; detection wavelenght, 230
nm. Other separation conditions as in Fig. 2. Numbers as in Fig.
I. The numbers with the asterisk refer to the desulphoglucosino
lates.
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TABLE II

LINEARITY TESTS USING ABI AND DIONEX INSTRU
MENTS

Correlation coefficients (r2
) from linear regression analyses by

the least-squares method of normalized areas (NA) for various
concentrations of glucosinolates. Conditions as in Table I and
Fig. 2.

10 0.146-0.488 0.9960 0.052-0.260 0.9776
5 0.119-0.396 0.9941 0.042-0.211 0.9972
I 0.169-0.566 0.9935 0.060-0.302 0.9784
2 0.160-0.533 0.9864 0.057-0.285 0.9819

16 O. I98-0.660 0.9746 0.070-0.352 0.9897
17 0.337-1.123 0.9723 O. I07-0.533 0.9882

Sample solvent effects
The isolation and purification of glucosinolates

before HPLC analyses involve crude extracts of
plant material containing up to 70% methanol [3].
Group separation of compounds in crude extracts
on QMA columns described elsewhere [1] results in
QMA eluates containing 50% acetonitrile, 50 mM
hydrogencarbonate and 50 mM chloride [1,3]. Di
rect MECC analyses of QMA eluates gave very
poor separations of glucosinolates. However, dilut
ing 1:3 with water, or evaporating the solvent and
redissolving in water to the same concentration,

In conclusion, the described MECC method gives
fast and reliable determinations of glucosinolates. It
is easy and fast to change the separation conditions
to separate actual glucosinolates in samples from
various plants. MECC analyses are inexpensive
compared with HPLC analyses because of the re
agents and small amounts used. The capillary is
much less sensitive to impurities in samples than
HPLC columns, and the capillaries are inexpensive
compared with HPLC columns. Crude extracts of
glucosinolates can be analysed directly. If relative
migration times and normalized peak areas are
used, then the repeatability and linearity of the
method are good. This gives the possibility of quan-

solved the problems, showing that the high concen
trations of acetonitrile in QMA eluates interfered
with the CTAB micelles in spite of the low volume
injected. The solvent in crude extracts also inter
fered with the CTAB micelles, and a dilution of 1:3
with water solved the problem. Evaporating solvent
from QMA eluates and redissolving in water to the
same concentration did not solve separation prob
lems completely, whereas a further dilution of 1: 1
with water did. This showed that both the solvent
and high concentrations of compounds in crude ex
tracts caused the problems seen in MECC analyses.
From these results it appears that samples contain
ing concentrations of up to 12.5% acetonitrile or up
to 12-17% methanol in QMA eluates and crude
extracts of glucosinolates, respectively, will not af
fect the separation of glucosinolates.

Many interfering compounds are seen in the elec
tropherograms of crude extracts. However, crude
extracts can, with caution, be used to identify gluco
sinolates present in samples. For screening purpos
es in plant breeding, this may in some instances be
sufficient, and certainly more informative, than us
ing total determinations of glucosinolates. Increas
ing the voltage or temperature will decrease migra
tion times and make faster analyses possible.

After the group separation of plant extracts, both
glucosinolates and aromatic carboxylic acids can be
present in the same fractions [12]. It is possible by
the method presented here to separate glucosino
lates and aromatic carboxylic acids present in the
same sample [12,13].

CONCLUSIONS

Dionex (n = 5)

Concentration r2

range (mM)
Concentration r2

range (mM)

Gluco- ABI (n = 7)
sinolate

Detection limits
Approximate detection limits have been deter

mined from a signal-to-noise ratio of 2: I using vari
ous dilutions of glucosinolate samples containing
glucosinolate 1, 2, 4, 13, 22 and 23. The detection
limits found here correspond to the conditions ap
plied, which were a I-s sample injection into a 720
mm-Iong capillary with an internal diameter of 50
pm. Detection limits were between 3 and 8 pM of
each glucosinolate in the sample. According to Har
baugh et al. [33] and Vinther [34], the injected vol
ume should be 4.6 nl assuming a viscosity in the
electrolyte and sample identical to water and with a
capillary temperature of 30°C. This results in detec
tion limits between 15 and 40 fmol for each of the
glucosinolates or approximately 10 pg of glucosino
late, depending on the molecular weight.
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titative determinations of glucosinolates from
MECC analyses when the response factors have
been determined. Critical parameters to repeatabil
ity and linearity are evaporation from samples, de
pletion of buffers and the state of the capillary. Pre
cautions must be taken to avoid evaporation from
the samples, and the buffers must be changed often,
preferably between each analysis. The capillary
must be washed with sodium hydroxide solution
when migration times change too much between
consecutive analyses, or as a daily routine. The
peak capacity of the method is very high and can
exceed 600 000 plates/m of capillary compared with
typically no more than 50 000 plates/m of column
in HPLC analyses of glucosinolates.
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ABSTRACT

The potential of high-performance capillary electrophoresis for the resolution of alkylaromatic suiphonates was investigated. The
operating conditions in capillary zone electrophoresis and in micellar electrokinetic chromatography were optimized on a mixture of
model molecules synthesized in the laboratory. The two methods appear to be complementary. Capillary zone electrophoresis allows
not only an efficient sorting out according to the number of the sulphonic groups, but also allows, using an organic solvent (aceto
nitrile), a better resolution in unit time of the structural homologues of the alkylbenzene sulphonates than micellar electrokinetic
chromatography. On the other hand, the latter method permits the separation of alkylbenzene sulphonate isomers\

INTRODUCTION

In chemical enhanced oil recovery methods such
as surfactant flooding and steam foam soaks or
drives, surfactants are used to achieve low interfa
cial tension or to make a viscous foam, respectively.
The design of these processes requires a detailed
study of the selection and performance of the sur
factants. The surfactants usually used for these pur
poses are sodium alkyl aryl sulphonates made by
sulphonation of a refinery stream [1]. These prod
ucts consist of a mixture of homologuous series,
each homologue containing isomers. Moreover, a
careful design of the surfactant system is required to

Correspondence to: Dr. P. L. Desbene, UA 455, Universite de
Rouen, LASOC, Institut Universitaire de Technologie, 43 Rue
Saint Germain, 27000 Evreux, France.

tailor is composition to the characteristics of the
reservoir in which it is to be applied. Hence a de
tailed analysis of these complex matrices appears to
be essential. Linear alkylbenzene sulphonates
(LAS) are anionic surfactants widely used in de
tergent formulations. Commercial LAS materials
are mixtures of various alkyl homologues (which
may vary from C9 to C24) and of phenyl positional
isomers [2]. Analytical methods for alkylbenzene
sulphonates have therefore received considerable
attention. The determination of the alkyl chain dis
tribution of LAS was first carried out by gas chro
matography (GC). This method, however, requires
the conversion of the LAS into their volatile deriv
atives before analysis. Desulphonation with acids
[3-6], alkali fusion [7], sulphochlorination [8], meth
ylation [9], reduction [10], pyrolysis-GC (11] and
acid pyrolysis-GC (12,13] are well known derivati-

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers RV. All rights reserved
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zation methods prior to Gc. However, high-per
formance liquid chromatography (HPLC) is cur
rently the most suitable method for the determina
tion of the alkyl chain distribution of LAS, because
it does not require the conversion of the LAS into
volatile derivatives. LAS have been analysed using
reversed-phase chromatography on stationary
phases such as C18 [14,15], C8 [15] and C1 [16], with
mobile phases consisting of an aqueous solution of
sodium perchlorate, the organic cosolvent being
methanol [14], tetrahydrofuran [16] or acetonitrile
[14,15]. Mixtures of LAS have also been studied us
ing either ionic suppression [17] [on poly(styrene
divinylbenzene)phases] or ion-pair chromatogra
phy (with stationary phases of the C8 [18] or C18

[1,19] type and using the cetrimide or the tetrabutyl
ammonium cation as derivatization reagent).

Some of these techniques, e.g. reversed-phase
chromatography (with a C18 stationary phase aI)d a
sodium perchlorate mobile phase) coupled with flu
orimetric detection in particular, have allowed in
recent years the study of the LAS in aqueous envi
ronmental samples [20] and in waste waters [21].
However, the application of these techniques to
mixtures of alkylbenzene sulphonates resulting
from the sulphonation of petroleum streams, such
as WITCO TRS 10-80, appears to be disappointing
[19]. Also, ion-exchange chromatography does not
allow the resolution of complex industrial mixtures,
only into mono-, di- and trisulphonates. No resolu
tion, even partial, is possible with such broad cate
gories of products [22]. In this context, we decided
to evaluate the potental of high-performance capil
lary electrophoresis for the resolution of such mix
tures. Taking into account the structures of the
products to be analysed, we proceeded with the op
timization of the operating conditions on model
molecules using either capillary zone electrophore
sis (CZE) or micellar electrokinetic chromatogra
phy (MEKC).

EXPERIMENTAL

Reagents
Butanol, which was used for the desalting of

WITCO TRS 10-80 (WITCO, St. Pierre Ies Elbeuf,
France), chloroform and methanol, used for its de
waxing, and nitrobenzene and chlorosulphonic
acid, used for the suiphonation reaction, were of

P. L. Desbime et at. I J. Chromatogr. 608 (1992) 375-383

analytical-reagent grade from Merck (Darmstadt,
Germany). n-Cr C12-alkylbenzenes and n-, iso-,
sec.- and tert.-butylbenzene were of analytical-re
agent grade from Aldrich (Strasbourg, France). For
analyses by ion-exchange chromatography or high
performance capillary electrophoresis, the metha
nol and acetonitrile solvents were of RS HPLC
grade from Fisons (Rueil-Malmaison, France). The
water used for the preparation of the different buf
fers was systematically purified by reversed osmosis
and filtration using a Milli-Ro + Milli-Q system
(Millipore, Molsheim, France). The reagents need
ed for the buffers, i.e. sodium tetraborate, boric
acid, phosphoric acid and monobasic sodium phos
phate were of analytical reagent grade from Prola
bo (Paris, France). Sodium dodecyl sulphate (SDS),
used in micellar electrokinetic chromatography,
was of 99% purity from Sigma (La Verpilliere,
France).

Apparatus
1Hand 13C NMR spectra were recorded on an

AC 200 system (Bruker, Wissembourg, France).
Ion-exchange chromatography was carried out

on a PU 4003 chromatograph (Philips, Cambridge,
UK) with a 20-,u1 loop (Rheodyne, Cotati, CA,
USA), a PU 4020 detector (Philips) and a Partisil
SAX column (Whatman, Clifton, NJ, USA). The
signal from the detector was displayed on a Kipp &
Zonen (Delft, Netherlands) recorder.

High-performance capillary electrophoresis was
performed on a PlACE 2100 system (Beckman,
Fullerton, CA, USA), monitored by a PS/2 com
puter (IBM, Greenock, UK) using GOLD software
(Beckman). Data collection was performed with the
same software. The UV detector was set at 214 nm.
Injections were performed in the hydrodynamic
mode and the injection times were set at 1 or 2 s
depending on the sample. The fused-silica capillar
ies used were of length of 57 em and J.D. 50 or 75
,um.

The pH values of the buffers were systematically
verified before the analyses using a Beckman Model
<P pH meter.

Sulphonation of alkylaromatic compounds
The alkylaromatic compounds were sulphonated

using chlorosulphonic acid. The sulphonates were
then precipitated as potassium salts following a
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from the column with methanol. When the coloured
strip corresponding to the polyaromatic com
pounds had been totally eluted, the methanol solu
tion was vacuum concentrated, allowing the collec
tion of 3.48 g of sulphonated compounds.

RESULTS AND DISCUSSION

Fig. I. Analysis ofdewaxed WITCO TRS 10-80 by ion-exchange
liquid chromatography. Partisil SAX column (25 x 0.46 cm
I.D.), dp = 10 JLm; UV detection at 254 nm; flow-rate 0.8 ml/min;
injection, 20 JLI of a I % solution of WITCO TRS 10-80 in aceto
nitrile. Elution gradient: solvent A, water-methanol-acetonitrile
(1:1:1); solvent B, aqueous solution of dibasic sodium phos
phate-methanol-acetonitrile (1: 1: I).

As the ion-echange chromatography of the puri
fied WITCO TRS 10-80 indicated that this mixture
was constituted almost entirely of monosulphonat
ed compounds (Fig. 1), we then used monosulpho
nated alkylbenzenes (synthesized in our laboratory)
as model compounds. The model compounds were
linear alkylbenzene sulphonates with alkyl chain
lengths from C2 to C12, as the 1Hand l3C NMR
spectra did not show evidence of very long linear
chains, and all the butylbenzene sulphonate iso
mers, i.e., n-, iso-, sec.- and tert.-butylbenzene sul
phonates.

Taking into account the structure of the products
and the very high performance of capillary electro
phoresis, we first undertook the study of the beha
viour of these model mixtures using CZE.

Capillary zone electrophoresis of linear alkylbenzene
sulphonates

We used a borate-boric acid buffer at a fixed pH
of9 and studied the influence of the variation of the
ionic strength on the resolution of such a mixture.

protocol adapted from Janczewski and Szczeklik
[23] in order to fit the synthesis of small amounts of
raw materials and to avoid the problems due to the
very variable solubility of the sulphonated com
pounds depending on the alkyl chain length. In all
instances, stoichiometric amounts of chlorosul
phonic acid were added. The alkylaromatic com
pound was dissolved in nitrobenzene (10% solution
if the solubility allowed it). The solution was cooled
to 5°C and the chlorosulphonic acid was then added
dropwise over 30 min, keeping the temperature at
SOC. In cases of small amounts, it was better to di
lute the chlorosulphonic acid fivefold with nitro
benzene in order to allow a more regular addition.

The reaction medium was then kept at room tem
perature for 3 h. With relatively short substituents
(chain length < C12) a volume of water equal to
that of nitrobenzene was added. The solution was
then allowed to settle or, if an emulsion was formed,
was centrifuged. The organic phase was washed
again with the same volume of water. The two
aqueous phases were collected, washed with ben
zene and then neutralized with a 10% potassium
carbonate solution. Potassium chloride solution
(10%) was then added until the precipitation of the
potassium sulphonate was completed. The precip
itate was then filtered and dried. The raw product
was used without further purification (yield 75
85%).

With long alkyl chain compounds, the sulphonic
acid appeared to be insoluble in the water used for
its extraction. It was then necessary to neutralize
the organic phase directly with 10% potassium
carbonate solution with vigorous shaking, adding
10% potassium chloride solution if necessary.

Purification ~r WITCO TRS 10-80
Mineral salts of the raw sample were precipitated

using butanol. The desalted sample was then fil
tered and the butanol evaporated. At this stage of
the purification, it was necessary to remove the non
sulphonated fractions from this complex mixture,
almost all of which were alkanes. To do so, we used
adsorption liquid chromatography [200 ml of Li
Chrosorb silica (Merck) for 4 g of WITCO TRS
10-80]. The sample was dissolved in ca. 10 ml of
chloroform. This first fraction was eluted with chlo
roform and dried, allowing the collection of 0.46 g
of waxes. The sulphonated fraction was then eluted
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The capillary used was 57 cm x 75 J1m LD., allow
ing us to work using voltages from 15 to 30 kV,
depending on the buffer concentration. Three buffer
concentrations were studied, 6.25 . 10- 3 , 12.5 .
10 - 3 and 25 . 10 - 3 M. The electropherograms cor
responding to the analyses of this mixture of model
compounds under each of these operating condi
tions are shown in Fig. 2.

It appears that the optimum buffer concentra
tion, giving the best resolution in unit time, is 12.5 .
10- 3 M. At this concentration, all the alkylbenzene
sulphonates are fully separated except for the n-de
cyl- and n-dodecylbenzene sulphonate pair. This re
sult is explained by the fact that this concentration
still allows us to work with a high applied voltage
(30 kV) while the electroosmotic flow is already low
compared with that when the buffer concentration
is lower (6.25· 10- 3 M). On the other hand, with a
higher buffer concentration (25 . 10- 3 M), even if
the electroosmotic flow is then lower, the resolution
of the mixture is worse because, taking into account
the increased conductivity of the liquid medium, the
applied voltage must be lowered from 30 to 15 kV,
which means that the elution times will be much
longer and the peaks much broader owing the ther
mal agitation.

In order to resolve completely this mixture of
model alkylbenzene sulphonates and so to separate
the n-decyl- and n-dodecylbenzene sulphonates, we
studied the influence of the addition of an organic
solvent, acetonitrile in particular, on the electro
phoretic behaviour of the compounds. Adding an
organic solvent makes the liquid medium more
hydrophobic, and one can hope to modify the con
formations of the compounds and thus to modify
their relative electrophoretic mobilities. Acetonitrile
was chosen as the organic solvent because of its well
adapted characteristics: high dielectric constant, ly
pophilicity and good transmittance at low wave
lengths in the UV region. We therefore added aceto
nitrile in 5% steps, keeping the buffer pH at 9 and
its concentration at 12.5 . 10 - 3 M, corresponding to
the optimum ionic strength.

As the electroosmotic flow is systematically low
ered with the addition of acetonitrile, the evolution
of the elution times of the different LAS cannot be
directly translated into the evolution of their elec
trophoretic mobility. In order to visualize such an
evolution, we calculated the pseudo-capacity fac-
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Fig. 2. Electropherograms of LAS mixture obtained by CZE.
Fused-silica capillary (57 cm x 75 J1.m 1.0.); temperature, 30·C;
hydrodynamic injection, I s; detection, 214 nm; borate-boric
acid buffer (pH 9). (a) Buffer concentration 6.25 . 10- 3 M, ap
plied voltage 30 kV; (b) buffer concentration 12.5 . 10- 3 M,
applied voltage 30 kV; (c) buffer concentration 25 . 10- 3 M,
applied voltage 15 kV.
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Fig. 3. Influence of acetonitrile content in the liquid medium on
the electrophoretic mobility of the LAS constituting the model
mixture. Borate-boric acid buffer, 12.5' 10- 3 M (pH 9); fused
silica capillary (57 em x 50 J.lm I.D.), voltage, 30 kV; detection,
214 nm; hydrodynamic injection, 2 s. (a) Evolution of the pseu
do-capacity factors with the acetonitrile content for the nine
studied LAS; (b) evolution of the pseudo-capacity factors with
the nature of the considered LAS at different acetonitrile concen
trations.

tors of the different compounds analysed. The evo
lution of the pseudo-capacity factors of the nine
LAS studied as a function of the acetonitrile con
tent is shown in Fig. 3a.
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Fig. 4. Electropherogram of the LAS mixture using CZE with an
acetonitrile content of 30%. Other conditions as in Fig. 3.

379

It appears that the electrophoretic mobility of the
LAS is lowered on addition of acetonitrile, for each
compound. Nevertheless, the extent of this decrease
depends on the alkylbenzene sulphonate, as shown
in Fig. 3b. Moreover, the selectivity of the electro
phoretic system appears to be much more signif
icant when the liquid medium contains 30% of ace
tonitrile when it contains none.

With the addition of 30% of acetonitrile to the
liquid medium, the resolution of the nine alkylben
zene sulphonates is complete as shown on the elec
tropherogram in Fig. 4.

Capillary zone electrophoresis of butylbenzene sul
phonate isomers

The industrial mixture WITCO TRS 10-80
should also contain isomers of the linear alkylben
zene sulphonates, and we studied the separation of
the four butylbenzene sulphonate isomers as a mod
el.

As with the linear alkylbenzene sulphonates, we
first studied the effect of ionic strength on the reso
lution of this mixture. The concentration used were
6.25 . 10- 3 , 12.5 . 10- 3 and 25 . 10- 3 M, the pH
being kept at 9. As no separation occurs under these
conditions, we studied for each buffer concentra
tion the effect of the addition of acetonitrile on the
resolution. Again, we obtained very poor results,
with only a slight separation with 5% of acetonitrile
in a 25· 10- 3 M buffer.

Hence CZE appears to be useless for the separa
tion of such alkylbenzene sulphonate isomers. As
MEKC should be more suitable for the resolution
of such a mixture, its use was investigated.

Micellar electrokinetic chromatography of linear al
kylbenzene suiphonates

We first studied the influence of the ionic
strength, and therefore the influence of the buffer
concentration, on the resolution of the model mix
ture of nine LAS. The SDS concentration was set at
5 . 10 - 2 M, the pH of the liquid medium at 9 using
borate-boric acid buffer and the applied voltage at
25 kV. Three different buffer concentrations giving
three different ionic strengths were tested: 6.25 .
10- 3 ,12.5.10- 3 and 25· 10- 3 M. The electrophe
rograms obtained are shown in Fig. 5.

The results indicated that the ionic strength cor
responding to a buffer concentration of 6.25 . 10 - 3
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M is the optimum, allowing virtually a baseline sep
aration for all the compounds except the pairs n
butyl- and n-propylbenzene suIphonates and n-de
cyl- and n-dodecylbenzene sulphonates. We at
tempted to improve the quality of the separation by
studying, at this optimum concentration, the effect
of the addition of an organic solvent (acetonitrile)
on the resolution.

As shown by the electropherogram in Fig. 6, the
addition of acetonitrile improves the resolution of
the most hydrophobic LAS. However, this im
provement in the resolution of n-decyl- and n-dode
cylbenzene sulphonates is achieved at the expense
of a decrease in the quality of separation of the less
hydrophobic LAS. In fact, the resolution was poor
er than that with no acetonitrile present for both the
n-butyl and n-propylbenzene sulfonates and the n
pentyl and n-ethylbenzene sulphonates pairs (com
pare Figs. 5a and 6). Hence MEKC appears to be
inferior to CZE for LAS.

Micellar electrokinetic chromatography ofbutylben
zene sulphonate isomers

We investigated the optimization of the ionic
strength in separation of the model mixture of four
butylbenzene sulphonates isomers. All the other pa
rameters, i.e., the applied votage, pH and SDS con
centration, were identical with those for the optimi
zation of the resolution of the LAS model mixture
using MEKC. As shown in Fig. 7a, a slight sep
aration is obtained with buffer concentration of

a02 absorbance

(5

001

o 4

Fig. 6. Influence of acetonitrile content in the liquid medium on
the MEKC behaviour of the LAS constituting the model mix
ture. Acetonitrile content, 5%; other conditions as in Fig. 5a.

10 15 20 25

Fig. 5. Study of the influence of ionic strength on the resolution
of the LAS mixture using MEKC. Fused-silica capillary (57 em
x 50.um I.D.); temperature, 30T; hydrodynamic injection, 2 s;
detection, 214 nm; SDS concentration, 5 . 10- 2 M; borate-boric
acid buffer (pH 9). (a) Borate concentration 6.25 . 10- 3 M, ap
plied voltage 25 kV; (b) borate concentration 12.5 . 10- 3 M,
applied voltage 20 kV; (c) borate concentration 25 . 10- 3 M,
applied voltage 20 kV.
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Electrophoretic behaviour of WITCO TRS 10-80
We first investigated this industrial product,

which is a complex mixture of alkylaromatic sul
phonates, using CZE with the previously optimized
conditions for the analysis of LAS. The electrophe
rogram obtained is shown in Fig. 8.

In order to allow a good comparison, Fig. 8 also
shows the analysis of the LAS under the same con
ditions. It appears that WITCO TRS 10-80 gives a
broad peak in the elution zone'of alkylbenzene sul
phonates with alkyl chain lengths between C6-C7

and C12 • Unfortunately, no fine resolution is ob
tained with WITCO TRS 10-80. Such a situation is
not really surprising, as our study indicated an in
ability of CZE to resolve isomeric mixtures. As

6.25· 10- 3 M. For higher buffer concentrations, all
the butyl isomers co-eluted.

As we could not achieve a satisfactory separation
by varying only the ionic strength of the liquid
phase, we studied the influence of the addition of
acetonitrile on the resolution. The electrophero
grams obtained with additions of 10 and 15% of
acetonitrile are shown in Fig. 7b and c, respectively.
The results showed that the optimum concentration
of acetonitrile in the liquid medium is 10%. Fig. 7b
shows that the four isomers are almost completely'
separated. Therefore, MEKC appears to be a much
more selective technique than CZE for the separa
tion of alkylbenzene sulphonate isomers.

Fig. 8. Comparison of the electrophoretic behaviours of WITCO
TRS 10-80 and the model LAS using CZE with the optimized
operating conditions for the separation of the LAS mixture (for
operating conditions, see Fig. 4).
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Fig. 7. Separation of the butylbenzene sulphonate isomers using
MEKC. Study of the influence of the addition of an organic
solvent (acetonitrile) on the separation. Acetonitrile content: (a)
0%, (b) 10% and (c) 10%. Other conditions as in Fig. Sa. Bu =
butyl.
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80, modifying the ionic strength and therefore the
sodium tetraborate concentration and also the ace
tonitrile content. The electropherogram obtained is
shown in Fig. 9.

Compared with the first analysis, WITCO TRS
10-80 now appeared to be a much more complex
mixture. In addition to the peak previously found,
this electropherogram reveals the presence of four
more peaks more or less resolved. Obviously, the
products corresponding to these peaks have electro
phoretic mobilities clearly higher than those of the
alkylbenzene monosulphonates.

Finally, we analysed WITCO TRS 10-80 using
MEKC as this technique should allow the resolu
tion not only of the homologous mixture but also of
the isomers. The electropherogram for the separa
tion ofWITCO TRS 10-80 under the the previously
optimized conditions for the separation of the line
ar alkylbenzene sulphonates is shown in Fig. 10.
For comparison, the electropherogram obtained for
the separation of the LAS is also shown.

This MEKC analysis confirms the .results ob
tained by CZE, i.e. WITCO TRS 10-80 contains
alkylaromatic sulphonates with relatively long
chains. Nevertheless, because of the presence of nu
merous isomers, a fine resolution cannot be ob
tained, as the compounds constituting WITCO
TRS 10-80 have elution times close to the micelle
one. Effectively, the elution time of the micelle un
der these operating conditions was measured using
Sudan III as 13 min. Under such conditions, the
interactions of the analysed products with the
hydrophobic micellar core are too strong and do
not allow a satisfactory selectivity to reveal more or
less individually the constituents.

It appears that CZE is more selective than
MEKC for the separation of linear alkylbenzene
sulphonates. On adding an organic solvent (aceto
nitrile) to the liquid medium, a baseline separation
is obtained in less than 4 min for all the studied LAS
(alkyl chain lengths between C2 and C12). There
fore, the analysis time is at least three times shorter
compared with HPLC.

Even if MEKC appears to be less efficient than
CZE for the separation of the homologous LAS
mixture, it has an advantage over the latter as it
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WITCO TRS 10-80 is obtained by the sulphona
tion of a petroleum stream, the mixture must con
tain a large number of isomers for each linear ho
mologue. Despite the high performance of capillary
electrophoresis, a satisfactory analysis of this com
plex mixture was not obtained.

Starting from these operating conditions, we
tried to improve the resolution of WITCO TRS 10-

0.002

retention time{min I

10 15

Fig. 9. Electropherogram of WITCO TRS 10-80 using CZE.
Fused-silica capillary (57 cm x 50 J.mi I.D.; temperature, 30·C;
hydrodynamic injection, 2 s; borate-boric acid buffer, 25 . 10- 3

M (pH 9); acetonitrile content, 10%; detection, 214 nm; voltage,
20kV.

Fig. 10. Comparison of the electrophoretic behaviours of WIT
CO TRS 10-80 and the model LAS using MEKC. Fused-silica
capillary (57 cm x 50 Jlm I.D.); temperature, 30·C; hydrody
namic injection, 2 s; borate-boric acid buffer, 6.25 . 10- 3 M (pH
9); acetonitrile content, 5%; SDS concentration, 5 . 10- 2 M;
detection 214 nm; voltage, 25 kV.
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allows the resolution of alkylbenzene sulphonates
isomers.

CZE and MEKC appear to be complementary
techniques in the present context. Their application
to the resolution of an industrial formulation (WIT
CO TRS 10-80) allowed us to confirm several char
acteristics of this complex matrix (sulphonated pe
troleum cut). The studies performed using either
technique demonstrated that this mixture is essen
tially constituted of monosulphonated alkylben
zenes with relatively long alkyl chains and with a
narrow distribution. Nevertheless, the presence in
this mixture of numerous isomers did not allow us
to obtain a good resolution and identification. The
coupling of capillary electrophoresis with mass
spectrometry should allow us to improve the char
acterization and the identification of this complex
surfactant mixture.
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Various approaches to analysis of difficult sample
matrices of anions using capillary ion electrophoresis

William R. Jones and Petr Jandik
Applied Technology Group, Waters Chromatography Division of Millipore, 34 Maple Street, Milford, MA 01757 (USA)

ABSTRACT

Capillary ion electrophoresis is a capillary electrophoretic technique optimized for the analysis of low-molecular-mass inorganic and
organic ions. Sensitive detection is based predominantly on indirect UV since the majority of the ions lack specific chromophores.
Rapid separations with efficiencies approaching I 000000 theoretical plates are a result of directing the electroosmotic flow towards the
detector in combination with an appropriately mobile background electrolyte co-ion. Selectivity of separations can easily be predicted
with the aid of readily available ionic equivalent conductances.

Described in this paper are the optimized separations of several types of samples considered until recently to be beyond the
capabilities of capillary electrophoresis. These include samples of disparate concentration levels, reactive anions and trace ion analysis
with detection limits in the low parts per trillion (1012) concentration range.

JNTRODUCTION

Capillary ion electrophoresis (CIE) (Waters' trade
name: Capillary Ion Analysis, CIA) is an emerging
separation technique which is rapidly expanding to
encompass the various classes of ions that were once
the domain of ion chromatography (Ie) [1,2]. The
ions characterized in our laboratory and reported in
the literature include inorganic and organic anions,
small chain anionic surfactants, group I and II
metals, the majority offourth period metals, Cd, Hg
and the lanthanides [3-11]. Table I lists the 129 ionic
species found analyzable by CIE to date. The
original list reported in mid-1990 contained only 53
anions [3]. All ions were separated in fused-silica
capillaries and detected at either 185,214 or 254 nm
wavelengths. The open tubular capillary provides a
versatile user definable separation media which is
solely dependent upon the electrolyte chemistry and
polarity of the power supply. This combination
controls the selectivity and mode of separation. In

Correspondence to: Mr. W. R. Jones, Applied Technology Group,
Waters Chromatography Division of Millipore, 34 Maple Street,
Milford, MA 01757, USA.

contrast, IC separation selectivities are determined
by type of columns which are generally specific for
either anionic or cationic species. Selectivity for IC is
based predominantly on the composition of the
column's stationary phase and the ion-exchange
moieties either covalently bound or dynamically
coated to the surface, with selectivity refinements
provided by the eluent [12]. IC requires more than
one detection mode to visualize the ions listed in the
Table I. Conductivity detection, the universal IC
detection is suitable for the majority of them.
Unfortunately, the less efficient separations by ion
exchange (ranging from 1000 to 10 000 plates)
frequently require more specific detection schemes,
such as photometry with post column reaction for
transition metals and amperometric detection for
electroactive species such as cyanide and sulfide.

CIE achieves a very high peak capacity [13-15] for
both anions and cations with rapid analysis times.
Control of the electroosmotic flow (EOF) which
originates from polarity and magnitude of the zeta
potential [16,17] is accomplished controlling the
electrolyte pH for cations and with special electro
osmotic flow modifiers which dynamically coat the
inner wall of the fused-silica capillary for anions.

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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TABLE I

ANIONS AND CATIONS THAT HAVE BEEN CHARACTERIZED BY CIE WITH UV DETECTION

The anions are divided into two categories, inorganic and organic, and are listed alphabetically. The cations are listed according to their
class and in order of increasing atomic number.

Inorganic anions
Arsenate
Arsenite
Azide
Borate
Bromate
Bromide
Carbonate
Chlorate
Chloride
Chlorite
Chromate
Cyanide
Fluoroborate
Fluoride
Hypochlorite
Iodide
Metasilicate
Metavanadate
Molybdate
Monofluorophosphate
Nitrate
Nitrite
Orthovanadate
Perchlorate
Persulfate
Phosphate
Phosphite
Selenate
Selenite
Sulfate
Sulfide
Sulfite
Thiocyanate
Thiosulfate
Tungstate

Organic anions
Acetate
trans-Aconitate
Ascorbate
dl-Aspartate
Benzoate
Butanesulfonate
Butyrate
4-Carboxybenzaldehyde
Chloroacetate
Citrate
Crotonate
Decanesulfonate
Dodecanesulfonate
Dichloroacetate
Ethanesulfonate
Formate
Fumarate
Galactarate
d-Galacturonate
d-Gluconate
Glucuronate
I-Glutamate
Glutarate
Glycerate
Glycolate
Glyphosate
Heptanesulfonate
Hexanesulfonate
a-Hydroxybutyrate
Hydroxymethylbenzoate
2-Hydroxyvalerate

Organic anions (continued)
Isocitrate
a-Ketoglutarate
Lactate
Maleate
Malonate
Methanesulfonate
Nonanesulfonate
Octanesulfonate
Orotate
Oxalacetate
Oxalate
Pentanesulfonate
o-Phthalate
Propanesulftmate
Propionate
Pyridinedicarboxylate
Pyruvate
Quinate
Salicylate
Shikimate
Sorbate
Succinate
Tartarate
Terephthalate
Trichloroacetate
Trifluoroacetate
Trimesate
p-Toluate
Valerate

Alkali metals
Lithium
Sodium
Potassium
Rubidium
Cesium

Alkaline earths
Beryllium
Magnesium
Calcium
Strontium
Barium

Transition metals
Manganese
Iron
Cobalt
Nickel
Copper
Zinc
Cadmium
Mercury
Lead

Lanthanides
Lanthanum
Cerium
Praseodymium
Neodymium
Samarium
Europium
Gadolinium
Terbium
Dysprosium
Holmium
Erbium
Thulium
Ytterbium
Lutetium

Non-metal cation
Ammonium

The EOF is made to flow towards the detector in the
majority ofthe eIE applications. The polarity ofthe
power supply is selected to direct electromigration of
anions towards the detector as well [3]. Two impor
tant examples of EOF and analyte mobility being
directed toward the detector are the simultaneous
separation of alkali, alkaline earths and lanthanide

cations on one hand and the separation of 30
inorganic and organic anions on the other hand. The
total run times are 1.8 and 3.1 min, respectively
[4,10]. Further improvements in peak capacity are
illustrated in the 36-anions electropherogram Fig. 1.
The concentration range of the anions in this
standard mixture is 0.3 ppba to 3.3 ppm. The
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a Throughout this article, the American billion (109) and trillion
(1012) are meant.

standard was introduced into the capillary by elec
tromigration. Comparing the peak capacity of a
conventional anion-exchange separation, we ob
serve only three anions, fluoride, carbonate and
chloride being resolved during the same time inter
val Fig. 2. Using the migration time data from the
36-anion electropherogram of Fig. 2, reciprocal
migration times are plotted against published values
of ionic equivalent conductances [18,19] adjusted to
reflect the charge of the respective analyte anion
found at the pH of the electrolyte [4] (Fig. 3). A good
linear correlation is found with a correlation coeffi
cient of 0.987. This is consistent with eqn. I, where
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Fig. 2. Comparison of an IC separation and a CIE separation.
The top plot (anion-exchange chromatogram) shows only three
anions (fluoride, carbonate and chloride) using a Waters IC-Pak
A, borate-gluconate eluent at 1.2 ml(min and Waters 431
conductivity detection. This separation is fully described in refs.
28 and 29. The bottom separation (CIE electropherogram) shows
the 36-anion separation under conditions given in Fig. 1.

the apparent mobility, /lapp, of the analyte is equal to
the sum of the electrophoretic mobility, /lep, and the
electroosmotic mobility, /leof and with /l = 2F,
where 2 is the ionic equivalent conductance and F is
the Faraday constant. The apparent mobility is also
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Fig. 3. Reciprocal migration times of some anions from Fig. 2
plotted against their respective values of ionic equivalent con
ductance for the prevalent ionic form at pH 8.0. The ionic
equivalent conductances were also adjusted (D) according to
valence state as described in ref. 4. y = - 36.817 + 174.90x;
R2 = 0.987.
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Fig. 1. Electropherogram (83-s section) of 36 anions. Peaks
concentrations [ppm]: I = thiosulfate [1.3]; 2 = bromide [1.3];
3 = chloride [0.7]; 4 = sulfate [1.3]; 5 = nitrite [1.3]; 6 = nitrate
[1.3]; 7 = molybdate [3.3]; 8 = azide [1.3]; 9 = tungstate [3.3];
10 = monofluorophosphate [1.3]; II = chlorate [1.3]; 12 =
citrate [0.7]; 13 = fluoride [0.3]; 14 = formate [0.7]; 15 =
phosphate [1.3]; 16 = phosphite [1.3]; 17 = chlorite [1.3]; 18 =
glutarate [1.7]; 19 = o-phthalate [0.7]; 20 = galactarate [1.3];
21 = carbonate [1.3]; 22 = acetate [1.3]; 23 = chloroacetate

. [0.7]; 24 = ethanesulfonate [1.3]; 25 = propionate [1.3]; 26 =
propanesulfonate [1.3]; 27 = dl-aspartate [1.3]; 28 = crotonate
[1.3]; 29 = butyrate [1.3]; 30 = butanesulfonate [1.3]; 31 =
valerate [1.3]; 32 = benzoate [1.3]; 33 = I-glutamate [1.3]; 34 =
pentanesulfonate [1.7]; 35 = d-gluconate [1.7]; 36 = d-galac
turonate [1.7]. The electrolyte is 5 mM chromate and 0.4 mM
OFM Anion-BT adjusted to pH 8.0. Applied potential is 30 kV
(negative polarity). Capillary dimensions are 60 cm (52 cm to
detector) x 50 )lm I.D. fused silica. Indirect UV detection.
Injection by electromigration at 1 kV for 15 s.
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EXPERIMENTAL

equal to the analyte velocity, (Ldltm ) divided by the
field strength (VILt ) (eqn. 2, where L d is the length of
the capillary to the detector, tm is the migration time,
V is the applied potential and L t is the total length of
the capillary.

From Fig. 3 the apparent electroosmotic mobility,
fleor, can be obtained from the x-intercept value and
the electrophoretic mobility, flep, can be calculated
from eqn. 1. This approach is more accurate for
determining this parameter than using the water
component of the sample as the neutral marker of
the separation. The water peak is very broad and is
measured in fractions of a minute as compared to
analytes being measured in fractions of a second.
Also, its apex is irregularly shaped and dependent on
the sample matrix. For practical purposes, the
analysis is over when the last analyte of interest has
passed through the detector window, whereupon the
capillary is usually purged with fresh electrolyte to
remove the neutral components including the water
peak and prepare for loading of the next sample.

Standard analyte solutions
All standard solutions were prepared by a dilution

of 1000 ppm stock solutions containing a single
anion. The stock solutions were prepared fresh every
six months and were stored in 200-ml polycarbonate
tissue culture flasks (Corning Glass Works, Cor
ning, NY, USA). All mixed anion standards were

Preparation of electrolytes
The electrolytes were prepared from various salts.

For indirect UV detection Na2Cr04 . 4 H 20 99 +%
(Aldrich, Milwaukee, WI, USA) was used exclusive
ly. Direct UV detection electrolytes used sodium
chloride (Sigma, St. Louis, MO, USA) or hexane
sulfonic acid, sodium salt 98% (Aldrich). Adjust
ment of electrolyte pH was done with various acids
and bases depending on the application. In the first
step the acid and base solutions were prepared in
concentrations of 100 mM from lithium hydroxide
monohydrate, H2S04 (Ultrex grade), glacial acetic
acid. (J. T. Baker, Phillipsburg, NJ, USA). Waters
CIA-Pak OFM Anion-BTQ a 20 mM EOF modifier
concentrate was added to some electrolytes in the
0.4-0.5 mM concentration range in order to reverse
the direction of EOF when using negative power
supply. The OFM modifier was converted to the
chloride form for low-UV work at 214 nm and the
hydroxide form for certain disparate concentration
level samples. In both cases conversion of the OFM
modifier was accomplished through replacement of
the OFM anion with anion-exchange resin in the
chloride (AG I-X8, 200-400 mesh) and hydroxide
form (AGl-X8), respectively. (Bio-Rad Labs., Rich
mond, CA, USA). All resins were precleaned by
soaking resin in 18 MQ water for 24 h prior to use. A
5-ml volume of cleaned resin bed was packed into in
a Pharmaseal Stylex lO-ml Luer tip syringe (Ameri
can Pharmaseal Labs., Glendale, CA, USA) with a
Millex-HV 0.45-J1m filter unit (Millipore, Bedford,
MA, USA) to contain the resin. The resin was rinsed
once with 5 ml of 18 MQ water prior to placing the
OFM concentrate through for conversion. Milli-Q
reagent-grade water (Millipore) was used for rinsing
and dilution. Sodium octanesulfonate used as an
additive to samples prior to preconcentration was
purified by recrystallization in 18 MQ water (Ko
dak, Rochester, NY, USA).

(I)

(2)

Instrumentation
The capillary electrophoresis (CE) system em

ployed was the Quanta 4000 (Waters Chromato
graphy Division of Millipore, Milford, MA, USA).
Both positive and negative power supplies were
employed. A Hg lamp was used for 185 and 254 nm
detection and Zn lamp was used for 214 nm. Waters
AccuSep polyimide-coated fused-silica capillaries
are used throughout this work. The capillary di
mensions ranged from 40 to 60 cm total length with
the detection window placed 8 cm from the receiving
electrolyte end to the detector cell. Both 50 and 75
Jim J.D. capillaries were employed. Data acquisition
was carried out with a Waters 860 data station with
SATIIN and LACjE modules connecting the CE
system to the data station. Detector time constant
was set at 0.1 s and data acquisition rate was 20 Hz.
Collection of electropherographic data was initiated
by a signal cable connection between the Quanta
4000 and the SATlIN module.

flapp = flep + fleor

a Patents pending.
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System operation
The CE system incorporates two modes of sample

entry into the capillary -hydrostatic and by electro
migration. Two sample carousel configurations
were employed. For hydrostatic mode of injection a
20-sample carousel was.used with 600-/l1 polypro
pylene centrifuge tubes (Waters) for sample vials.
Electromigration injections utilized a 6-sample ca
rousel with 2-ml polypropylene VersaVial (Sun
Brokers, Wilmington, NC, USA) vials for trace
analysis samples.

RESULTS AND DISCUSSION

prepared freshly for each ofthe experiments. Milli-Q
water and polymethylpentene containers (Nalgene,
Rochester. NY, USA) were used throughout. For
electromigrative injections, low-ppb samples were
prepared by adding ppm concentrations of sodium
octanesulfonate according to the procedure de
scribed elsewhere [5].

Actual samples and standards
Of the various types of samples, Kraft Black

liquor from pulp and paper production is one of the
more difficult samples for IC. Its high-pH matrix
containing reactive sulfur species and polyphenolic
compounds poisons IC columns [6]. However, open
tubular capillaries are not prone to fouling as is the
case with IC columns, since it does not contain any
packing material that could be affected. A thou
sandfold dilution in water prior to injection into the
CE system is the only sample preparation required
[10,20].

Certain types of samples, however, do interact
with CE capillaries. A sample that was found to
modify the wall of a capillary was brewed coffee.
Increased migration times were observed after every
injection of the sample. This migration time shift
could be eliminated with an automated three-stage
rinse cycle of 100 mM lithium hydroxide for 2 min,
18 MQ water (Milli-Q water) for 1 min and running
electrolyte for 2 min, performed between sample
injections. Fig. 4A shows four consecutive injections
of a coffee sample with only a 2-min purge of
electrolyte before each sample loading. Fig. 4B
shows four consecutive injections of a coffee sample
with the three-stage rinse cycle performed before
each sample loading as described above.

Fig. 4. (A) Four consecutive injections overlaid of a brewed
coffee sample using only a 2-min purge electrolyte purge before
each sample loading. (B) Four consecutive injections overlaid ofa
brewed coffee sample using a three-stage rinse cycle consisting of
100 mM lithium hydroxide for 2 min, 18 MQ water (Milli-Q
water) for I min and running electrolyte for 2 min, performed
between sample injections. The electrolyte is 5 mM chromate and
0.5 mM OFM Anion-BT, pH 8. Applied potential is 20 kV
(negative polarity). Capillary dimensions are 60 cm (L,), 52 cm •
(Ld) and 50 pm J.D. Injection is hydrostatic (10 cm for 30 s).

The monitoring of anionic disinfection byprod
ucts in drinking water can be accomplished by the
separation shown in Fig. 5. Eight common inorganic
anions with inorganic oxyhalides and halogenated
organic acids can be analyzed in about 4.2 min. This
is another example of how selectivity inherent to
CIE permits separations that are traditionally dif
ficult by Ie. Three difficult problems encountered in
IC are solved by this CIE method: (1) resolution of
chlorate from nitrate, (2) separation of fluoride from
acetate and other monovalent organic acids and (3)
determination of perchlorate which is a very highly
retained anion on resin-based IC columns. A 5 mM
chromate with 0.3 mM OFM Anion-BT electrolyte
at pH 8.0 was used for the separation. The reduced
conentration of OFM, 0.3 mM rather than 0.5 mM,



390 W. R. Jones and P. Jandik / J. Chroma/oRr. 608 (1992) 385-393

6

2 4

A

3.403.203.00
Minutes

2.80

3

1 2

2.60

on

3

IS14

13

12
11

910

1

7

3

2.40 2.60 2.80 3.00 3.20 3.40 3.60 3.10 4.00 4.20

Minutes

Fig. 6. (A) An expanded view of citrate sample for chloride and
sulfate. Peaks and concentrations [ppm] injected: I = chloride
[I]; 2 = sulfate [1]; 3 = citrate [1500]. (B) The same separation as
in the top plot, but at a different sensitivity to show fully the
citrate peak. The electrolyte is 5 mM chromate, 0.5 mM OFM
Anion-BT (converted to hydroxide form), pH adjusted to 8.0 with
acetic acid. Applied potential 20 kV negative polarity, detection
at 254 nm, 60 em x 75 JIm fused-silica capillary with 10 cm for
30-s hydrostatic injection.

Fig. 5. Separation offifteen inorganic and organic halides. Pcaks
and concentrations [ppm]: 1 = bromide [4]; 2 = chloride [2]; 3 =
iodide [4]; 4 = sulfate [4]; 5 = nitrite [4]; 6 = nitrate [4]; 7 =
chlorate [4]; 8 = perchlorate [4]; 9 = fluoride [I]; 10 = phos
phate [4]; 11 = chlorite [4]; 12 = carbonate [4]; 13 = acetate [5];
14 = monochloroacetate [5]; IS = dichloroacetate [5]. The
electrolyte is .5 mM chromate and 0.3 mM OFM Anion-BT
adjusted to pH 8.0. Applied potential is 20 kV (negative polarity).
Capillary dimensions are 60 cm (L,), 52 cm (Ld) and 75 JIm I.D.
Injection is hydrostatic (10 cm for 30 s).

used in most applications placed the hydrophobic
perchlorate anion before fluoride. At 0.5 mM OFM
the perchlorate has a reduced mobility and comi
grates with carbonate. This is assumed to be a result
of ion-pairing of perchlorate and OFM.

,
2.60

1 2

• I

2.80 3.00
Minutes

,
3.20

,
3AO

B

Disparate concentrations (analysis offine chemicals)
Samples that contain an excess of one ion with

respect to another ion ·often make it difficult to
resolve the excess concentration from the trace
constituent. Dilution of the sample solves the prob
lem of the excess ion at the expense of lowering the
concentration of the trace constituent below its
detection limits. In IC, considerations must be given
not only to the selectivity of the analytes, but also to
total ion-exchange capacity of the column [21].
Moderate ion-exchange capacity columns reduce
the risk of sample overloading at the sacrifice of
short analysis times. The reequilibration time alone
can exceed 1h after a column overloading. Shown in
Fig. 6A is an electropherogram of 1500 ppm citrate
solution prepared from its trisodium salt. The
sample was spiked with 1 ppm of chloride and
sulfate. Detection limits, defined as 2 x the baseline

noise, for chloride and sulfate are 48 ppm and 25.7
ppm respectively in the trisodium citrate dihydrate
solid. Reproducibility is also illustrated in Fig. 6A
by the overlay of four consecutive injections of the
sample. Using a chromal': background electrolyte
with OFM Anion-BT for electroosmotic flow con
trol the analysis time is under 3.5 min, including the
citrate. The 0.5 mM OFM Anion-BT EOF modifier
was converted to the hydroxide form via hydroxide
form anion-exchange resin and electrolyte pH ad
justed with acetic acid.

By comparison this analysis would require a 1 h
runtime using isocratic elution in IC since citrate is a
highly retained trivalent anion on IC columns.
Viewing the citrate peak in its entirety (Fig. 6B)
reveals that it rapidly reaches its apex and then tails.
For analytes that migrate after the major peak, the
separation may suffer with peaks rising off the
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Fig. 8. Separation of chloride in the presence of excess sulfate.
Peaks and concentration [ppm] injected: 1 = chloride [I]; 2 =
sulfate [1000]. The electrolyte is 5 mM chromate, 1.5 mM OFM
Anion-BT. Applied potential 20 kV (negative polarity), detection
at 254 nm, 60 cm (L,), 52 cm (Ld) and 75 JIm J.D. fused-silica
capillary with 10 cm for 15-s hydrostatic injection.
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Fig. 7. Top plot is an electropherogram of a 99.9% pure
terephthalic acid sample, the separation is scaled to show the
complete terephthalate peak. Bottom plot is the same separation
as in the top plot but at a different sensitivity to show the trace
impurities. Peaks and concentrations [ppm] injected: I = tereph
thalate [5000]; 2 = unknown; 3 = benzoate [not quantitated];
4 = unknown; 5 = toluate [0.56]; 6 = unknown. The electrolyte
is a 25 mM hexanesulfonate, 0.5 mM OFM Anion-BT (converted
to chloride form), pH adjusted to 10 with lithium hydroxide.
Applied potential 25 kV (negative polarity), detection at 185 nm,
60cm (L,), 52cm (Ld) and 75 JIm J.D. fused-silica capillary with 10
cm for 30-s hydrostatic injection.

immediately after it reaches its apex. Here a less
mobile electrolyte co-ion, hexanesulfonate, is uti
lized to optimize the peak symmetry of the analytes
of interest. The impurities are those usually found in
a 99.9% pure solid terephthalic acid. Sample prepa
ration consists of adding I g of lithium hydroxide
monohydrate together with 0.5 g of the acid into a
100-ml volumetric flask. Additional sensitivity is
achieved through utilization of direct UV detection
at 185 nm.

When disparate levels of ion concentrations in
clude ions having a small difference in selectivity,
such as chloride and sulfate, the approach is to
maximize the resolution between the two peaks.
Sulfate exibits decreased mobility with respect to
chloride as the OFM Anion-BT concentration of the
electrolyte increases [4]. Fig. 8 shows a separation of
I ppm chloride in the presence of 1000 ppm sulfate
with an analysis time under 2.8 min.

downward sloping baseline created by the major
constituent. Peak asymmetry is a result of electro
diffusional processes described in the literature and
can be easily manipulated [22,23]. The asymmetry of
a peak, created by the differences in the mobility of
the electrolyte co-ion and the analyte, can be easily
controlled through the proper selection of various
mobility of co-ions in electrolytes. Fig. 7A shows
traces of UV absorbing anions following a massive
5000 ppm terephthalate peak. In Fig. 7B the tereph
thalate peak is again shown completely and we can
see that it is fronting with a dramatic vertical drop

Reactive anions
Analyzing reactive anions such' as· hypochlorite

and persulfate by IC have long been a problem
especially if quantitative results were the objective.
Strong oxidating agents frequently react with the
stationary phase of anion-exchange columns, result
ing in both a decrease in column life and poor
recoveries. A literature search of IC methodologies
reveals that from 1975 until today only one method
is found for persulfate [24] and one method for
hypochlorite [25]. The IC method for hypochlorite
uses amperometric detection before the anion-ex-
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36-anions separation, would be predicted to migrate
before thiosulfate and bromide. No peak for per
sulfate was found in the predicted region of the
e]ectropherogram running under the same condi
tions as in Fig. 1. A badly shaped peak observed very
late in the separation occurred only when more than
500 ppm ofpersulfate were injected. It was suspected
that a reaction was occurring between the persulfate
and the OFM Anion-BT. Removal of the OFM
from the electrolyte required reversing the polarity
of injection and elevating the 5 mMchromate
electrolyte to pH 11.0 with lithium hydroxide. The
high pH of the electrolyte generates a /leof greater
than that of the /lep of the analytes of interest. Hence
the analytes are drawn towards the detector rather
than being pushed as in the former case. The result is
a reversed selectivity of anions in comparison to the
earlier figures, the lower-mobility anions reach
the detector first followed by higher-conductivity
anions. Fig. 9A shows the persulfate migrating last
and after the bromide anion as expected from its
ionic equivalent conductance. The same electrolyte
used for persulfate is applicable also for the hypo
chlorite anion Fig. 9B. Chlorite, carbonate, chlor
ate, perchlorate and chloride all migrate after the
hypochlorite peak.

Decomposition of hypochlorite occurs rapidly
with a 10% reduction in area from a 31 ppm solution
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change column making it actually a flow injection
analysis (FIA) technique. Since no separation has
taken place prior to detection, the method works
only if there are no other electroactive species
augmenting the hypochlorite signal. The IC method
for persulfate requires excessive run times (37 min),
especially if weakly retained species such as chloride
have to be separated in its presence.

In the development of a CIE method, the major
consideration is selecting the appropriate electrolyte
that prevents degradation of the reactive analytes.
From the literature, persulfate with the highest ionic
equivalent conductance value with respect to the

Fig. 10. Low-ppb anions using direct UV detection. Peaks and
concentration [ppb] injected: I = bromide [4]; 2 = nitrite [4];
3 = nitrate [4]. The electrolyte is for 25 mM chloride, 0.5 mM
OFM Anion-BT (converted to chloride form), pH 8.0. Applied
potential 20 kV (negative polarity), detection at 214 nm, 40 cm
(Ll), 32 cm (Ld ) and 75 11m J.D. fused-silica capillary with as kV
for 45 s electromigration injection. Sample was prepared by
spiking 40 11M sodium octanesulfonate standard prior to injec
tion.
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Fig. 9. (A) A separation of a reactive ion persulfate. Peaks and
concentration [ppm] injected: I = water [not quantitated]; 2 =

fluoride [I]; 3 = carbonate [not quantitated]; 4 = nitrate [4]; 5 =
nitrate [4]; 6 = sulfate [4]; 7 = chloride [2]; 8 = bromide [4]; 9 =
persulfate [10]. (B) Separation ofhypochlorite. Peaks and concen
tration [ppm] injected: I = water [not quantitated]; 2 = hypo
chlorite [31]; 3 = carbonate [not quantitated]; 4 = chlorate [not
quantitated]; 5 = chloride [not quantitated]. The electrolyte for
both plots is 5 mM chromate with pH adjusted to 11.0 using
lithium hydroxide. Applied potential (A) 30 kV and (B) 25 kV
(positive polarity), detection at 254 nm, 40 cm (LI), 32 cm (Ld) and
75 11m 1.0. fused-silica capillary with a 10 cm at 30-s hydrostatic
injection.
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after 10 min. A linearity study was performed on
hypochlorite from 31 to 77.5 ppm where the stan
dards were prepared immediately prior to injection
from a freshly prepared hypochlorite concentrate.
The correlation coefficient of the linearity plot was
0.997.

Trace anions
In previous work the authors [5] achieved sub-ppb

detection limits for several common anions, Br-,
Cl-, sol-, NOi, N03, F- and HPol- using
electromigration to introduce the sample and in
direct UV detection. Prior to injection the sample is
spiked with 40 /lM sodium octanesulfonate. The
sample is enriched under the conditions of an
isotachophoretic steady state as defined by the
Kohlrausch regulation function [26].

Recent work with low-UV absorbing anions Br-,
NOi, and N03 achieves low-ppt detection limits in
Fig. 10 by using direct UV detection. The electrolyte
contains 25 mM sodium chloride with 0.5 mM OFM
Anion-BT converted to the chloride form using
chloride form of an anion-exchange resin. After
subtracting the contribution of ionic contamination
found in a water blank treated with the octane
sulfonate additive, the detection limits for nitrite and
nitrate at 2 x baseline noise are at 125 ppt. To
determine the contribution of the impurities found
in the water used to make the ppb standard, the
concentrate used for sample treatment (5000 ppm
octanesulfonate) can be analyzed by the method
described in Fig. 6. Impurities found in the sodium
octanesulfonate were bromide, sulfate and iodide,
with concentrations in the low-ppt range when the
additive is at 40 /lM (7.73 ppm octanesulfonate) [27].
The ratio of the trace anions to the anionic sample
treatment is 618:1 with respect to mass.

CONCLUSIONS

eIE provides a rapid and highly efficient analysis
approach in comparison with Ie. The simplicity of
the method using only fused-silica capillaries and
UV detection makes it an attractive alternative to a
wide variety of sample matrices. The ability to
analyze for trace analytes in fine chemicals with
concentration ratios of up to I to 50 000, achieving
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ppt detection limits in high-purity water samples and
difficult industrial samples was demonstrated.
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ABSTRACT

Capillary ion electrophoresis (Waters' trade name Capillary Ion Analysis, or CIA) is the subdivision ofcapillary zone electrophoresis
in which the conditions for the separation are optimized for the analysis of inorganic or low-molecular-mass ions. The first reported
separation of alkali, alkaline earth and transition metals by capillary ion electrophoresis, published in 1991 [LC . GC, 9 (1991) 634],
showed the separation of these cations in under 10 min with mid-ppb detection limits and separation efficiencies of more than 100000
theoretical plates. Detection sensitivity has since been improved by altering both hardware and electrolyte components. These alter
ationshave resulted in a decrease in detection limits of more than an order of magnitude, making trace level analyses practical for many
applications. The good reproducibility and linearity of this technique are also discussed.

INTRODUCTION

Capillary zone electrophoresis (CZE) has devel
oped into one of the more powerful separation tech
niques for the analysis of a wide variety of sample
matrices. However, one of the major drawbacks in
CZE is the lack of a sensitive and universal detec
tion system. A number of variables may be manip
ulated to address these problems.

Indirect modes of detection provide a simple so
lution to the problem of universal detection, elim
inating the need for pre- or post-column derivatiza
tion to convert the analyte of interest into a species

Correspondence to: Dr. P. R. Brown, Department of Chemistry,
University of Rhode Island, Kingston. RI 02881, USA.

;, Present address: Ion Analysis Department, Waters Chro
matography Division of Millipore, 34 Maple Street, Mil
ford, MA 01757, USA.

that gives a response at the detector. Because the
analytes are not chemically altered, fraction collec
tion and further studies are facilitated. Several in
direct modes have been described in the literature,
including indirect UV absorbance [1-5], indirect
fluorescence [6-8] and indirect amperometric detec
tion [9]. Foret et al. [10] employed indirect photo
metric detection to analyze a group of low-molec
ular-mass anions. They found that the best sensitiv
ities were obtained for sample ions having an effec
tive mobility close to the mobility of the UV back
ground-providing co-ion. Therefore, by choosing
an electrolyte with the required mobility, sensitivity
enhancements can be achieved.

Owing to its universal nature and its ease of use,
UV detection (indirect of direct) is still the most
popular method. Separations typically take place in
capillaries of ::::; 100 Jlm LD., to provide efficient
heat dissipation. As the capillary dimensions are in-

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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creased beyond 100 11m J.D., a dramatic decrease in
separation efficiency is observed [1], due to Joule
heating resulting from the ionic current carried be
tween the electrodes. However, with capillaries of
~ 100 11m J.D. considerable loss in sensitivity is en
countered, consistent with the Lambert-Beer law,
aue to the shorter path lengths of the capillaries.
Recently, several attempts have been made to ex
tend the path length for UV detection in capillary
electrophoresis (CE). Tsuda et al. [11] described the
use of transparent, rectangular capillaries with di
mensions ranging from 16 11m x 195 11m to 50 11m
x 1000 11m. According to Tsuda et al. [11], rectan
gular capillaries are extremely efficient at dissipat
ing heat compared with conventional circular capil
laries. Thus, larger-volume rectangular capillaries
can be used, resulting in more than an order ofmag
nitude increase in concentration sensitivity. The au
thors noted that with the larger capillaries, how
ever, normal hydrostatic or electromigration injec
tion modes failed to give reproducible, high-efficien
cy separations and a split injection method had to
be employed. Peak widths were wider than those
normally obtained for CE separations employing
circular cross-section capillaries.

Grant and Steuer [12] extended the path length of
their capillary up to 3 mm, by axial illumination of
the capillary using laser-induced fluorescence with
indirect UV detection. Due to the presence of high
background noise, however, the advantage of an
increased path length by this method could not be
fully exploited. Gordon [13] extended the path
length of the capillary by employing an egg-shaped
cell [13] "fabricated directly into the separations
capillary, that increases both the flux and the path
length of the ultraviolet light employed in an ab
sorption measurement" [13]. Chervet and co-work
ers [14,15] constructed a Z-shaped flow cell in order
to extend the path length of the capillary up to 3
mm for UV detection in CEo The loss in resolution
caused by the extended path length was less pro
nounced than expected, while enhancements in sig
nal-to-noise ratio of up to 6 times were observed.

In addition to optimizing the mobility of the elec
trolyte co-ion and increasing the capillary path
length, the mode of sample introduction also plays
a role in sensitivity. The high-efficiency capabilities
of CE can be realized only when the injection sys
tem employed does not introduce significant zone

A. Weston et at. / J. Chromatogr. 608 (1992) 395-402

broadening. CE systems are easily overloaded by
large sample volumes, and hence it is important that
the injection system employed is capable of deliver
ing small volumes efficiently and reproducibly [16].
Sample introduction in CE may be accomplished in
a number of ways. A rotary-type injector [17] has
been employed, as have various sample splitters
[18]. These injectors have been designed for capil
laries with an internal diameter of 200-300 11m. For
smaller capillaries with an internal diameter of 25
75 11m, low-dead-volume coupling of injectors to
the separation capillary is difficult to achieve [19].
Therefore, sample introduction into smaller capil
laries is accomplished by using electromigration or
hydrostatic injection. It has been stated by Huang
et al. [20] that the use of electromigration injection
introduces biases and therefore care should be tak
en when comparing results from different sample
solutions. The biases result both from the different
mobilities of the ions migrating into the capillary,
and from the differences in electrical resistance of
the medium in which the species are dissolved. By
performing the instrument calibration and the sam
ple analyses from solutions of similar resistance,
bias due to preferential migration of analyte ions
should not be a problem. Dual calibration, how
ever, such as constant conductivity with varying
concentrations and constant concentration with
varying conductivity, provides a more complete so
lution to the problem of preferential migration.

In this paper the effects on the detection limits of
inorganic metal cations, of changing the detection
wavelength, the mobility of the electrolyte co-ion,
the length of the detection cell and the mode of in
jection are investigated.

EXPERIMENTAL

A Waters (Milford, MA, USA) Quanta 4000 CE
system, equipped with a positive power supply, was
used throughout this study. Indirect UV detection
was achieved at 214 nm using a zinc lamp with a
214-nm optical filter, and at 185 nm using a mercu
ry lamp with a 185-nm optical filter. Normal fused
silica capillaries, 60 em in total length, 75 11m J.D.
and 52 em from the point of sample introduction to
the detector window, were obtained from Waters
(AccuSepcapillaries). Capillaries with extended path
lengths (60 em x 75 11m J.D. with path lengths of
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tection limits improve. Table I compares the detec
tion limits obtained using indirect UV detection at
214 nm versus indirect UV detection at 185 nm.

Incorporating indirect UV detection at 185 nm
into the separation protocol, the effect of altering
the mobility of the UV background providing com
ponent of the electrolyte on the detection limits of
the alkali and alkaline earth metals was investigat
ed. Since the mobility of UVCat-1 is less than the
mobilities of the alkali and alkaline earth metals, all
the metal ion peaks show some degree of fronting.
As explained by Foret et al. [10], in addition to the
dispersion resulting from diffusion, initial sample
width and Joule heat, dispersion due to sorption

Fig. I. (a) Capillary ion electrophoretic analysis of a standard
solution of alkali and alkaline earth metals in the presence of
transition metals. Carrier electrolyte: 5 mM UVCat-l, 6.5 mM
HIBA, pH 4.4. Capillary: 60 cm x 75 /lm J.D. fused silica. Ap
plied voltage: 20 kV (positive). Hydrostatic injection: 10 cm for
30 s. Indirect UV detection at 214 nm. Sample: standards. Peaks:
I = potassium (1.6 ppm); 2 = barium (2.0 ppm); 3 = strontium
(1.6 ppm); 4 = calcium (0.8 ppm); 5 = sodium (0.6 ppm); 6 =
magnesium (0.4 ppm); 7 = manganese (0.4 ppm); 8 = iron(II)
(0.8 ppm); 9 = cobalt (0.8 ppm); IO = lead (2.0 ppm); II =
lithium (0.2 ppm). (b) Capillary ion electrophoretic analysis of a
standard solution of alkali and alkaline earth metals in the pres
ence of transition metals. Experimental conditions as in (a), ex
cept indirect UV detection at 185 nm. Peaks as in (a).

300 ,urn) were obtained from Waters. The samples
were introduced into the capillary either by using a
30-s hydrostatic injection from a height of 10 cm, or
by electromigration (10 kV) for 10 s. The separation
voltage was set at 20 kV.

Standard 2-ml polyethylene sample vials (Sun
Brokers, Wilmington, NC, USA) were used as con
tainers for the carrier electrolyte and all the stan
dards and samples. A Waters 860 data station and
Waters SIM interface were used to record and eval
uate the electropherograms at a sample rate of 20
points per s. The subsequent statistical processing
was performed using CricketGraph (Cricket Soft
ware, Malvern, PA, USA) with a Macintosh SE
personal computer (Apple Computers, Cupertino,
CA, USA).

All solutions, electrolytes and standards were
prepared using 18-MQ water generated by Milli-Q
laboratory water-purification system (Millipore,
Bedford, MA, USA). The transition metal stan
dards were prepared by dilution of atomic absorp
tion standards obtained from Sigma (St. Louis,
MO, USA), while the alkali and alkaline earth met
al standards were prepared from salts obtained
from Aldrich (Milwaukee, WI, USA). The UV
background providing electrolytes, UVCat-1 and
UVCat-2, were obtained from Waters. The analyt
ical-grade complexing agents,a-hydroxyisobutyric
acid (HIBA) and tropolone, were both obtained
from Aldrich.

RESULTS AND DISCUSSION

The separation of alkali and alkaline earth metals
in the presence of transition metals has been report
ed previously [4]. The electrolyte consisted of 5 mM
UVCat-1 to provide the UV-absorbing background
and 6.5 mM HIBA to selectively complex the metals
for a better separation. Indirect UV detection at 214
nm was employed. Fig. la shows a separation of 11
metals under these previously reported conditions.
Detection limits for the alkali and alkaline earth
metals range from low- to mid-ppb levels. Fig. Ib
shows the separation of the same group of metals
under the same conditions as Fig. la, except the
detection wavelength was changed from 214 to 185
nm. Although the baseline noise at 185 nm in
creased, the peak height is significantly larger.
Thus, despite the increase in baseline noise, the de-
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TABLE I

COMPARISON OF THE DETECTION LIMITS OBTAINED WITH A 185-nm LAMP AND A 214-nm LAMP

Experimental conditions as described in Fig. la and b.

Cation Detection limits Detection limits Difference
(hydrostatic) (ppb)" (electromigration) (ppb) factor

Potassium 222 142 1.56
Barium 381 237 1.60
Strontium 258 145 1.78
Calcium 102 61 1.67
Sodium 96 57 1.68
Magnesium 55 33 1.66
Lithium 18 11 1.64

a Throughout the article the American billion (109
) is meant.

Fig. 2. Capillary ion electrophoretic analysis of a standard solu
tion of alkali and alkaline earth metals. Experimental conditions
as in Fig. 1b except using UVCat-2 and tropolone as the electro
lyte system instead of UVCat-1 and HIBA. Peaks: 1 = potassi
um (1.0 ppm); 2 = barium (2.0 ppm); 3 = strontium (1.5 ppm);
4 = calcium (0.7 ppm); 5 = sodium (0.6 ppm); 6 = magnesium
(0.4 ppm); 7 = lithium (0.2 ppm).

phenomena and electromigration dispersion [21,22]
can be expected to contribute to the dispersion of
migrating zones. Electromigration dispersion al
ways occurs during the migration of sample ions
which possess effective mobilities different from that
of the background electrolyte co-ion [10]. The high
er the concentration of the sample component in its
zone, the more pronounced the eIectromigration
dispersion. Hence, one way of suppressing electro
migration dispersion is by keeping the concentra
tion of the analyte ions in their zones sufficiently
below the concentration'of the background electro
lyte [10]. By keeping the concentration of the ana
lyte ions low, however, greater detection sensitivity
is required.
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A more practical way of suppressing electromi
gration dispersion is to match the mobilities of
the background electrolytemore closely with those of
the analyte ions. UYCat-l was therefore replaced
by the more mobile UYCat-2. The natural pH of
the UYCat-2-HIBA electrolyte was about pH 2.
Since the complexing agents employed showed
more significant complexation around pH 4, the pH
of the electrolyte had to be raised. By raising the pH
of the electrolyte, the possibility of an increased
number of peaks was introduced, so HIBA was re
placed by tropolone. The natural pH of the UY
Cat-2-tropolone electrolyte was pH 4. Fig. 2 shows
the separation of the alkali and alkaline earth met
als using UYCat-2 as the electrolyte. The mobility
of UYCat-2 is similar to that of sodium, resulting in
an almost symmetrical peak shape for sodium. The
metals migrating faster than sodium all show a
small degree of fronting, while the metals migrating
slower than sodium show a little tailing. Under
these conditions of more closely matched mobili
ties, the concentration of the analytes may even ap
proach the concentration of the background elec
trolyte without electromigration dispersion produc
ing a significant effect.

In Table II, the detection limits obtained using
UYCat-2 and tropolone, in place of UYCat-! and
HIBA are compared, all other conditions being the
same. While the sensitivity for all the metals has
improved, the greatest improvement is seen for the
peaks whose mobilities most closely match the mo
bility of UYCat-2, and less improvement is seen ei
ther side. Thus it can be seen that by matching the
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TABLE II

COMPARISON OF THE DETECTION LIMITS OBTAINED WITH UVCat-l AND UVCat-2 AS THE ELECTROLYTE

Experimental conditions as-in Fig. 2.

Cation Detection limits
(hydrostatic) (Ppb)

Detection limits
(electromigration) (Ppb)

Difference
factor

Potassium
Barium
Strontium
Calcium
Sodium
Magnesium
Lithium

142
237
145

61
57
33
II

68
87
46
18
13
10
7

2.09
2.72
3.15
3.39
4.38
3.30
1.57

4

Fig. 3. Capil1ary ion electrophoretic analysis of a standard solu
tion of alkali and alkaline earth metals in the presence of transi
tion metals: Experimental conditions as in Fig. 2 except the con
ventional capil1ary was substituted for an extended path length
capillary, with a path length of 300 Jlm. Peaks: 1 = potassium
(1.6 ppm); 2 = barium (2.0 ppm); 3 = strontium (\.6 ppm); 4 =
calcium (0.8 ppm); 5 = sodium (0.6 ppm); 6 = magnesium (0.4
ppm); 7 = lithium (0.2 ppm); 8 = manganese (0.8 ppm).

mobilities of the analyte ions with that of the back
ground electrolyte, more efficient separations are
obtained.

Incorporating UVCat-2 into the separation pro
'tocol, in addition to indirectUV detection at 185
nm, the effect on sensitivity of extending the capil
lary path length was investigated. A 75-Jim I.D. cap
illary was used, and a "bubble" was blown at the
detection end, approximately 8 em from the end of
the capillary, producing an extended path length of
300 Jim. This resulted in an extended path length
capillary similar to the "egg-shaped cell" described
by Gordon [13]. From the Lambert-Beer law, it
would be expected that by increasing the path

length, the sensitivity would increase. As can be
seen from the electropherogram showing the sep
aration of alkali and alkaline earth metals with the
extended path length capillary (Fig. 3), the peak
heights are significantly larger. Although detection
limits have improved, the improvement is not as
large as it would appear from the eiectrophero
gram, due to a concomitant increase in baseline
noise. The detection limits obtained using the ex
tended path length capillary versus a conventional
capillary, are compared in Table III.

A significant enhancement in sensitivity for the
analysis of inorganic metal cations is seen by alter
ing the injection mode from hydrostatic to electro
migration. The separation of 1-2 ppb of the alkali
and alkaline earth metals using electromigration in
jection (10 kV) for 10 s is shown in Fig. 4. With
electromigration injection, the sample introduction
end of the capillary is placed into the sample vial
and a voltage is briefly applied, causing a small
band of sample to electromigrate into the capillary.
Thus more analyte ions enter the capillary in a given
volume of sample than is possible with hydrostatic
injection. A comparison of the detection limits ob
tained using electromigration injection versus hy
drostatic injection is shown in Table IV. Using elec
tromigration injection, detection limits of the order
of low ppt levels can be obtained.

The reproducibility of the technique for five con
secutive injections, using electromigration injection
with UVCat-2 as the background providing electro
lyte, an extended path length capillary and indirect
UV detection at 185 nm, is shown in Fig. 5. The
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TABLE III

COMPARISON OF THE DETECTION LIMITS OBTAINED WITH A CONVENTIONAL AND AN EXTENDED PATH
LENGTH CAPILLARY

Experimental conditions as in Fig. 3.

Cation

Potassium
Barium
Strontium
Calcium
Sodium
Magnesium
Lithium

Detection limits
(hydrostatic) (Ppb)

68
87
46
18
13
10
7

Detection limits
(electromigration) (Ppb)

27
40

10
6
4

Difference
factor

2.5
2.2

1.3
1.7
1.8

TABLE IV

COMPARISON OF THE DETECTION LIMITS OBTAINED WITH HYDROSTATIC AND ELECTROMIGRATION INJEC
TION

Experimental conditions as in Fig. 4.

Cation

Potassium
Barium
Strontium
Calcium
Sodium
Magnesium
Lithium

Detection limits
(hydrostatic) (ppb)

27
40

10
6
4

Detection limits
(electromigration) (Ppb)

52
267
210

91
53
30
31

Difference
factor

520
150

190
200
130

Fig. 4. Capillary ion electrophoretic analysis of a standard solu
tion of alkali and alkaline earth metals. Experimental conditions
as in Fig. 3 except using electromigration injection (10 kV for 10
s) instead of hydrostatic injection. Peaks: I = potassium (1.0
ppb); 2 = barium (2.0 ppb); 3 = strontium (2.0 ppb); 4 = calci
um (1.0 ppb); 5 = sodium (1.0 ppb); 6 = magnesium (1.0 ppb);
7 = lithium (1.0 ppb).
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sample is a I :800 dilution of a standard solution.
Despite the fact that reproducibility decreases with
increasing dilution, the reproducibility in terms of
peak area was between 3 and 12% relative standard
deviation (R.S.D.), depending on the cation; lithi
um determinations showed the best reproducibility
with 3% R.S.D. and barium the worst with 12%.
The reproducibility in terms of migration times was
less than 2% R.S.D. At higher concentrations, re
producibility was generally less than 1% R.S.D.
Typical calibration curves obtained for the tech
nique are shown in Fig. 6.Valid calibration is dem
onstrated over 1.5 orders of magnitude.
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Fig. 5. (a) Graph showing the reproducibility of the technique in
terms of peak area for five consecutive injections of a I:800 dilu
tion of the standard solution. (b) Graph showing the reproduc
ibility of the technique in terms of migration times for 5 consec
utive injections of a I:800 dilution of the standard solution.
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Fig. 6. Graph showing the linearity of the method over 1.5 orders
of magnitude. I = Lithium (R 2 = 0.986); 2 = magnesium (R 2

= 0.999); 3 = calcium (R 2 = 1.000); 4 = barium (R 2 = 0.999).
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CONCLUS10NS

There are a variety of ways to improve the detec
tion limits of inorganic metal cations by capillary
ion electrophoresis (Waters' trade name Capillary
Ion Analysis, or CIA), the most significant of which
is electromigration injection in lieu of hydrostatic
injection. Using electromigration injection, an in
crease in sensitivity of between 150 and 500 times is
possible. The next most significant method for the
enhancement of sensitivity is optimization of the
mobility of the UV background providing co-ion in
the electrolyte to match the mobilities of the analyte
ions. With this approach, an enhancement in sensi
tivity of between 1.5 and 4.5 times can be achieved.
In the case of the inorganic metal cations, a signif
icant improvement in sensitivity is not obtained by
extending the capillary cell path length. However,
an increase in sensitivity of between 1.3 and 2.5
times could make the difference between detecting
and not detecting a peak. From these results, it is
also apparent that when choosing a component to
provide the UV absorbing background a compro
mise between its mobility and its UV absorbance is
often necessary.
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Determination of phenolic carboxylic acids by micellar
electrokinetic capillary chromatography and evaluation of
factors affecting the method

Charlotte Bjergegaard, S0ren Michaelsen and Hilmer S0rensen
Chemistry Department, Royal Veterinary and Agricultural University, 40 Thorvaldsensvej, DK-1871 Frederiksberg C (Denmark)

ABSTRACT

Micellar electrokinetic capillary chromatography (MECC) based on cetyltrimethylammonium bromide (CTAB) was developed for
separation of individual cinnamic and benzoic acid derivatives. This method was adapted to the separation of the phlmolic carboxylic
acids from other anions, phenolics and glucosinolates in samples prepared from plant materials. The influence oftempkature, voltage,
pH, electrolyte and detergent concentrations in the buffer on migration times for the compounds considered, peak areas,\esolution and
number of theoretical plates were investigated. It is shown that rapid and efficient separations (> 270 000 plates/m) are p,ossible, even
for structural closely related phenolIcs.

INTRODUCTION

Higher plants contain a large number of different
cinnamic and benzoic acid derivatives, including
several compounds with appreciable physiological
effects [1,2]. This group of naturally occurring phe
nolics occur in plants, mainly as esters with various
types of alcohol residues depending on the plant
genera and plant parts examined [3]. Phenolic cho
line esters dominate in cruciferous seed material,
whereas the phenolic acids are present as esters of
malate and carbohydrates in vegetative plant parts
[2,4]. Furthermore, recent investigations on dietary
fibres (DF) isolated from peas, rapeseeds and cere
als (rye and wheat) have revealed a considerable
amount of phenolic acids, bound as esters or associ
ated in other forms to the DF fraction [5].

Interest in DF has risen as a result of the large
number of reports on various physiological effects
connected with the intake of DF [6]. Evaluation of

Correspondence to: Dr. H. S0rensen, Chemistry Department,
Royal Veterinary and Agricultural University, 40 Thorvaldsens
vej, DK-187l Frederiksberg C, Denmark.

the casual relationship between DF and these ef
fects demands thorough characterization of the
chemical composition, including the type and level
of the associated phenolics. Current methods for
determination of the free phenolic carboxylic acids
comprise gas chromatography (GC) and high-per
formance liquid chromatography (HPLC) [2,7],
both of which are relatively expensive and time
consuming techniques. However, a promising alter
native has been found in free zone high-perform
ance capillary electrophoresis (HPCE), as demon
strated for various types of phenolic carboxylic
acids [8]. HPCE provides opportunities for rapid,
simple and cheap analyses. Moreover, the use of
detergents in the buffer system gives promise of
even better results, as shown for several aliphatic
low-molecular-weight carboxylic acids and other
groups of compounds [9-12].

Micellar electrokinetic capillary chromatography
(MECC) was introduced by Terabe et at. in 1984 [9]
as a technique for separating neutral molecules,
which otherwise migrate as a group' with the elec
troosmotic flow. MECC can also be used to en
hance the separation of charged species [13]. In this

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Structures of cinnamic and benzoic acid derivatives used
in MECC analyses. Numbers indicated are used in connection
with the other figures.

Apparatus
The apparatus used was an ABI Model 270A

capillary electrophoresis system (Applied Biosys
terns, Ramsey, NJ, USA), with a 657 mm x 0.05
mm J.D. fused-silica capillary tube. Detection was
performed by on-column measurements of UV ab
sorption at a position 445 mm from the injection
end of the capillary. For data processing, a Shimad
zu (Kyoto, Japan) Chromatopac C-R3A was used.

EXPERIMENTAL

paper, we present a technique for determination of
individual cinnamic and benzoic acid derivatives
using MECC with cetyltrimethylammonium bro
mide (CTAB). The method was systematically eval
uated by studying the effects of various factors on
the migration time, peak area, number of theoret
ical plates and resolution. Application of the devel
oped conditions,· including temperature, voltage,
pH, electrolyte and detergent concentrations in the
buffer, have been shown to provide an inexpensive
and efficient method for the separation of individu
al phenolic carboxylic acids in solutions, including
samples prepared directly from DF and other plant
materials.

Samples and reagents
Cinnamic and benzoic acid derivatives (Fig. 1)

and flavonoids were plant products isolated and
characterized by traditional methods [2,4] and/or
obtained from Sigma (St. Louis, MO, USA).

Total dissolution of the compounds tested re
quired the use of ethanol, which may alter the sep
aration conditions in MECC. Evaporation of the
ethanol prior to the final addition of water, for ob
taining suitable peak heights, was therefore per
formed. The concentrations of the individual phe
nolic carboxylic acids in standard solutions ranged
from 5 . 10-4 to 1 . 10- 2 M.

DF samples obtained from Polish-grown double
low rapeseed (cv. Bronowski), rapeseed hulls, wheat
(cv. Java) and rye (cv. Danikowskie) consisted of
insoluble (IDF) and soluble dietary fibres (SDF),
isolated by an enzymatic gravimetric method de
scribed elsewhere [14]. Phenolic carboxylic acids
were isolated either directly from DF or from DF
solutions obtained by water extraction (25 ml/g, 2
h, 70°C) ofDF as described [5]. The procedure con-

. sisted of hydrolysis under alkaline conditions (70
mg of DF + 5 ml of 1.0 M ammonia solution or 5
ml of water extract + 0.41 ml of 25% ammonia
solution, 2 h, 100°C under reflux), centrifugation
and evaporation of the supernatant to dryness, ad
dition of 1 ml of 1.0 M HCl, extraction with chloro
form (3 x 2 ml) and evaporation to dryness. The
residue was dissolved in 0.5 ml of 1.0 M ammonia
solution, evaporated to dryness, redissolved in 4 x
50 ,ul of water and used for MECC after centrifu
gation at 3000 g for 10 min.

Sodium tetraborate and sodium phosphate were
obtained from Sigma and CTAB from BDH (Poole,
UK). All chemicals were of analytical-reagent
grade.

Procedure
Buffer solutions were prepared from stock solu

tions of sodium tetraborate (100 mM), sodium
phosphate (150 mM) and CTAB (100· mM). The
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different run buffers were mixed from these stock
solutions, water was added to the desired concen
tration (borate plus phosphate, 16-48 mM; CTAB,
20-50 mM), adjusted to the required pH (6.0-8.0)
and then filtered through a 0.45-.um membrane filter
prior to use. Buffers were changed manually. The
samples were introduced from the negative end of
the capillary by I-s vacuum injection, resulting in
injection volumes of few nanolitres. Separations
were performed at 30-60°C and 17-23 kV. On-col
umn UV detection at 280 nm Was applied.

Standard conditions, while varying individual
running parameters, were a temperature of 40°C, a
voltage of 20 kV and electrolyte and detergent con
centrations of 18 mM (borate), 30 mM (phosphate)
and 50 mM (CTAB). Calculations of relative migra
tion times (RMT) and normalized peak ar·eas (NA)
were performed according to the equations

405

electrophoresis. Micelles formed by CTAB, as the
concentration in solution exceeds critical micelle
concentration (CMC), move toward the cathode,
opposite to the electroosmotic flow. With injection
of the negatively charged analytes at the negative
end of the capillary, it means, that the electroosmot
ic flow increases the analyte speed, whereas CTAB
micelles has a retarding effect. The selective reten
tion obtained in this MECC technique is therefore
due to differential partitioning of the phenolics be
tween the aqueous buffer and the micellar phases. A
comprehensive evaluation of the migration beha
viour of cationic analytes in an anionic micelle sys-

1

(1)

where MT1 is the migration time of the actual phe
nolic carboxylic acid and MTz that of the phenolic
carboxylic acid in the mixture given the value I, and

NA = AjMT (2)

3

Fig. 2. Elution order of cinnamic and benzoic acid derivatives
separated by the MECC technique. Numbers as in Fig. 1. Ar
rows show the occurrence of cis forms (c) of sinapic acid, ferulic
acid and coumaric acid. S~paration conditions: temperature,
40°C; voltage, 20 kV; buffer composition, 18 mM borate-30 mM
phosphate-50 mM CTAB adjusted to pH 7.0; UV detection at
280 nm.

6

I ?

~./',' .
3-c 4-c S-c

where A is the measured peak area.
The number of theoretical plates (N) and resolu

tion (Rs) were calculated as described elsewhere
[15,16]. Linearity of the method was based on least
squares estimates.

Washing with buffer was performed between
each analysis for a minimum of 5 min. After various
numbers of analyses, the capillary was washed for
2-4 min with 1.0 M NaOH and 0.1 M NaOH solu
tions.

RESULTS AND DISCUSSION

The applied MECCmethod is based on the elec
trophoretic mobility of the analytes, electroosmotic
flow of the solvent and electrophoretic mobility ·of
CTAB micelles, as described previously [17]. The
pH of the applied buffer creates negatively charged
silica groups on the capillary wall, giving the possi
bility of CTAB forming a double layer, associating
one positive end to the capillary wall and the other
to negative ions from the run buffer. Thereby, the
direction of the electroosmotic flow is shifted to
wards the anode, compared with free zone capillary

I
4

I
8

I

12
I

16 min
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Fig. 3. Relationship between temp~rature and normalized peak
areas of cinnamic and benzoic acid derivatives. Numbers as in
Fig. I. Other separation conditions as in Fig. 2.

terations. However, investigations on glucosino
lates have shown that changes in electrolyte concen
tration in the run buffer, due to evaporation, had
different effects on the NA values, depending on the
migration times of the compounds involved (un
published results). Another explanation of varying
NA values may be the occurrence of a temperature
related alteration of solvent viscosity, injected sam
ple volume as well as molar absorptivities with asso
ciated changes in UV absorption, as also demon
strated for different proteins [20], and related to
changed interactions of phenolics with micelles (see
below). Moreover, salicylic acid has the ability to
form internal hydrogen bonds between the carboxy
and hydroxy groups in the molecule, changing the
chromophore. However, increasing voltage, elec
trolyte and CTAB concentrations, which may also
result in higher capillary temperatures, did not con
firm this hypothesis of a temperature-related effect
(see below). Whatever the reason, the determina
tion of phenolics in series of samples implies con
stancy of the parameters affecting the NA values.

The effect of temperature on separation efficiency
was minor, although a tendency for decreases in N
and Rs values were seen for some of the compounds
tested. This observation may be explained by
changes in the interaction of phenolics with mi
celles, leading to minor reductions in peak width
compared with reductions in migration time.
Hence, increased temperature may change the

Temperature
Shorter migration times were seen with increas

ing temperatures, in agreement with the simultane
ous decrease in viscosity of the solvent in the capil
lary. The lowering of viscosity was also reflected in
an increased current intensity. RMT values, which
in all instances were calculated relative to ferulic
acid, were unchanged over the applied temperature
range.

NA values increased with increase in temper
ature, the increment occurs for all phenolics, as il
lustrated in Fig. 3.

Corrections of peak areas (NA) were performed
to eliminate the influences of alterations in migra
tion time. Under the present circumstances, the
changes in migration times were induced by the
change in temperature, but may also be seen after
series of analyses. In this case, the phenomenon
may be limited by regular changes of the buffer and
washing with NaOH for regeneration of the capil~

lary. Studies of repeatability, subjected to the above
and also to the problems of evaporation, showed
constant normalized peak areas, even after numer
ous analyses [13]. However, under the present con
ditions, corrections for changes in migration times
were insufficient to keep the NA values constant. As
the magnitude of these changes differed markedly
among the analytes tested (Fig. 3), it was assumed
that evaporation could not explain the observed al-

tem has recently been described by Strasters and
Khaledi [18]. Further, the complex mechanisms of
the interactions of ions and micelles have been eval
uated by Wallingford and Ewing [19].

The elution order of the structurally closely relat
ed phenolic carboxylic acids investigated is present
ed in Fig. 2.

The ability of MECC to separate structural iso
mers was demonstrated by the separation of ferulic
and isoferulic acid and of 4-hydroxybenzoic and
salicylic acid, respectively. Moreover, the cis forms
of the cinnamic acid derivatives sinapic, ferulic and
coumaric acid, indicated by arrows in Fig. 2, were
efficiently distinguished from the dominating trans
forms.

Modifications of the MECC conditions implied
changes of temperature, voltage, pH and composi
tion of buffer, including concentrations of borate
plus phosphate and detergent.
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CMC to a higher value, affecting the micelle con
centration, aggregation number and size and shape
of the micelles in the solution [10,21]. The changes
in Nand Rs values were restricted to the cinnamic
acid derivatives, indicating that the structure of the
compounds may be of importance.

In MECC, in contrast to reversed-phase HPLC
[2], the micellar phase (semi-stationary) will pass
through the detector together with the analytes to
be detected. It is then obvious that changes in the
micellar interaction of phenolics may affect the mo
lar absorptivities and thereby the NA values (see
above).

Voltage
An increase in applied voltage resulted in reduc

tions in migration times, as illustrated in Fig. 4. The
reduction was highest for compounds having long
migration times, meaning that the overall time of
analysis was reduced considerably at high voltage.
Both RMT and NA values remained constant.

According to the HPCE theory, an increased field
strength leads to improved separation efficiency,
which again should be reflected in Nand Rs values
[15,22,23]. However, this could not be confirmed by
the results obtained, as the Nand R s values were not
greatly affected. Despite air-controlled temperature
regulation in the apparatus, limited dissipation of
the developed heat may result in band broadening
and less sharp peak profiles [15,23]. This means that

407

the reduced separation window, owing to a shorter
total time of the analysis and with a limited simulta
neous reduction in peak width, will affect the Rs

values in a negative direction.

pH
Changing the pH from 6.0 to 8.0 had no marked

effect on migration times, either actual or relative.
The NA values were not affected, except for 4-hy
droxybenzoic acid, which showed a considerable in
crement as demonstrated in Fig 5. Moreover, at
high pH, the NA value for salicylic acid also had a
tendency to increase.

Again, an effect on the molar absorptivities, here
induced by the change in [H+], may be a suitable
explanation. The observed results are probably due
to ionization of the hydroxyl groups under the
weakly alkaline conditions, leading to alterations in
chromophore properties.

No clear effects on Nand Rs values were observed
with increase in pH, although a tendency for in
creasing separation efficiency was seen for som~ of
the compounds tested. The reason for this is un
certain, as no change in migration time occurred
and narrower peaks were not observed.

Electrolyte concentration
Changes in the concentrations of borate ~nd

phosphate ions in the run buffer had a marked effect
on the migration times of phenolics, as illustrated in
Fig. 6.
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Fig. 4. Relationship between voltage and migration time of cin
namic and benzoic acid derivatives. Numbers as in Fig. 1. Other
separation conditions as in Fig. 2.

Fig. 5. Relationship between pH and normalized peak areas of
cinnamic and benzoic acid derivatives. Numbers as in Fig. I.
Other separation conditions as in Fig. 2.



Fig. 6. Relationship between concentration of borate and phos
phate ions in the buffer and migration time of cinnamic and
benzoic acid derivatives. Numbers as in Fig. 1. Other separation
conditions as in Fig. 2.

The increment in migration time was greatest for
compounds late in the electropherogram. These
compounds are associated with micelles to a greater
extent than compounds with short migration times,
indicating an effect on the micellar phase. In aque
ous solution, the presence of electrolytes causes a
decrease in CMC, owing to decreased electrical re
pulsions between the ionic ends of the surfactants in
micelles [21]. This may result in higher micelle con
centrations and thereby the observed delay in mi
gration times, similarly to the effects found at in
creased concentrations ofCTAB (see below). How
ever, as the CMC of CTAB is less than 1 mM [21],
the change in CMC will be small compared with the
concentration of CTAB (50 mM).

A probably more important factor is the elec
troosmotic flow, which is considered to be changed
as a result of an effect on the zeta potential. The
difference in concentration of anions between the
middle of the capillary and the capillary wall will
decrease as the electrolyte concentration increases,
leading to a reduction in electroosmotic flow [24].
Moreover, competition between CTAB and cations
from the buffer may reduce the extent of the double
layer on the capillary wall, leading to the same ef
fect.

In the system described here, borate, phosphate
and bromide ions are present as counter ions to
CTAB micelles. An increase in borate and phos
phate concentrations in the buffer may affect the
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ratio of the various counter ions on the surface of
micelles, and thereby change the interaction of ana
lytes with the micellar phase. The reason for the
sudden decrease in migration time, when the con
centration of borate plus phosphate exceeds 40 mM
is uncertain, but a possible explanation may be an
increase in temperature, when the electrolyte con
centration and thereby the current in the solution
are increased to a certain level.

As the concentration of electrolytes in the run
buffer increased, higher RMTvalues were obtained
for analytes with long migration times, whereas the
RMT values decreased for the first eluted phenolics.
This is also in accordance with the changes in mi
gration time discussed above. Changes in RMTval
ues confirm that identification of peaks should be
performed with a knowledge of RMT values under
the actual running parameters. However, the RMT
values may vary even under standardized condi
tions, as demonstrated by Michaelsen et al. [13].

The NA values remained relatively constant. The
N values were affected in a non-systematic way,
whereas the Rs values, especially for the most
hydrophobic compounds, increased markedly as
the electrolyte concentration increased. This may be
explained by the changes in CMC, as described
above.

CTAB concentration
A positive linear relationship was found between

migration time and increasing concentration of
CTAB in the run buffer. This is in accordance with
the theory, as a higher micellar concentration leads
to changes in the partitioning of compounds in the
direction of the micellar phase. Moreover, alter
ations in the electroosmotic flow may contribute to
the effect observed. Only minor changes in RMT
values were seen.

NA values were affected in a non-systematic way,
the explanation for this being uncertain. However,
changes in the interaction of analytes with micelles
as the micelle concentration increased could be ex
pected to influence the chromophoric systems, as
previously mentioned for temperature-NA value in
teractions.

There was a tendency for improved Nand Rs val
ues as the CTAB concentration in the buffer in
creased. Several factors may contribute to the ob
served effect, including changes in the shape, size
and aggregation number of micelles.
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The conflict existing between the demand for rap
id analysis and high separation efficiency is reflected
in the standard conditions chosen. Hence the short
migration times obtained with application of high
temperatures are obtained partly at the expense of
Nand Rs values. As a compromise, 40°C was cho
sen. Voltages exceeding 20 kV were avoided owing
to the risk of considerable heat development: An
electrolyte concentration at 48 mM was adapted in
order to take advantage of the positive effect on Rs

values together with the improvements in migration
times at concentrations higher than 40 mM. The
buffer pH was kept neutral, as the NA values
seemed to remain relatively constant until this
point. Finally, 50 mM CTAB provided the maxi
mum separation efficiency.

Applications
The method described was applied to the identifi

cation of cinnamic and benzoic acid derivatives as
sociated with DF. Fig. 7 shows electropherograms

3

4
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of phenolics in IDF isolated from whole rapeseed
and rye.

The phenolic carboxylic acids, occurring as esters
in IDF from rye, were quantitatively dominated by
trans-ferulic acid, minor amounts of the cis isomer
and with only trace amounts of sinapic and cou
maric acid. IDF from oilseed rape had a much more
complicated composition of ester-bound phenolic
carboxylic acids, dominated by trans-sinapic acid,
minor amounts of cis-sinapic acid, 4-hydroxyben
zoic acid, vanillic acid, coumaric acid, ferulic acid
and some additional unidentified compounds [3],
appearing in the area of the electropherogram cor
responding to flavonoids.

Flavonoids are easy to separate with the MECC
technique; details will be presented elsewhere. These
compounds appear mainly in areas of the electro
pherograms corresponding to higher migration
times than the phenolic carboxylic acids, but chang
es in the electrophoretic conditions lead to reduced
migration times, as shown in Fig. 8.
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Fig. 7. Electropherograms of cinnamic and benzoic acid derivatives in IDF from (I) whole rapeseed and (2) rye (water extract).
Numbers as in Fig. I. Separation conditions as in Fig. 2.
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A ing a strong linear relationship. This means that the
method described may' be employed for quantita
tive analyses of phenolics, taking the different fac
tors influencing NA values into account.

CONCLUSIONS

F

B

G

C E

The MECC method described is highly effective,
in comparison with HPLC and GC methods, for
separating cinnamic and benzoic acid derivatives in
standard solutions and in samples prepared from
plant materials. The work has shown that migration
times for free phenolic carboxylic acid derivatives
are different from those of various types of other
anions, glucosinolates, malate esters and flavo
noids. This means that the separation of these com
pounds from the free acids is easy and possible with
the MECC method. It is a rapid and inexpensive
method compared with HPLC, and the separation
capacity may be high, exceeding 270000 plates/m.
Evaluation of the method showed a considerable
susceptibility towards different factors, making it
relatively simple to choose the conditions that will
separate just the compounds of interest. However,
reliable identification requires a knowledge of the
RMT values under the actual running parameters.
Moreover, in order to obtain quantitative determi
nations, the variation in the molar absorptivities
under different conditions is an interesting problem
which has to be evaluated.
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Phenolic carboxylic acids such as sinapic acid,
isoferulic acid and benzoic acid derivatives occur in
some plants as esters bound to glucosinolates [25].
These types of compounds appear in other areas of
the electropherograms [13] (higher migration times
than the free phenolic carboxylic acids), as for phe
nolic carboxylic acids bound as malate esters [2].

Identification of the compounds mentioned was
based on traditional techniques described previous
ly [2,13], including UV and NMR spectroscopy and
with use of detection at various wavelengths in
MECC.

Investigations on the changes in NA values with
increasing concentrations of phenolics in standard
mixtures showed good coherence. Correlation coef
ficients (r 2

) ranged from 0.9946 to 0.9998, indicat-
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ABSTRACT

The feasibility of determining inositol phosphates by capillary electrophoresis at levels present in physiological samples was in
vestigated. Methods previously reported for the determination of inositol phosphates are limited, either in their ability to separate
structural isomers, the need for pre- or post-column derivatization, or by analysis time. Using capillary electrophoresis with indirect
photometric detection, separation of a standard mixture containing mono-, bis-, tris-, and hexakisinositol phosphates was achieved in
less than 10 min. The potential for separation of inositol phosphate isomers using capillary electrophoresis was demonstrated by the
separation of 1- and 2-inositol monophosphate. Under the conditions used, the minimum detection limit for inositol2-phosphate in an
electrolyte containing phthalate was in the vicinity of 200 ng(ml.

INTRODUCTION

The mechanism by which cells respond to extra
cellular signals is a topic of considerable research
activity [1]. In particular, the role of second mes
senger molecules in regulating cellular processes is
receiving a great deal of attention [2-5]. Inosi
tol-l,4,5-trisphosphate [Ins(I,4,5)P3]' is of partic
ular importance since it releases Ca2+ from intra
cellular stores which in turn triggers a wide variety
of cellular processes. Other inositol phosphates are
implicated in secondary messenger functions but in
most cases, their exact role is not clearly under
stood. In order to study these cellular processes, a
rapid, sensitive method is needed for the determina
tion of inositol phosphates at levels present in phys
iological samples. A variety of approaches have
been used. These usually involve derivatization and
radiolabelling detection techniques coupled with
various separation techniques including open col
umn anion-exchange chromatography [6], gas
liquid chromatography [7], ion pair chromatogra-

Correspondence to: Dr. A. Henshall, Dionex Corporation, 1228
Titan Way, Sunnyvale, CA 94088, USA.

phy [8], and high-voltage electrophoresis [9]. Most
recently, high-performance anion-exchange chro
matography with chemically suppressed conductiv
ity detection was applied to the separation of in
ositol mono- through pentakisphosphates, and in
ositol phosphate isomers [10]. Each of these ap
proaches has limitations, either in the need for pre
or post-column derivatization, their inability to sep
arate structural isomers, or in analysis time.

Capillary electrophoresis (CE) [11-16] is attrac
tive for the determination of inositol phosphates for
the following reasons: (1) only a few nanoliters of
sample are used in each analysis; (2) there is the
potential for concurrent separation of mono
through hexakisphosphate species in the same anal
ysis; and (3) run times are usually short due to the
intrinsically high efficiency of the technique.

Recently, capillary electrophoresis has been ap
plied to the determination of high-mobility inor
ganic ions and low-molecular-mass organic acids
[17-22]. A similar approach was selected for inosi
tol phosphates since they are also non-chromophor
ic anions. For anion applications, a cationic surfac
tant or amine is incorporated into the electrolyte to
cause the necessary reversal of the normal elec
troosmotic flow [22]. Indirect photometric detection

0021-9673(92($05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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[23,24] is often used to allow detection of non-chro
mophoric ions. In applying this technique to detect
ions [19-21], a background absorbance is created by
incorporating a highly absorbing ionic species in
the buffer or electrolyte. The detection principle is
based on the fact that the non-chromophoric ana
lyte ions displace chromophoric ions as they pass
through the detector causing a reduction in absor
bance. This can be recorded as a negative peak, or
as a positive peak if the detector output polarity is
reversed. In order to use indirect photometric detec
tion with CE, the chromophoric ion must also have
a similar electrophoretic mobility ot the analytes in
order to prevent peak distortion [25].

Based on the ionization characteristics of phytic
acid (InsP6) [26] and calculated charge to mass ra
tios for various degrees of ionization, electrolytes
which had previously been used for CE of phos
phate were selected as a starting point for CE of
inositol phosphates. Two electrolyte systems were
used in this initial investigation. They each contain
a chromophoric ion (chromate and phthalate, re
spectively), with similar electrophoretic mobility to
phosphate. They also offer different selectivity since
the pH range from 5.8 to 7.3 is in the region of the
pKa values for removal of second protons from the
phosphate groups on the inositol phosphates [27].

EXPERIMENTAL

Reagents and standards
All reagents were of analytical-reagent or ACS

grade. Potassium hydrogenphthalate and tetrade
cyltrimethyl ammonium bromide (TTAB) were ob
tained from Aldrich (Milwaukee, WI, USA). Sodi
um tetraborate, boric acid, and sodium chromate
were obtained from Fisher Scientific (Pittsburgh,
PA, USA).

Inositol phosphates used in this study were ob
tained from Sigma (St. Louis, MO, USA). These
were of varying purity, as follows:

DL-myo-Inositol-l-monophosphate, Ins(1 )P, as
the cyclohexylammonium salt (Purity ca. 75%. Bal
ance primarily 2-monophosphate isomer).

DL-myo-Inositol-2-monophosphate, Ins(2)P, as
the di(cyclohexylammonium) salt (purity ca. 95%).

DL-myo-Inositol-l,4-bisphosphate, Ins(1 ,4)Pz, as
the potassium salt (purity ca. 98% by thin-layer
chromatography).

A. Henshal/ et al. / J. Chromatogr. 608 (1992) 413-419

DL-myo-Inositol-l ,4,5-trisphosphate, Ins(1,4,5)
P3 , as the potassium salt, (86% 1,4,5-isomer and
14% 2,4,5-isomer).

Phytic acid (myo-inositol hexakisphosphate),
InsP6 , as the dodecasodium salt.

With the exception of phytic acid, inositol phos
phates were stored in the dark at - 20°C immedi
ately on receipt.

Preparation of inositol phosphate standards
Stock solutions of phytic acid and Ins(2)P were

prepared in the conventional manner by weighing
and volumetric dilution. Stock solutions of Ins(1)P,
Ins(1,4)Pz, Ins(I,4,5)P3 were prepared directly in
the sample vials (each containing approximately 0.1
mg) using 18-MQ deionized water, then refrozen.
Immediately prior to capillary electrophoresis runs,
these stock solutions were allowed towarm to room
temperature in a closed box (to minimize photode
composition), and aliquots removed for dilution
immediately prior to analysis by CEo

Electrolyte preparation
Electrolytes used in this study were as follows: (1)

2.5 mM KZCr04, 0.5 mM tetradecyltrimethyl am
monium bromide (TTAB), 5.0 mMH3B03 , pH 7.3;
and (2) 5.0 mM potassium hydrogenphthalate, 0.5
mMTTAB, 2.0 mMNazB4 0 7 , pH 5.9. All electro
lytes were filtered through a 0.45-J.lm filter and vac
uum degassed for 5 min prior to use.

Equipment
CE was performed on a Dionex CES I system

with the negative polarity power suplly. Untreated
silica capillaries (55 cm x 50 J.lm LD. x 375 J.lm
O.D.) from Polymicro Technologies (Phoenix AZ,
USA) were used throughout in this work. Prior to
use, they were flushed successively with 0.1 M phos
phoric acid, deionized water, 0.5 M NaOH, deion
ized water, and finally with the operating electro
lyte. A Dionex AI-450 chromatography worksta
tion was used for data acquisition and processing.
The variable-wavelength UV detector in the CES I
was used for indirect photometric detection of the
inositol phosphates with the signal switch polarity
reversed to give positive peaks. Wavelength settings
were 270 nm for the chromate electrolyte and 254
nm for the phthalate electrolyte. Output range was
0.005 AUFS.
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RESULTS AND DISCUSSION

Standard runs with individual inositol phos
phates in both the chromate and phthalate electro
lyte confirmed that it is possible to separate these
compounds concurrently in less than 10 min. This is
illustrated by the separation of a mixture of inositol
phosphates with widely different numbers of phos
phate groups using the chromate electrolyte at pH
7.3 (Fig. 1). As shown in Fig. 2, the selectivity is
quite different with the phthalate electrolyte at pH
5.9. Separation of all the inositol phosphates was
not achieved in this case since the Ins(l,4,5)P 3 and
InsP6 are poorly resolved and exhibit fronting.

Although separation of all species was obtained
at pH 7.3 with the chromate electrolyte, the devel
opment of a routine method for the concurrent sep
aration of Ins(l)P through InsP6 using this partic
ular electrolyte is questionable. The entire separa
tion of the inositol phosphates of interest takes
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2.0

mAu
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place within 0.7 min, hence, small shifts in migra
tion time could conceivably lead to misidentifica
tion. Repeatability of migration times usually were
found to agree within ± 0.01 min for consecutive
runs, however, significant shifts in migration times
occurred from day-to-day and with different capil
laries. Buffering of the electrolyte should alleviate
this problem, and will very likely be necessary when
analyzing physiological samples. The pH 7.3 chro
mate electrolyte does have potential utility for the
analysis of individual inositol phosphate pairs such
as mono- from bi- and tri- phosphate species since
they are well resolved. For example, Ins(l)P and
Ins(l,4)pz are separated by almost 1 min. The pH
5.9 phthalate electrolyte does not appear to be use
ful for concurrent separation of all the inositol
phosphates, however, it exhibits excellent selectivity
for the mono- and diphosphate species. Ins(l)P1

and Ins(l A)Pz are separated by 1.38 min. In addi
tion, the two monophosphate position isomers, Ins-

7

I

8

I

1.0

o 2 3 4 5 6
Minutes

7 8 9

Fig. I. Separation of inositol phosphate mixture by capillary electrophoresis. Electrolyte: 2.5 mM K 2Cr04 , 0.5 mM tetradecyltrimethyl
ammonium bromide, 5.0 mM H 3B03, pH 7.3; operating voltage: 15 kV; electroinjection: 5 kV for 2 s; indirect photometric detection at
270 nm. Peaks: 1--4 = inorganic ions; 5 = Ins(I,4)P2 ; 6 = InsP6 ; 7 = Ins(l,4,5)P3 ; 8 = Ins(I)P; 9-12 = unknowns.
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Fig. 2. Separation of inositol phosphates mixture by capillary electrophoresis. Electrolyte: 5.0 mM potassium hydrogenphthalate, 0.5
mM tetradecyltrimethyl ammonium bromide, 2.0 mM Na 1B40 7 , pH 5.9; operating voltage: 15 kV; electroinjection; 5 kV for 2 s;
indirect photometric detection at 254 nm. Peaks: 1,2 = inorganic ions; 3 = Ins(I,4)P2 ; 4,5 = unknowns; 6 = Ins(I)p; 7 = unknown; 8
= Ins(l)P; 9 = Ins(I,4,5)P3 + InsP6 .

(I)P and Ins(2)P, are also well separated. The as
signment of the major impurity peak in the Ins(l)P
e1ectropherogram to Ins(2)P is supported by the
good agreement in migration times for the impurity
peak and Ins(2)P, as shown in Fig. 3a and b, and by
spiking with Ins(2)P as shown in Fig. 3c. These runs
were carried out at a later date with a different cap
illary and batch of electrolyte than the runs shown
in Figs. 1 and 2, hence migration times between the
two sets of runs are not directly comparable. Good
correlation between peak areas for the amount of
the spike was obtained. A further indication that
this peak is due to the Ins(2)P impurity known to be
present in this sample of Ins(l)P, is that the area
(7.35 . 105 area units) is approximately 25% of the
main peak (28.43 . 105 area units). This is in agree
ment with the Sigma estimate of approximately
25% Ins(2)p impurity by thin-layer chromato
graphic analysis. Although electromigration injec-

tion was used in these runs, concentration bias
problems reported by others [28] would be expected
to be minimal in this case, since the electrophoretic
mobilities of the two ions in question [Ins(l)P and
Ins(2)P] are similar.

Detection limits
The results of a brief study to assess the linearity

of response, and detection limits for inositol phos
phates using indirect photometric detection with
the phthalate electrolyte, are shown in Fig. 4. SiJV
dilutions of an accurately weighed Ins(2)P standard
in the range from 0.5 to 25 Jig/ml (as the free acid)
were electro-injected (7.5 kV for 5 s) and yielded a
close to linear calibration plot (correlation coeffi
cient = 0.9946) at concentrations in the range from
o to 17 Jig/m\. Detection limits under these condi
tions appear to be in the vicinity of 200 ng/ml for a
signal-to-noise ratio of 3: 1.
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Fig. 3. Comparison of electropherograms for (a) DL-inyo-inositol-1-monophosphate, (b) DL-myo-inositol-2-monophosphate; (c) a
mixture of the 1- and 2-isomers. Conditions as for Fig. 2. Peak labels are migration times in minutes.
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Fig. 4. Calibration plot for Ins(2)P in phthalate electrolyte. Conditions as for Fi!!. 2 except that the electroiniection was 7.5 kV for 2 s.
Inset indicates signal to noise for 0.35 jIg/ml level. r2 = 0.994602. x-axis: amount in jIg/ml.

Typical levels of inositol phosphates in rat brain
ranging from 0.005 Jlmol/g for Ins(l,4,5)P3 to 0.040
Jlmol/g for Ins(4)P have been reported [29,30].
These levels translate to ca. 2 Jlg/g wet mass of tis
sue for Ins(l,4,5)P3 and 10.4 Jlg/g wet mass for Ins
(4)P. In studies of this type, therefore, it appears
that indirect photometric detection may provide ad
equate detection sensitivity.

ositol phosphates. With this objective, a more ex
tensive study is now underway to investigate the
separation of inositol phosphates in several buff
ered electrolyte systems over a wider range of pH.
The results of this study will be reported at a later
date.
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ABSTRACT

Allyl carbamoylated f3-cyclodextrin derivatives were synthesized to be used as chiral resolving agents when copolymerized with
acrylamide to form gels suitable for enantiomer separations in capillary electrophoresis. Both solid and liquid gels have been produced
by adjusting the concentrations of acrylamide, bis-acrylamide and the allyl cyclodextrin derivative. The liquid gels were free of the
problems associated with solid gels: bubble formation, short lifetime and poor reproducibility. The chiral selectivity of the liquid
cyclodextrin gels in the separation of dansylated amino acid enantiomers depended on the cyclodextrin concentration of the gel. The
liquid gels were successfully used to separate the enantiomers of several chiral molecules.

INTRODUCTION

Capillary electrophoresis (CE) has become a
powerful analytical technique during the past dec
ade and spun several variants of the original meth
od ranging from free solution CE through micellar
techniques to capillary gel electrophoresis [1-3].
Though capillary gel electrophoresis is mostly used
to separate biopolymers based on their size differ
ences [4], Guttman et al. [5] used the polyacrylamide
gel matrix to support selective complexing agents,
such as native cyclodextrins, to alter the separation
selectivity of the CE system.

I3-Cyclodextrin (I3-CD) is a toroidally shaped oli
gosaccharide composed of seven glucose units
which are connected through a-(l,4)-linkages. The
inner surface of the hollow truncated cone is rela
tively hydrophobic, whereas the external surfaces
are hydrophilic due to the presence of the secondary
hydroxyl groups at the larger opening and the pri
mary hydroxyl groups at the smaller opening of the
cavity [6]. CDs have been successfully used for chi
ral separations in high-performance liquid chroma-

Correspondence to: Dr. Gy. Vigh, Chemistry Department, Texas
A&M University, College Station, TX 77843-3255, USA.

tography [7], capillary gas chromatography [8,9],
isotachophoresis [10-13], free-solution CE [14-17],
micellar electrokinetic chromatography [18,19] and
capillary gel electrophoresis [5]. To the best of our
knowledge, no report has been published yet on the
CE use of allyl carbamoylated I3-CD-acrylamide
copolymer gels as described here.

EXPERIMENTAL

Allyl carbamoylated l3-cycIodextrin derivatives
(ac-I3-CD) were synthesized according to the gener
al method described in ref. 20, with some modifica
tions as follows. A 10 mmol portion of I3-CD
(American Maize-Products, Hammond, IN, USA)
was dried overnight in vacuo at 60°C, and then dis
solved in 150 ml of dry pyridine. 25 mmol of allyl
isocyanate (Aldrich, Milwaukee, WI, USA) were
added and the reaction mixture was stirred for three
days at room temperature. Thin-layer chromato
graphic separations revealed the presence ofmono-,
di-, tri- and tetra-substituted ac-I3-CD derivatives.
No unreacted I3-CD was detected at the end of the
third day. The raw product was purified by repeated
crystallization from acetone.

The ac-I3-CD-acrylamide copolymer gels were

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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dansyl-D,L-phenylalanine increased from 1.04 to
1.21 as the concentration of ac-fJ-CD was increased
from 20 to 40 mM. Fig. 1 shows a typical electro
pherogram for the separation of the enantiomers of
dansyl-D,L-phenylalanine, obtained on a 5%T,
3.3%C and 40 mM ac-fJ-CD solid-gel filled capil
lary. Though chiral selectivity is high, separation
efficiency is much lower than customary in CEo In
addition, practical problems such as short lifetime
due to bubble formation and gel extrusion at higher
field strengths could not be eliminated easily and
reliably [22]. Therefore, solid gels were abandoned
in favor of the liquid gels, which were free of these
problems.

Stable and reproducible liquid gels were obtained
when the reaction mixture contained I to 2% (140
to 280 mM) acrylamide, 0 to 30 mM ac-fJ-CD, 4 to
10 Ill/ml (26 to 66 mM) TEMED and 4 to 10 Ill/ml
of 10% (w/w) (1.8 to 4.4 mM) ammonium persul
fate in the pH 8.3 Tris-boric acid buffer. To achieve
complete copolymerization, the liquid gels were al
lowed to stand in the reaction vessel for at least 12 h
before being transferred into the separation capil
laries. Though viscous, the liquid gels could be
transferred from the reaction vessels with microsyr
inges. Figs. 2 and 3 show typical electropherograms
for the enantiomers of a few dansylated amino
acids. Though the chiral selectivities are slightly
lower than those obtained with the solid-gel filled
capillaries, the separation efficiencies are much bet-

Fig.!. Separation of the enantiomers of 1.1 mM dansyl-D,L
phenylalanine in a solid-gel filled capillary. Gel constituents:
5%T, 3.3%C and 40 mM ac-fJ-CD derivative in pH 8.3 0.1 M
Tris---{).25 M boric acid buffer. Field strength: 95 Vfcm. Electro
kinetic injection at 16 Vfcm for 5 s. Capillary dimensions: total
length: 19 cm, injector to detector length: 12 cm, J.D.: 100 /lm,
O.D.: 170 /lm. Detection wavelength: 255 nm.

Several gel filled capillaries were prepared by
keeping the concentration of acrylamide and bis
acrylamide (% T and %C) constant and varying the
concentration of ac-fJ-CD. The observed chiral se
lectivity for the separation of the enantiomers of

RESULTS AND DISCUSSION

prepared by dissolving known quantities of the
fJ-CD derivative, acrylamide (Aldrich) and/or bis
acrylamide (Aldrich) in a known volume of pH 8.3
0.1 M Tris-0.25 M boric acid buffer. The solutions
were filtered through a FHLP04700 membrane
(Millipore, Bedford, MA, USA) and degassed be
fore polymerization. P.olymerization was carried
out by adding, N,N,N',N'-tetramethylethylenedi
amine (TEMED) as catalyst, and ammonium per
sulfate as radical initiator [4], and the reaction mix
ture was left to stand overnight. When bisacryl
amide was present, the result was a solid gel; when it
was absent, the product was a liquid gel.

A CE system assembled from a Spectroflow 783
UV detector (ABI, San Jose, CA, USA) a Type PSI
EH30R03.0 high-voltage power supply (Glassman,
Whitehouse Station, NJ, USA) and a plexiglass
safety box [2] was used for the measurements. A
Chrom-l/AT analog/digital converter board
(Keithley Metrabyte, Tauton, MA, USA), installed
in a Vectra-30 IBM-compatible personal computer
and controlled by a data acquisition program devel
oped in our laboratory [21], was used to collect and
analyze data. Separations were carried out in 100
11m J.D. fused-silica capillaries (Polymicro Technol
ogies, Phoenix, AZ, USA). ·The dansylated amino
acid and drug standards were obtained from Sigma
(St. Louis, MO, USA). Their solutions were pre
pared with the same buffer used in the preparation
of the gels. The concentrations of the sample solu
tions were: 1.2 mM dansyl-D,L-aspartic acid (Asp),
1.5 mM dansyl-D,L-ex-amino-n-butyric acid (But),
1.5 mM dansyl-D,L-glutamic acid (Glu), 1.2 mM
dansyl-D,L-Ieucine (Leu), 1.2 mM dansyl-D,L-meth
ionine (Met), 1.2 mM dansyl-D,L-norleucine (Nor
leu), 1.6 mM dansyl-D,L-norvaline (Norval), 1.4
mM dansyl-D,L-phenylalanine (Phe), 1.6 mM dan
syl-D,L-serine (Ser) , 1.4 mM dansyl-D,L-threonine
(Thr), 1.0 mM dansyl-D,L-tryptophan (Trp), l.l
mM dansyl-D,L-valine (Val), 6.2 mM homatropine
and 5.9 mM atropine.
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Amino acid Selectivity Resolution

Asp 1.046 1.5
But I 0
Glu 1.031 1.0
Leu 1.127 2.5
Met 1.050 1.1
NorIeu 1.095 2.1
Norval I 0
Phe 1.052 1.I
Ser 1.033 0.8
Thr 1.055 1.3
Trp I 0
Val 1.027 0.6

Conditions as in Fig. 2.
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Fig. 2. Separation of the enantiomers of dansyl-D,L-aspartic
acid, threonine and methionine in a liquid-gel filled capillary.
Peaks: I = dansyl-D,L-aspartic acid; 2 = dansyl-D,L-threonine; 3
= dansyl-D,L-methionine. Gel constituents: 2% acylamide, 20
mM ac-f3-CD derivative in pH 8.3 0.1 M Tris--o.25 M boric acid
buffer. Field strength 89 Vjcm. Electrokinetic injection at 15 V j
em for I s. Capillary dimensions: total length: 20 em, injector to
detector length: 13 em, J.D. 100 JIm, O.D. 170 JIm. Detection
wavelength: 255 nm.

~ UnEI

SELECTIVlTY AND PEAK RESOLUTION FOR THE SEP
ARATION OF THE ENANTIOMERS OF DANSYL-D,L
AMINO ACIDS

ter. Table I contains the selectivity and resolution
data for the enantiomers of 12 dansylated amino
acids. The separations were achieved with a 2%
acrylamide and 20 mM ac-[3-CD liquid gel, at a field
strength of 89 Vfcm. The enantiomers of three ami
no acids: tryptophan, norvaline and IX-amino-n-bu
tyric acid were not resolved.

Chiral selectivity and efficiency (N) were found to
depend on the concentration of ac-[3-CD in the
copolymer: chiral selectivity increased, while N de
creased with increasing concentration of ac-[3-CD

(Figs. 4 and 5). Presumably, both phenomena are
brought about by the increased number of interac
tions between the solutes and the cyclodextrin
moieties and the slow complexation kinetics, re
spectively. The opposing trends lead to resolution
maxima at intermediate ac-[3-CD concentrations, in
agreement with the behavior observed in free solu
tion systems [15].

The 2% acrylamide and 20 mM ac-[3-CD liquid
gels were successfully used for separation of the
enantiomers of chiral drugs. However, the same gel

4010 20 30
ac-~-CD concentration/roM
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400030002000
Time/seconds

1000

2000

1800 2 '".~
" 'il
~ 3 i 1 .1

~ ":El
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Fig. 3. Separation of the enantiomers of dansyl-D,L-glutamic
acid, norvaline and phenylalanine in a liquid-gel filled capillary.
Peaks: I = dansyl-D,L-glutamic acid; 2 = dansyl-D,L-norvaline;
3 = dansyl-D,L-phenylalanine. Conditions as in Fig. 2.

Fig. 4. Selectivity for the separation of the enantiomers of dan
syl-D,L-Ieucine as a function of the ac-f3-CD concentration of the
liquid gel. Conditions as in Fig. 2, except field strength is 74
Vjcm.
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20000 2700 a

Fig. 5. Efficiencics (number of theoretical plates, N) calculated
from the electropherograms of the enantiomers of dansyl-D,L
leucine as a function of the ac-fJ-CD concentration of the liquid
gel. Conditions as in Fig. 4. 0 = More mobilc enantiomer; "
= less mobile enantiomer.
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Fig. 6. Separation of the enantiomers of (a) homatropine and (b)
atropine in a liquid-gel filled capillary. Peaks: B = unknown; H
= homatropine; A = atropine. Conditions as in Fig. 2, except
that field strength is 99 V/cm and detection wavelength is 210
nm.
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does not always resolve the enantiomers of closely
related chiral compounds. For example, baseline
to-baseline enantiomer separation could be ob
tained for homatropine (Fig. 6a), but no separation
was seen for atropine (Fig. 6b). This indicates that
the chiral resolving ability of CD must be tailored
to match the structure of the solutes via modifica
tion of the secondary OH groups of the ac-fJ-CD
molecule. Further work is in progress in our lab
oratory in this direction.
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Herewith we present a few pictures that might be considered an extension ofwhat has been called the Joumal
of Chromatography Family Album [see J. Chromatogr., 500 (1990) 2-92]. Glimpses at the faces of regular
participants of this meeting may complete the impression. Here are just a few pictures of the many people who
have made HPCE '92 such a success. Inclusion ofsuch pictures in the proceedings volumes seems to becoming
a tradition in the Journal. For regular participants of HPCE meetings this may be a commemoration of the
event; newcomers may be interested in linking the faces to the names ofsome of the contributors to this volume.

Fig. 1. A glimpse into the lecture hall, from right hand side: Professor Macek, Dr. Prusik, Dr. Kasicka,
Professor Janak and Professor Regnier.



Fig. 2. During the speakers' dinner a tour was organized through the Van Loon house. Professor Regnier,
Professor Macek and Shirley Schlessinger listening to the guide's explanation.

Fig. 3. Touring the Van Loon house (left Professor Jorgenson).



Fig. 4. A friendly chat: Dr. Laeven and Professor Terabe.

Fig. 5. Exchanging jokes here are Dr. Bocek, Professor Macek and Professor Westerlund.



Fig.6. Professor Karger addressing the participants of the festive dinner.

Fig. 7. Waiting to be served, from left: Professors Yeung, Jorgens and Hancock.
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