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Preface

The 9th International Symposium on Capillary
Electrophoresis (ITP’94) was held in Budapest,
Hungary, from 3-7 October 1994.

The successful series of the European capillary
electrophoresis ITP symposia continued with this
meeting in Budapest. In 1979 specialists in iso-
tachophoresis met for the first time in Baconfy.
Belgium (1st International Symposium on Iso-
tachophoresis), and later in Eindhoven, The
Netherlands (ITP’80), in Goslar, Germany
(ITP’82), in Hradec Kralové, Czech Republic
(ITP’84) and in Maastricht, The Netherlands
(ITP’86). The rising number of laboratories in
Europe which are working with other capillary
electrophoretic techniques have led to the effect
that the symposia in Vienna, Austria (ITP’88), in
Tatranska Lomnica, Czech Republic (ITP’90)
and in Rome, Italy (ITP’92) also covered
broader topics of capillary electrophoresis.

ITP’94 was started with a Two-Day Short
Course on Capillary Electrophoresis held at the
same location on 3 and 4 October. Lectures on
fundamental and practical aspects of capillary
zone electrophoresis, isoelectric focusing, capil-
lary gel electrophoresis and micellar elec-
trokinetic chromatography were given by invited
speakers in the morning sessions. Demonstra-
tions of practical applications carried out on
seven different types of capillary electrophoresis
equipment from leading companies were pre-
sented in the afternoon sessions.

The scientific programme of the symposium
started on 5 October. The keynote lectures in
the opening sessions given by Professor Barry
Karger (Capillary electrophoresis: Quo vadit?),

SSD1 0021-9673(95)00610-9

halfway through the scientific programme given
by Professor Stellan Hjertén (Attempts to im-
prove performance and to increase applicability
of capillary electrophoresis) and in the closing
session given by Professor Csaba Horvath (The
place of capillary electrophoresis in analytical
separations) provided a strong frame for the
symposium. The lecture sessions with 39 oral
presentations were devoted to Micellar elec-
trokinetic chromatography, Isotachophoresis,
Chiral separation, Isoelectric focusing, Separa-
tion of biopolymers, Theoretical and methodo-
logical aspects of capillary electrophoresis and
Applications. The posters (as many as 50) were
on view during the entire meeting, which, to-
gether with the two poster sessions organized in
the late afternoon, provided space and time for
direct discussions for the participants in small
groups.

There were over 140 registered participants
(not including the company representatives) from
19 European countries —from Russia to England
and from Sweden to Turkey—and from USA,
Japan, Israel and Canada making the symposium
a highly international and friendly scientific
event.

The main purpose of this symposium was to
review the different separation principles of
capillary electrophoresis available today, thereby
helping the advanced scientists to generate new
ideas for new principles and providing the appli-
cation chemists, pharmacologists, biochemists,
and many others with an overview of the various
techniques in order to facilitate selection of the
most appropriate one for the problems at hand.
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The exhibition of commercial instrumentation
confirmed that both the modular and fully auto-
mated types of equipment have future prospects
to fulfill the requirements of variable detection
techniques or unattended overnight analyses by
capillary electrophoresis.

It is my pleasant duty to thank all the
participants —professors and students, seniors
and young researchers—for ensuring a very
special atmosphere of the meeting during all the
scientific as well as the social programmes. I
would like to thank the Hungarian Biochemical
Society and the University Medical School of
Pécs for the support, and everyone concerned
who contributed to this successful symposium

from the very beginning until the very end. The
contribution of the leading companies made the
participation possible for researchers from coun-
tries where the scientific needs and the economic

“background are still not in the best harmony.

Last but not least, I would like to thank the
participants for the high scientific activity which
made it possible to publish this special issue and
the guest editors Dr. Petr Botek and Dr.
Zdenek Deyl for their effort and care in produc-
ing it.

Ferenc Kilar
Chairman of ITP*94

Pécs, Hungary
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Micellar electrokinetic chromatography using high-molecular-
mass surfactants: comparison between anionic and cationic
surfactants and effects of modifiers

Hiroto Ozaki®’*, Akinobu Ichihara®, Shigeru Terabe®

“Faculty of Science, Himeji Institute of Technology, Kamigori, Hyogo 678-12, Japan
®Dai-ichi Kogyo Seiyaku Co. Ltd., 55, Nishi-shichijo, Shimogyo-ku, Kyoto 600, Japan

Abstract

Two high-molecular-mass surfactants, butyl acrylate—butyl methacrylate—methacrylic acid copolymer sodium salt
(BBMA) and butyl methacrylate-methacryloyloxyethyltrimethylammonium chioride copolymer (BMAC), were
utilized as new pseudo-stationary phases in micellar electrokinetic chromatography (MEKC). As with BBMA,
BMAC was successfully employed as a pseudo-stationary phase, but reversal of the electroosmotic flow was
observed. The capacity factors were proportional to the concentration of BMAC, and the critical micelle
concentration was effectively zero. The effect of the addition of methanol and a non-ionic surfactant were studied
in MEKC with BBMA. Chiral separation was studied by cyclodextrin (CD) modified MEKC with BBMA:
enantiomers of dansylated-pL-amino acids were separated with 2% BBMA and 10 mM B-CD, giving larger
separation factors than those obtained with 100 mM sodium dodecyl sulfate and 60 mM B-CD.

1. Introduction

Micellar electrokinetic chromatography
(MEKC) [1-5], is a mode of capillary electro-
phoresis, where ionic micelles are used as pseu-
do-stationary phases. The separation by MEKC
is based on the differential partitioning of ana-
lytes between the micelle and the surrounding
aqueous phase. Therefore, it is important for
manipulating resolution and selectivity in MEKC
to select suitable surfactants and modifiers [6].
Different surfactants generally show different
selectivity. Bile salts [7-9] and a double-chain
surfactant [10], which have significantly different

* Corresponding author. Permanent address: Kaneka Techno
Research Co. Ltd., 1-2-80, Yoshida-cho, Hyogo-ku, Kobe
652, Japan.

0021-9673/95/$09.50
SSDI 0021-9673(95)00067-4

molecular structures compared to sodium
dodecyl sulfate (SDS), have shown remarkably
different selectivity in comparison with SDS.

In MEKC, the capacity factor, k’, which is
defined as the ratio of the number of the analyte
molecules incorporated into the micelle to that in
the aqueous phase, is related to the volume of
the micelle, V,,., through

k' =KV Vi) M

where K is the distribution coefficient and V, is
the volume of the aqueous phase. The volume of
the micelle is given as

V.. =#(C,, — CMC) )

srf

where v is the partial specific volume of the
surfactant forming the micelle, C,,; is the con-

© 1995 Elsevier Science B.V. All rights reserved
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centration of the surfactant, and CMC is the
critical micelle concentration. CMC depends on
temperature, salt concentration, and additives.

High-molecular-mass surfactants are oligomers
of monomeric surfactants or the polymers which
show surface active properties as a whole.
Palmer et al. [11,12] reported on MEKC with an
oligomer synthesized from undecylenate. We
reported on MEKC with butyl acrylate—butyl
methacrylate—methacrylic acid copolymer sodi-
um salt (BBMA), whose structure is shown in
Fig. 1A [13,14]. BBMA is not an oligomer of the
surfactant but a polymer which shows surface
active properties. BBMA showed significantly
different selectivity for naphthalene derivatives
in comparison with SDS [14]. The CMC of
BBMA was found to be effectively zero [14]. It
was suggested that the stability of the micelle
concentration of BBMA was superior to other
surfactants.

Cyclodextrin (CD) is a chiral compound and
capable of recognizing the molecular chirality.
Therefore, CD modified MEKC (CD-MEKC) is
useful for separating enantiomers [15-18]. Chiral
separation of dansylated-pL-amino acids (Dns-
DL-AAs) by CD-MEKC with SDS has been
described previously [19]. SDS or low-molecular-
mass surfactant molecules are considered to be
co-included into the cavity of CD with  the
analyte enantiomers. BBMA is expected to be
too large to be included into the cavity of CD.

In this paper, we describe the use of a cationic
high-molecular-mass surfactant, the effects of
modifiers in MEKC with BBMA, and the chiral

1 [ e ]
CH;— CH;,— C CHZ—(|J
“Nat
COOBu 1 COOBu m{ COO"Na Jn
CH,— C CH,— C ]
COOBu COOCHZCHZN(Me)s’ Cl- J

Fig. 1. Molecular structure of BBMA (A) and BMAC (B).
Me = methyl; Bu = butyl.

separation by CD-MEKC with BBMA. Butyl
methacrylate—methacryloyloxyethyltrimethylam-
monium chloride (BMAC), as shown in Fig. 1B,
is a cationic high-molecular-mass surfactant
whose main chain is similar to that of BBMA. In
MEKC with BBMA, methanol was used as a
modifier of the aqueous phase and octaoxy-
ethylene dodecanol [(EO)yR,,], which is ex-
pected to form a mixed micelle, as a modifier of
the micelle. CD-MEKC with BBMA was ap-
plied to separation of enantiomers of Dns-pL-
AAs. Results of CD-MEKC with BBMA were
compared with those using SDS.

2. Experimental
2.1. Reagents

BBMA and BMAC were supplied by Dai-ichi
Kogyo Seiyaku (Kyoto, Japan). BBMA was
provided as a 23% aqueous solution having a
viscocity of 170 cP at 25°C. Since BBMA con-
tains a minor amount of low-molecular-mass
components, it was purified by the reprecipita-
tion method with acetone [13,14]. BMAC was
obtained as a 50% solution in water containing
40% 2-propanol and 10% methanol, and used
without further purification. SDS, (EO);R,,, a
CD, B-CD and y-CD were purchased from
Nacalai Tesque (Kyoto, Japan). All other re-
agents were of analytical grade and water was
purified with a Milli-Q system. All sample com-
pounds, naphthalene derivatives and Dns-DL-
AAs, were of analytical grade and used as
received. Sample solutes were dissolved in about
25% aqueous methanol, which also served as a
marker of the electroosmotic flow. Phenanthrene
was used as a tracer of the micelle.

2.2. Apparatus

MEKC was performed with a Bio-Rad
BioFocus 3000 CE System (Hercules, CA, USA)
using a fused-silica capillary of 50 um ILID.
obtained from Polymicro Technologies (Phoenix,
AZ, USA). The length of the capillary used in
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MEKC was 36.5 cm (32 cm to the detector) or
54.5 cm (50 cm to the detector). The capillary
was thermostated at 30°C and sample vials were
at 15°C. Samples were injected by the pressuriza-
tion method [2-5 s at 1 p.s.i. (6894.76 Pa)].
Separated zones were detected at 210, 250 and
280 nm simultancously under the multi-wave-
length mode and the electropherograms shown
in this paper were recorded at 210 nm.

3. Results and discussion
3.1. Separation by MEKC with BMAC

A mixture of naphthalene derivatives was
separated by MEKC with 2% BMAC and 20%
2-propanol in 100 mM borate—50 mM phosphate
buffer (pH 7.0). BMAC was not soluble in an
aqueous buffer without 2-propanol. Since the
direction of electroosmotic flow was reversed, all
solutes were injected at the negative end and
migrated toward the positive electrode. Fig. 2
shows separations of naphthalene derivatives by
MEKC with three different surfactants, BBMA,
BMAC, and SDS. The migration order with
BMAC was similar to that with BBMA, except
for 1-naphthylamine and 1-naphthaleneethanol.
However, it was significantly different from that
with SDS. In Fig. 2A and B, the peaks with
BMAC were just as sharp as with BBMA,

10
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Fig. 3. Dependence of the capacity factor (k') on the
concentration of BMAC. Solutes: [0 = 1-naphthalenemeth-
anol; O = 1,6-dihydroxynaphthalene; A = I-naphthylamine;
< = 1-naphthaleneethanol; O = 2-naphthol; O = 1-naphthol.
The conditions were the same as in Fig. 2B except for the
concentration of BMAC.

suggesting that the adsorption of BMAC onto
the capillary wall did not cause a serious loss of
efficiency.

Fig. 3 shows the dependence of the capacity
factors of the naphthalene derivatives on the
concentration of BMAC. The capacity factors
were proportional to the BMAC concentration
and all the plotted lines passed through or nearly
through the origin. The CMC of BMAC was
nearly zero as deduced from Eq. 2, therefore the

mc

Relative absorbance
-
N
»
(=1
Relative absorbance

A) 3 B) 2+4 5

C) lga

mc

Retative absorbance

0.00 ! . 12.00 0.00
Time / min

Time / min

20.00 0.00 25.00
Time /min

Fig. 2. MEKC separations of naphthalene derivatives with BBMA (A), BMAC (B), and SDS (C). Peaks: 1 = l-naphthalene-
methanol; 2 = 1,6-dihydroxynaphthalene; 3 = l-naphthylamine; 4 = 1-naphthaleneethanol; 5 = 2-naphthol; 6 = 1-naphthol; mc =
phenanthrene. Conditions: capillary, 36.5 cm (32 cm to the detector) X 50 um 1.D.; separation solution, (A) 2% BBMA in 50
mM phosphate-100 mM borate buffer (pH 8.0), (B) 2% BMAC and 20% 2-propanol in 50 mM phosphate—100 mM borate
buffer (pH 7.0), (C) 50 mM SDS in 50 mM phosphate-100 mM borate buffer (pH 7.0); applied voltage (A) 15 kV, (B) 20 kV,

(C) 20 kV; detection 210 nm.
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micelle of BMAC was formed from one mole-
cule.

3.2. Effects of additions of methanol and a
non-ionic surfactant on the MEKC separation
with BBMA

The effect of the pH, the compositon, and the
molecular mass of BBMA on the MEKC sepa-
ration have been reported previously [13,14].
The effect of modifiers of the aqueous phase on
separation were investigated in this study. Fig. 4
shows the dependence of capacity factors of the
naphthalene derivatives on the concentration of
methanol. The capacity factors decreased with
an increase in the methanol concentration. Fig. 5
shows the effect of methanol on the separation
of the naphthalene derivatives using BBMA and
SDS. The migration order of 1,6-dihydroxynaph-
thalene was altered by the methanol addition to
the BBMA system as shown in Fig. 5B and that
of 1-naphthol changed in the SDS system as in
Fig. 5D. The capacity factors decreased by the
methanol addition both to the BBMA and SDS
systems.

Fig. 6 shows the dependence of the capacity
factors on the concentration of (EO)4R, added
to the BBMA solution. The capacity factors

10
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Fig. 4. Dependence of the capacity factors (k') of the
naphthalene derivatives on the concentration of methanol.
The solutes are the same as in Fig. 3. Separation solution,
2% BBMA and methanol in 50 mM phosphate—100 mM
borate buffer (pH 8.0); applied voltage, 10 kV. The other
conditions are the same as in Fig. 2.
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Fig. 5. Separation of the naphthalene derivatives with BBMA
(A), BBMA and methanol (B), SDS (C), and SDS and
methanol (D). The solutes are the same as in Fig. 2.
Separation solution, (A) 2% BBMA in 50 mM phosphate—
100 mM borate buffer (pH 8.0), (B) 40% methanol in the
same BBMA solution as used in (A), (C) 50 mM SDS in 50
mM phosphate-100 mM borate buffer (pH 7.0), (D) 40%
methanol in the same SDS solution as used in (C); applied
voltage, 10 kV. The other conditions are the same as in Fig.
2.

increased with an increase in the amount of
(EO)4R,, probably because of the increase in
the micellar volume by the formation of a mixed
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Fig. 6. Dependence of the capacity factors (k') of the

_naphthalene derivatives on the concentration of (EO)¢R,,.

The solutes are the same as in Fig. 3. Separation solution,
2% BBMA and (EO);R,, in 50 mM phosphate—100 mM
borate buffer (pH 8.0); applied voltage, 10 kV. The other
conditions are the same as in Fig. 2.
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micelle [6,21]. In the case that mixed micelle is
not formed and two kinds of micelles are
formed, the capacity factors should decrease
with an increase in the ammount of the non-ionic
surfactant. Therefore, the results strongly sug-
gest that (EO),R,, formed a mixed micelle with
BBMA. The migration order of 1,6-dihydroxy-
naphthalene was changed more significantly than
the others with an increase in the concentration
of (EO);,R,,. The migration-time window
became narrower with increasing non-ionic sur-
factant concentration because of the decrease in
the surface charge density.

Fig. 7 shows the separation of the naphthalene
derivatives by MEKC with three different mixed
micelles containing (EO)gR,,. It should be
noted that the mixed micelle with BBMA shows
a different selectivity compared to either the
mixed micelles with SDS or with sodium laurate,
which also have a carboxylate group as the polar
group. The addition of a non-ionic surfactant to

31 6
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Fig. 7. Separations of the naphthalene derivatives using
(EO)¢R,, with sodium laurate (A), SDS (B), and BBMA
(C). The solutes are the same as in Fig. 2. Separation
solution, (A) 50 mM sodium laurate and 20 mM (EO),R, in
50 mM phosphate—100 mM borate buffer (pH 7.0), (B) 50
mM SDS and 20 mM (EO)¢R, in the same buffer as used in
(A), (C) 2% BBMA and 20 mM (EO),R,, in the same
buffer as used in (A); applied voltage, 20 kV. Other con-
ditions are the same as in Fig. 2.

SDS solutions resulted on the alteration of
selectivity [5,21,22] as shown in Fig. 5C and Fig.
7B.

3.3. Chiral separation of Dns-pL-AAs by CD-
MEKC with BBMA

Table 1 lists the results of the separation of
enantiomers of ten Dns-pL-AAs by CD-MEKC
with 10 mM B-CD and 2% BBMA. The results
with 60 mM B-CD and 100 mM SDS [19] are
also given in Table 1. The migration time of the
BBMA micelle in the CD-BBMA system was
assumed to be equal to that of phenanthrene
observed with 2% BBMA in the absence of
B-CD. BBMA was used without purification in
these experiments. The separation solution used
was clear at first, but a white precipitate was
observed after a few hours. In Table 1, nine
pairs of the ten enantiomeric pairs were success-
fully separated with the BBMA system and the
separation factors of eight pairs of these were
larger than those with the SDS system.

The migration times of different DNS-AAs
were close each other in the BBMA system;
from 10 to 11 min, except for those of Dns-DL-
Asp with the SDS system, where the migration
times of DNS-AAs were widely spread [19]. The
migration order with the BBMA system was
significantly different from that with the SDS
system. It should be noted that Dns-pL-Phe
migrated fastest of all and Dns-pL-Nle migrated
faster than Dns-pL-Nva. This order is not con-
sistent with the hydrophobicity of the analyte.
The results suggest that Dns-DL-AAs are mainly
solubilized by the BBMA micelle with the in-
corporation of the Dns-group into the hydro-
phobic core of the micelle.

Table 2 summarizes the results obtained with
2% unpurified or purified BBMA with 10 mM
B-CD and 20% methanol, and the results from
Ref. [19] with 60 mM B-CD, 100 mM SDS and
20% methanol. The separation solution prepared
with unpurified BBMA generated a white pre-
cipitate after a day, but that with purified BBMA
did not show any changes. In Table 2, all
enantiomers were separated with both the
BBMA systems and all separation factors were
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Dns-DL-AAs 2% BBMA-10 mM B-CD 100 mM SDS-60 mM B-CD
¢, /min t,/min at a®
Phe 10.00 10.00 1.00 1.04
Leu 10.61 10.73 1.05 1.03
Nle 10.67 10.78 1.04 1.02
Trp 10.54 10.60 1.02 1.04
Met 10.67 10.76 1.03 1.00
Nva 10.70 10.87 1.07 1.02
Val 10.61 10.75 1.05 1.03
Ser 10.92 11.01 1.03 1.00
Thr 10.76 10.91 1.05 1.00
Asp 15.47 15.97 1.10 1.03

Conditions: capillary, 54.5 cm (50 cm to the detector) X 50 pm 1.D.; separation solution, 2% unpurified BBMA and 10 mM
B-CD in 50 mM phosphate~100 mM borate buffer (pH 8.0); applied voltage, 20 kV; detection wavelength, 210 nm.
* The migration time of the micelle was assumed to be equal to that of phenanthrene observed with 2% BBMA solution without

B-CD.
® From Ref. 19.

larger than those with the SDS system. The
purified BBMA clearly showed better resolution
than the unpurified BBMA.

BBMA forms a molecular micelle which con-
sists of one molecule, whereas SDS forms a
micelle in the presence of the monomeric mole-
cule whose concentration is equal to the CMC.

Table 2
Separation of Dns-DL-AAs by CD-MEKC with methanol

The white precipitate mentioned above was
probably a complex formed from B-CD and a
minor component of BBMA which was removed
by the purification, because the BBMA molecule
should not form a complex with B8-CD. The
results of Table 1 show that BBMA was superior
to SDS for the separation of enantiomeric Dns-

Dns-DL- 2% unpurified BBMA 2% purified BBMA 100 mM SDS
AAs -10 mM B-CD -10 mM B-CD -60 mM B-CD
¢, /min t,/min a’ t,/min t,/min a® af
Phe 13.03 13.25 1.05 10.46 10.61 1.06 1.03
Leu 13.52 13.80 1.07 10.87 11.08 1.08 1.03
Nile 13.57 13.80 1.05 10.84 11.01 1.06 1.02
Trp 13.77 13.84 1.02 11.31 11.36 1.02 1.01
Met 13.91 14.08 1.04 11.15 11.31 1.06 1.02
Nva 13.93 14.12 1.04 11.15 11.31 1.06 1.02
Val 14.09 14.35 1.06 11.59 11.79 1.07 1.03
Ser 14.35 14.53 1.04 11.73 11.89 1.24 1.02
Thr 14.68 14.98 1.07 11.90 12.14 1.08 1.04
Asp 25.67 27.08 1.30 21.49 22.50 2.15 1.05

Conditions are same as shown in Table 1 except for the addition of 20% methanol to the separation solution.

2* See the footnote a and b in Table 1.
° From Ref. [19].
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pL-AAs owing to the absence of the monomeric
surfactant molecules which might be co-included
with the enantiomer into the cavity of 8-CD.
Furthermore, the results of Table 2 show that
the purified BBMA was superior to the un-
purified BBMA because of the absence of the
minor components which gave the precipitate.
From Tables 1 and 2, the addition of methanol
to the BBMA system increased the resolution
except for Dns-pL-Nva in comparison with the
results with SDS system [19]. Fig. 8 shows the
example of the separation of enantiomers by
CD-MEKC with purified BBMA. Enantiomers
of timepidium bromide were successfully re-
solved under the same condition as in Fig. 8.
The other CDs were also employed together
with purified BBMA. No enantiomer of the ten
Ds-pL-AAs were separated with 10 mM «-CD
and 2% BBMA. The separation solution did not
generate any precipitate. Seven of the ten Dns-
pL-AAs (Leu, Nie, Met, Nva, Val, Thr and Asp)

were successfully separated with 10 mM y-CD.

and 2% BBMA. The separation factors of three
of the seven (Val, Thr and Asp) were larger, but
those of the other four were less than those
obtained with 60 mM y-CD and 100 mM SDS
[19]. The separation solution gave a white pre-
cipitate after few hours. It should be noted that
v-CD tends to generate the precipitate more
than B-CD. These results suggest that in the

2a

2b
b
R

1 3a3b

1

Relative absorbance

5.00 25.00
Time / min

Fig. 8. Separations of Dns-DL-AAs by CD-MEKC with
BBMA: 1a, 1b = Dns-DL-Phe; 2a, 2b = Dns-pL-Thr; 3a, 3b=
Dns-DL-Asp. Separation solution, 10 mM 8-CD, 2% BBMA
and 20% methanol. Other conditions are the same as in
Table 1.

BBMA system 8-CD is most suitable for CD-
MEKC separation of Dns-pL-AAs. In the SDS
system y-CD is more suitable than 8-CD except
for Trp, Ser and Asp [19]. With the purified
BBMA, which will not generate precipitate with
vy-CD, Dns-pL-AAs will be better separated with
the BBMA and y-CD system than with the SDS
and y-CD system.

4. Conclusions

BMAC, as BBMA, is found to be a useful
high-molecular-mass surfactant for MEKC.
BMAC gave a zero CMC, reversed direction of
electroosmotic flow, and different selectivity.
Additions of methanol or (EO)gR,, changed
separation and selectivity in MEKC with
BBMA. For the chiral separation of Dns-pr-
AAs by CD-MEKC, BBMA was superior to
SDS because of the absence of monomeric
surfactant.
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Abstract

Microemulsions prepared by using either sodium dodecyl sulfate (SDS) or trimethyltetradecylammonium
bromide (TTAB) were tested with regard to the migration time, selectivity and number of theoretical plates using a
set of both water-soluble and lipid-soluble vitamins. While in the separations where SDS was used as the
surface-active agent for microemulsion preparation, better resolutions were obtained with both hydrophilic and
lipophilic vitamins, with TTAB the best separations were obtained with the micelle-forming reagent only or with
diethyl ether as the microemulsion-forming component. In the SDS-based separations nicotinic acid was moving
with the same velocity (relative to the endoosmotic flow) regardless of the emulsion or micellar phase used. It is
proposed that owing to its behaviour it can serve as an ideal internal standard in further studies on microemulsion

separations.

1. Introduction

Microemulsion capillary electrophoresis (elec-
trokinetic chromatography, MEEKC) represents
a variation of micellar electrokinetic chromatog-
raphy commonly applied today. Whereas in thc
latter the partition process occurs between the
surrounding background electrolyte and the mi-
celle, in microemulsion separations the partition-
ing takes place between the background elec-
trolyte and the microemulsion droplets.

Microemulsions are microheterogeneous lig-
uids which have characteristic properties as sol-
vents such as optical transparency, thermody-
namic stability and high solubilization power.
The first attempt to apply these microemulsions

* Corresponding author.

0021-9673/95/$09.50
SSD1I0021-9673(95)00163-8

for electrokinetic separations was published by
Watarai [1] in 1991. In this case an oil-in-water
emulsion was applied, consisting of water—sodi-
um dodecyl sulfate (SDS)-1-butanol-heptane
(89.28:3.31:6.61:0.81, w/w); 0.01 M phosphor-
ic acid or 0.01 M hydrogen-carbonate buffer
served for controlling the pH of the electrolyte.
In separating a test mixture of fluorescent aro-
matic compounds at pH 3.0, it was observed that
all of the solutes, including neutral and anionic
species, migrated to the anodic end. It was
concluded that the migration of the anionic
microemulsion droplets is faster than the electro-
osmotic flow, which is in the opposite direction
to the migration of the droplets. The migration
order could be related to hydrophobicity, in-
dicating that the better partitioning solutes mi-
grate faster. Under alkaline conditions the endo-

© 1995 Elsevier Science BV. All rights reserved
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osmotic flow becomes faster than the electro-
phoretic mobility of the microemulsion and con-
sequently the solutes migrated to the cathodic
end.

More recently, fundamental characteristics of
MEEKC were described by Terabe et al. [2]. A
microemulsion consisting of heptane—SDS-
butanol-buffer (0.81:1.66:6.61:90.92, w/w)
was mainly employed.

The separation selectivity of MEEKC was
compared with that of MEKC by using three
different test mixtures. In microemulsion sepa-
rations stronger affinity to the droplets compared
with SDS micelles was observed with non-polar
compounds. The migration time window could
be extended by increasing the proportion of SDS
in the microemulsion. It was also observed that
the plate heights were higher in MEEKC.

Microemulsions prepared by mixing the or-
ganic solvent, water (buffer), surfactant and
cosurfactant (such as a medium-chain alcohol)
are transparent and thermodynamically stable.
According to Terabe et al. [2], they consist of an
organic solvent-containing core surrounded by
the surfactant and cosurfactant. Their role is to
stabilize the droplet.

The higher solubilization power of microemul-
sions has been claimed also as an advantage
offering a wider dynamic range in sample con-
centration [3].

Despite the great potential of this technique,
there have been only a few reports on the use of
microemulsion systems so far.

In order to obtain some information about
both lipid- and water-soluble solutes, a mixture
of lipid- and water-soluble vitamins was selected
as the test mixture. A mixture of similar compo-
sition has been fully separated by Ong et al. [4]
using 30 mM SDS in 0.1 M borate-0.05 M
phosphate (pH 7.6); however, addition of S-
cyclodextrin (3 mM ) was needed, in particular to
obtain an adequate separation of the vitamin
B-group members. More recently, micellar elec-
trokinetic chromatography was applied to the
separation of water-soluble vitamins by Dinelli
and Bonetti [5]. The analytical procedure used
the same Beckman system as in this work, but
with a 70 cm X 100 um L.D. capillary at 25°C

operated with 50 mM sodium borate-22.5 mM
SDS-10% (v/v) methanol (pH 8.0) at 16 kV.

In this work, we attempted to compare the
efficiency of microemulsions containing different
solvents as the organic phase core. The efficiency
of different solvents was tested using water- and
organic solvent-soluble vitamins.

2. Experimental

Electrokinetic chromatography was performed
on a P/ACE System 2100 (Beckman, Palo Alto,
CA, USA) with a 47 cm (40 cm to the
detector) X 50 um L.D. fused-silica capillary (un-
treated) (Polymicro Technologies, Tucson, AZ,
USA). The device was run routinely at 10 kV
(about 17.5 uA) at 25°C. UV detection at 214 nm
was applied. The instrument was computer oper-
ated using the System Gold software.

All the reagents and standards (samples) were
of analytical-reagent grade. The set of vitamins
used for testing the different emulsions was
obtained from Merck (Darmstadt, Germany)
and solvents were purchased from Carlo Erba
(Milan, Italy).

Both an anionic (SDS; Sigma, St. Louis, MO,
USA) and a cationic surfactant [trimethyltet-
radecylammonium bromide (TTAB); Sigma]
were used to prepare the microemulsions.

Microemulsions were prepared by mixing the
organic solvent (0.81%, w/w), SDS (or TTAB)
(6.62 or 3.31%, w/w, respectively) and butanol
(6.61%, w/w) with 20 mM phosphate buffer (pH
7.0) (85.96 or 89.28%, w/w) according to the
method of Watarai [1]. Alternatively, 500 mM
SDS or TTAB (in water) were mixed 2:1 with
the solvent in question, vortex mixed and ti-
trated with 1-butanol until the mixture cleared
(no addition of 1-butanol was needed in the case
of 2-methyl-2-propanol). The resulting solution
was diluted with 20 mM phosphate buffer (pH
7.0) to yield a 20 mM solution with respect to
the surfactant. With SDS-containing background
electrolytes, a high voltage was applied to the
anodic end of the capillary, whereas with TTAB
the polarity was reversed.

Samples were routinely prepared as solutions
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of 100 wg/ml in methanol-water (1:1, v/v) and
were applied by an overpressure of 3.45-10" Pa
for 3 s.

3. Results and discussion

As shown in Fig. 1, there was a very small
difference, if any, between the two methods of
microemulsion preparation. Therefore, the
method using dilution of concentrated surfactant
was preferred in subsequent experiments. In
order to visualize the effect of different mi-
croemulsions most clearly, suboptimum condi-
tions for the separation in the background elec-
trolyte were selected. Figs. 2 and 3 summarize
the retention time changes with different organic
phases in the microemulsion core with SDS and
TTAB surfactants respectively. In both cases
pyridoxol (vitamin B) and nicotinamide repre-
sented the critical combination that was difficult
to separate. With TTAB-containing mobile
phases the situation was further complicated by

R.L. Boso et al. | J. Chromatogr. A 709 (1995) 11-19

the fact that both of these vitamins were running
near the endoosmotic flow peak.

3.1. SDS

Whereas no separation of pyridoxol (By),
thiamine (B;) and nicotinamide occurred with
the background electrolyte containing SDS at 20
mM concentration only, on changing the micellar
phase to an n-hexane-, n-heptane- or cyclohex-
ane-containing emulsion resulted in a resolution
of 1.0 or higher (in the case of cyclohexane)
(Table 1). Another change observed was the
reversed elution of vitamin E relative to vitamin
A. In the absence of the microemulsion-forming
agent vitamin A is eluted before vitamin E; this
observation confirms the previously published
results of Ong et al. [4]. However, in any of the
organic solvents tested (including those capable
of separating pyridoxol and nicotinamide), vita-
min A moves more swiftly to the anode, which
results in a later appearance of its peak on the
electropherogram (Fig. 1) as compared with

25
R R —+— Pyridoxol
20t N N
c{ D"O"D"c‘{ ‘\\.\ -+&-+ Nicotinamide
- - JNy
," /A“A\-A/' ... o , X
151 :‘\.\ /S O L INEA ~-0-- Nicotinic
% ! A /' acid
£ - .
- / ;‘8-—-0---0---0_--0__—(5 . @ Thiamine
10 .07 .
P .
—A— Vitamin £
I CalialRa e S e K3
Sg-—a" —0- Vitamin A
o —
i 2 3 4 5§ 6 7 8 9 10 11

Type of the micellar phase

Fig. 2. Changes in electrophoretic mobility in different microemulsion phases with SDS as surfactant. (1) 20 mM phosphate
buffer (pH 7.0); (2) 20 mM SDS (vitamin E did not elute within a 28-min running time; (3) 20 mM phosphate buffer (pH 7.0)~50
mM SDS, microemulsion phase prepared by mixing SDS and diethy! ether (4:1) (see Experimental); (4) 20 mM phosphate
buffer (pH 7.0)-50 mM SDS, microemulsion phase prepared by mixing SDS and diethyl ether (2:1); (5) as (4), but with
n-hexane; (6) as (4), but with n-heptane; (7) as (4), but with cyclohexane; (8) as (4), but with chloroform; (9) as (4), but with
methylene chloride; (10) as (4), but with 2-methyl-2-propanol; (11) as (4), but SDS and octanol were mixed 10:2.
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Fig. 3. Changes in electrophoretic mobility in different microemulsion phases with TTAB as surfactant. (1) 20 mm pnosphate
buffer (pH 7.0)-10 mM TTAB; (2) as (1), but with diethyl ether added to concentrated (500 mM) TTAB in a ratio 1:2; (3) as
(2), but with 2-methyl-2-propanol; (4) as (2), but with n-amyl alcohol; (5) as (2) but with 2-methyl-2-propanol, prepared by
mixing the solvent with TTAB in a ratio 1:4.

vitamin E (the sequence of these two peaks is

interchanged).

The time after which the vitamin A peak
passes the detector can be efficiently influenced
by the proportion of the organic solvents in the

Table 1

Resolution of the critical pair pyridoxol-nicotinamide

Organic component
of the emulsion

Surfactant used

Resolution®

SDS SDS only
Diethyl ether
n-Hexane
n-Heptane
Cyclohexane
Chloroform
Octanol
TTAB TTAB only

Diethyl ether
2-Methyl-2-propanol

n-Amyl alcohol

No separation
0.90
1.00
1.00
1.50
0.70
No separation

0.87

0.85

0.75 (divided by
EOF in two peaks)
0.50

*R = At/dg,, where At is the difference in time of elution
between two consecutive peaks and o, is the standard width

of a single peak.

microemulsion. If the proportion of, e.g., diethyl
ether in the microemulsion is increased, the time
delay to the detector of vitamin A is increased in
spite of the fact that all the other vitamins
(including vitamin E) exhibit a shorter running
time. Concomitantly, with a higher proportion of
the organic solvent in the microemulsion, the
resolution of the water-soluble pyridoxol-nico-
tinamide pair is lost.

Comparing these results with the migration
times in cyclohexane-loaded micelles, one there
is a much longer migration time of vitamin E
compared with the diethyl ether-containing
emulsion. In contrast, the running time of vita-
min A is shorter, indicating that this vitamin
interacts with the cyclohexane microemulsion
less readily than with the emulsion prepared with
diethyl ether.

Table 2 gives the numbers of theoretical plates
achieved with different organic components of
the microemulsion and different components of
the test mixture. Generally, low plate counts
were observed with the solutes moving in front
of the electropherogram. However, selection of
a proper organic component of the microemul-
sion can increase the plate count of these (water-
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Table 2

Number of theoretical plates for the test mixture in microemulsions containing different organic solvents with SDS as surfactant

Vitamin Diethyl n-Hexane n-Heptane Cyclo- Chloroform Octanol
ether hexane

Nicotinamide 17978 82495 77 400 215001 180 821 } 234 327

Pyridoxol 79 847 244992 87117 237383 230552

Nicotinic acid 585 680 283181 280 462 271559 266 674 272050

Thiamine 13500 505 634 478 356 463 988 148 640 116 478

Vitamin E 536 495 444792 435 888 149185 162374 72651

Vitamin A 100125 196 997 200099 190016 91 905 65 730

No. of theoretical plates (N) calculated according to the equation N =5.54 (¢,/0’)’, where ¢, is the migration time and o is the
peak width at half-height [5,6]. Data obtained represent averages of three measurements; S.D. lies within 5-10% relative limits.

soluble) vitamins by a factor of more than ten
(compare nicotinamide counts in diethyl ether-
and cyclohexane-containing microemulsions).
The highest plate counts in the mixture tested
were always seen with nicotine acid. This is
perhaps due to the very clear separation mecha-
nism, based on its charge only. Indeed, the
retention of nicotonic acid in our experiments
varied in parallel with the endoosmotic flow and
no influence was observed regarding the chang-
ing organic core of the microemulsion droplets
(Table 3). This makes nicotonic acid a very
suitable internal standard in future investigations
on microemulsion separations. Typical runs
showing the- separations obtained with n-hex-
ane-, n-heptane- and cyclohexane containing
microemulsions are shown in Fig. 4.

The partition mechanism of vitamin A is the
other extreme, as it is preferentially influenced

Table 3
Relative retention of the nicotinic acid peak with respect to
the endoosmotic flow

Organic solvent Relative migration

added to SDS

None 1.90
Diethyl ether 1.91
n-Hexane 1.88
n-Heptane 1.92
Cyclohexane 1.90
Chloroform 1.86
Octanol 1.80

by the nature of the organic component of the
microemulsion. It always virtually coincides with
the peak of Sudan I1I, whatever organic modifier
is used in the emulsion. Consequently, the posi-
tion of vitamin A in the electrophoregrams
shown indicates the end of the separation win-
dow. In the absence of the organic component of
the microemulsion (in micellar separations) this
is not true, as the last-eluting component is
always vitamin E, which elutes within the sepa-
ration window, elution of the Sudan III peak
being delayed after the vitamin E peak.

3.2. TTAB

An overview of migration differences using
TTAB as surfactant for microemulsion prepara-
tion is shown in Fig. 3. Table 4 summarizes the
N values for individual components of the test
mixture. Data regarding resolution of the critical
pair pyridoxol-nicotinamides are presented in
Table 1.

In general, the effect of the organic micro-
emulsion phase in the presence of a cationic
surfactant is much less pronounced than that
with an anionic surfactant. As can be be pre-
dicted, the sequence of the water-soluble vita-
mins (vitamin B, nicotinic acid, pyridoxol, nico-
tinamide) is reversed compared with the SDS-
based separations, where nicotinamide is the first
peak from the mixture to be seen in the detector.
On the other hand, the lipophilic species, vita-
min E and A emerge in the same sequence in
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Fig. 4. Typical profiles obtained with (A) SDS-diethyl ether, (B) SDS-n-hexane and (C) SDS-cyclohexane. Peaks: 1=
nicotinamide; 2 = pyridoxol; 3 == nicotinic acid; 4 = thiamine; 5 = vitamin E; 6 = vitamin A. Microemulsion phase was prepared by
mixing two parts of 500 mM SDS with 1 part of the solvent (see Experimental), except with diethyl ether, where the ratio was
4:1. No separation of nicotinamide and pyridoxol was obtained with micelles containing a lower proportion of SDS.

Table 4
Number of theoretical plates for the test mixture components in microemulsions containing different organic solvents with TTAB

as surfactant

Vitamin No organic Diethyl 2-Methyl-2- n-Amyl alcohol
solvent ether propanol
Thiamine 17 685 24 869 31495 32167
Nicotinic acid 55824 54078 131 386 178 873
Pyridoxol 102 166 298 184 383196 98 883
Nicotinamide 104 435 116 799 399787 120 365
Vitamin E 57689 75190 179738 128 694
Vitamin A 21640 22691 289 364 114 164

Definition of N and data representation as in Table 2.
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both instances, indicating that the main parti-
tioning occurs between the organic phase core in
the emulsion droplet and the aqueous phase, the
surfactant yielding to this system the charge and
mobility towards cathode. No complete resolu-
tion of the critical pair pyridoxol-nicotinamide
was obtained and in fact the best resolution was
obtained either without any organic solvent
added to the surfactant or addition of diethyl
ether. Typical separations are shown in Fig. 5.
At least, however, addition of the organic sol-
vent to the cationic surfactant can result in a
better peak shape, as indicated in Table 4.
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4. Conclusions

Microemulsion separations, as tested with a
set of lipid- and water-soluble vitamins, with
both anionic and cationic surfactants can offer
better resolution than micellar electrokinetic
chromatography alone. However, in this case,
SDS-based microemulsions are superior to the
TTAB systems. Whereas in the former the sepa-
ration can be influenced not only by the lipo-
philic vitamins but also by the hydrophilic vita-
mins, with TTAB the best separations obtained
were either in the micellar mode only or in the

(1)

T Y
z z 3 ]
- = = =

Lo 1

t (min)

Fig. 5. Typical profiles obtained with (A) TTAB-diethyl ether, (B) TTAB-2-methyl-2-propanol and (C) TTAB-n-amyl alcohol.
Peaks: 1 = thiamine; 2 = nicotinic acid; 3 = pyridoxol; 4 = nicotinamide; 5 = vitamin E; 6 = vitamin A.
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presence of diethyl ether as the microemulsion
component. In the SDS-based separations nico-
tinic acid can serve as an internal standard as its
behaviour does not depend on the composition
of the micellar phase. In fact, its relative position
(with respect to the endoosmotic flow) is the
same with different microemulsions or micelles
or even without any surfactant present in the
system. On the other hand, vitamin A interacts
readily with all the microemulsion phases used
and indicates the end of the separation window.
Along with Sudan III, it can be used to de-
termine the size of the separation window.
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Abstract

A training simulation program for micellar electrokinetic capillary chromatography was developed. The software
provides a high speed of calculation, visual detail and model accuracy with a user-friendly interface. The instrument
parameters that can be varied include capillary material, length, internal diameter and wall thickness, thermo-
stating temperature, voltage and polarity. Hydrostatic injection is simulated using time and pressure as variables.
The following properties of the buffer can be varied: pH, ionic strength, and sodium dodecylsulfate (SDS)
concentration. The retention model is based on experimental values for 8H° and 85°, obtained from the literature.
In addition, the temperature and ionic strength dependence of the critical micelle concentration and the partial
specific volume of the SDS micelle is taken into account. This allows the calculation of the temperature dependence
of the partition coefficients and capacity factors and thus of the retention and migration behaviour. In addition, a
number of dispersion factors are included in the model.

system has to be defined very precisely, all data
(constants, variables) and their mutual depen-
dence must be available. As a result, they
require calculation times in the range of at least

1. Introduction

Computerized simulations of analytical sepa-
ration techniques can be used in different con-

texts: fundamental research, method develop-
ment, training and demonstration. For most
analytical techniques, the fundamentals no
longer have secrets from the specialists in the
field. For relatively new techniques, simulation
from basic principles, such as the equation of
continuity and other differential equations and
charge and mass balances, can provide more
insight. These programs do an exact calculation,
without any assumptions or approximations. The

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00162-X

minutes to hours, depending on the time and
place resolution required. These are not suitable
for training purposes.

At the other end of the spectrum we have the
demonstration software, illustrating and visualiz-
ing in a qualitative way what the result of a
separation will look like. A requirement for such
training software is a high speed of calculation
and a user-friendly interface. The price that is
paid for such convenience is that a lesser degree
of accuracy can be obtained. The kind of simula-
tions that we have developed in recent years
[1-3] have provided a high speed of calculation,
visual detail and model accuracy with a user-

© 1995 Elsevier Science B.V. All rights reserved
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friendly interface. The principle goal has been to
simulate the results of the separation (such as a
chromatogram or electropherogram) rather than
the dynamics of it. Several assumptions as to the
mutual independent behaviour, especially in the
initial stages of separation, have consequently
been necessary. The simulated results, however,
do not deviate too much from the experimental
results [3] and are certainly sufficient for training
purposes. '

Micellar electrokinetic chromatography is a
relatively new technique, introduced in 1985
[4,5]. Within a relatively short time, a consider-
able body of literature has become available and
the first textbook on the subject gives an impres-
sive overview [6]. One of the more illustrative
features of this book is the large number of
illustrations of simulated electropherograms,
used to illustrate the different aspects of migra-
tion and dispersion.

2. Description of the program
2.1. User interface

The basic structure of the program consists of
the user interface of previously published train-
ing software for gas chromatography [1] and free
capillary zone electrophoresis [2,3]. The program
runs on any IBM-compatible PC under DOS,
with a graphics monitor (CGA/EGA/VGA) and
optionally a mouse. A numeric coprocessor is
advisable to keep calculation times within 1 s.
Several shortcut keys were added for fine tuning
of selectivity parameters. Full-screen graphics
alternates with current instrument settings along
with the pull-down menus. Details on the availa-
bility of the program can be obtained from the
first author on request.

2.2. Database

The data stored were thermodynamic prop-
erties 8H° and 65° taken from the literature
[6,7]. A supplementary program was written to
edit the database (change values, add compo-
nents). An additional possibility is to include also

synthetic components with imaginary, ‘“‘ideal”
properties, e.g., a 6H° value of —100 kJ mol ™'
for an electroosmotic flow (EOF) marker.

2.3. Retention model

For the retention model, first the temperature
rise due to heat dissipation in the capillary is
calculated with an iteration [2]. The conductivity
of the buffer has contributions from the buffer
anion, the buffer cation, sodium, dodecyl sul-
fate, micelles and hydrogen and hydroxide ions.
The ionic strength [ is also calculated. A compli-
cation is that the mobilities of all ions will
depend on the ionic strength of the buffer and
also on the temperature. Then the micellar
specific volume V (mg 17') and critical micelle
concentration c¢_,. are corrected for this tem-
perature T and ionic strength I using a (mutually
independent) linear fit to experimental data from
different publications (e.g., [7,8]):

1% 14
V=Vo+ﬁ(T—298)+7'I (1)

6Ct’:mC 6Ccmc

=Cemeo t 5T (T —298) + I 1 2)
Both the micellar specific volume V| and the
critical micelle concentration ¢, under refer-
ence conditions of zero ionic strength and 25°C
and all four differential coefficients can be
changed by the user of the program. Further
details are given in Table 1.

From the analytical concentration of SDS,
C.4s, and its molar mass, M., the phase ratio 8
is now calculated:

— 10~3 Msdsv(csds — ccmc)
1_10_3 MsdsV(csds —-c

chC

3
cmc) ( )
For those cases where ¢4, <c_,. and thus 8 <0,
there are no micelles and B is taken as zero.

The electroosmotic mobility, u.,, in SDS
solutions depends on pH. It is fitted from ex-
perimental data [9], with the following relation-
ship:

HMeot — [80 —0.0015 (12 — pH)S] . 10‘9 (4)

where it is presumed that under these conditions
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Table 1
Relevant “constants” in the migration and dispersion model

Symbol Dimensions Default
Units Range
Come mmol 1™ 1-8 3
1 accmc -1
v K —0.05t0 +0.05 +0.033
Come OT
|4 mig™ 0.1-3 0.81
L4 K™ -0.05to +0.05 +0.001
vV sT 05 to . .
1 8¢ .
. 1 mol ~%to +9 +6.25
Come 01
.2V 1mol ™’ 9
Vsl mo —9to +9 +0.2
d, m 107°-1077 107°
D,, m’s™’ 5-107"-2-107° 107°
D,_. m’s”! 5-107"-2-107° 10°°
kqy s 10-10 000 10000
o., - 0-0.01 0.01

H.o; does not depend on ionic strength or c,.
The temperature dependence of electroosmosis
works mainly through the viscosity of the liquid
near the capillary wall, n, as can be seen from
the equation for the zeta potential, . This value
can now also be calculated, using the dielectric
constant &:

= Feot
é——ne (5)

In contrast to the previously developed simulator
for HPCE, here the { potential is not an in-
dependent variable.

Then, the net electroosmotic velocity v, is
calculated from the electroosmotic mobility and
the field strength E:

Ueot = /‘LeofE (6)

Positive velocities are directed towards the de-
tector. The same can be done for the net
micellar velocity, v,,;., where it is assumed that
the micellar mobility, w,;., has a constant value

of —=61.9-10° m* V' 's

vmic = (/“Lmic + /J‘eof)E (7)

For each of the separands, the Gibbs free
energy change §G° is calculated from T, 8H° and
85° values in the database:

8G°=8H°— T8S8° (8)
which in turn is converted into the temperature-
dependent distribution coefficient K:

-

With the phase ratio B, this yields the capacity
factor, k', for each separand:

k' =BK (10)

The field of application of micellar elec-
trokinetic capillary chromatography (MECC) is
mainly the analysis of non-ionic compounds, but
in order to extend the possibilities of the simula-
tion program to the more general case, ionic
compounds can also be simulated. Here data on
the pH dependence of the distribution coefficient
as a function of pH are usually not available. A
recent publication [10] reported on computer-
assisted modelling of MECC of ionizable com-
pounds. Distribution coefficients of ionized and
non-ionized forms were determined. Their ratio
ranged between 2 and 34. In the model we
assume that the distribution coefficient refers
mostly to the uncharged compound and that the
distribution coefficient of the charged form is ten
times smaller. Now the effective charge of the
ion z is calculated from pK and pH, as described

previously [2]. For ionizable monovalent
separands, Eq. 10 is modified to
k'=(1-09|z})BK (11)

For each separand, the net velocity v, is de-
termined by its distribution between aqueous
and micellar phase:

k' 1

vnet: 1+k’ 'vmic+ 1+k’ (12’)

“Ueot
Only if this net velocity is positive will the
separand reach the detector and the retention
time, f;, can be calculated using the capillary

length to the detector, Lg:
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tR = Ld/vnet (13)

Also calculated in this way are the retention
times of the marker, ty .. (Where v, =v.,),

net

and of the micelle, ¢, .. (Where v, =v

mic)'

2.4. Dispersion model

A number of dispersion factors in MECC are
similar to those in HPCE. The off-column dis-
persion factors used in this study are therefore
identical with those given previously [2,3]. An
overview of dispersion factors on-column in
MECC has been given [5,6]. The following
contributions can be distinguished: longitudinal
diffusion (with diffusion coefficients D,, and
D), sorption and desorption kinetics (with rate
constant k,), intermicelle diffusion (with D, ),
electrophoretic dispersion (with o) and thermal
gradient effects. A number of interesting publi-
cations have been especially devoted to these
effects [11,12]. In spite of the fact that under
practical working conditions some of the effects
mentioned are negligible, all are included in the
present model. The purpose was to illustrate
which parameters determine efficiency and to
what extent. For an overview of the dispersion
model -incorporated into the present simulator,
we refer to the relevant literature (Table 5.6 in
Ref. {6]). .

Table 1 lists the most important parameters
included in the dispersion terms. The values of
the constants in the dispersion terms show a
considerable degree of uncertainty when consult-
ing the different literature sources. Therefore,
these “constants” can be changed, upon which
they are automatically saved, so that subsequent
simulation sessions start with the parameters so
updated. This makes it possible to see in detail
what would happen if a different detergent with
other properties were to be used. The only
limitation is that the thermodynamic properties
8H® and 6S° remain the same for that particular
separand. On the other hand, 6H° and 6S5°
values can be temporarily changed to see the
result of a change in separand properties, in-
dependent of the buffer system chosen.

3. Results and discussion
3.1. Temperature effects

As in MECC the temperature in the capillary
is important, even more so than in CE, several
workers have investigated this aspect. A linear
relationship between the temperature rise and
the power dissipation (W m™") was theoretically
predicted [2,3] and was experimentally verified
using thermochromic solutions [13]. Experiments
for determining this temperature rise from
MECC [7] did not yield the same result, al-
though insufficient details of the capillary dimen-
sions were provided in both publications. We
assume that in both cases the O.D. was 375 pm
and I.D. 75 um. A temperature rise of 0.33°C m
W' is then simulated for a quartz capillary,
compared with 0.3°C m W' in Ref. [13] and 3°C
m W' in Ref. [7].

3.2. Homologous series

The separation of a series of alkylbenzenes
was simulated using data from Ref. [8] (see Fig.
1). In actual practice the migration time of the
micelle can be determined by an iteration pro-
cedure, applied to such a homologous series [14].
When using different homologous series, a dif-
ferent value of ¢, was found [8], indicating that
the micelle marker used (Sudan 3) was not fully
micellarized. When calculating the capacity fac-
tor for Sudan 3, using the . thus obtained,
values in the range 100-200 were found {8]. In
the simulation, a synthetic, temperature-inde-
pendent marker for the micelle migration time
was introduced, having 8 H°=0 and 85° =100 J
mol ™' K. The resulting capacity factor for this
component was 1100, but it can still be dis-
tinguished from ¢ where naturally k' ap-
proaches infinity.

mc?

3.3. Method development

Provided that sufficiently reliable data are
available, the MEccsiM program can be used for
method development. A typical application is
shown in Fig. 2 for the separation of a mixture of
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Fig. 1. Simulated chromatogram of a homologous series of alkylbenzenes [8] at 25°C, 20 kV, pH 8.5, 50 mmol 17! SDS in a 50 um
1.D./375 pm O.D. quartz capillary with a length to the detector of 455 mm and 501 mm total length. Peaks: 1= benzene;
2 = toluene; 3 = ethylbenzene; 4 = propylbenzene; 5= butylbenzene; 6 =a synthetic component, with 8H°=0 and 65°=100J

mol ' K7

six cold medicines [7]. As can be seen, the
distribution coefficients result in a very broad
range of capacity factors (0.16-124 in this case),
so that almost the full retention window has to
be used for simultaneous determination. This
puts obvious constraints on the buffering system.

3.4. Comparison of input data

Literature values for thermodynamic proper-
ties of 8H° and 8S° in the water—SDS system
under buffered MECC conditions are scarce.
Influences of buffer type, ionic strength and pH

T T
t8 1 2 tn e
l//3 4
“y
5
6
Ial 1 1 | | [} ] |8I | ) ] ] ] '1bl 1 | | 1 I2I4I ] ] 1 1 1 l3lzl ] lminl' I4IBI 1

Fig. 2. Simulated chromatogram of a standard mixture of cold medicines [7] at 30°C, 20 kV, pH 7.0, 50 mmol 17'SDSina 75 pm
1.D./375 pm O.D. quartz capillary of length 500 mm Peaks: 1= acetaminophen; 2 = caffeine; 3 = guaifenisin; 4 = ethenzamide;

5 = isopropylantipyrine; 6 = trimethoquinol.
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on the partition coefficient and thus on these
thermodynamic properties can never be ex-
cluded. Two databases were made, based on
results from two sources [7,8]. In the first publi-
cation [7], several buffers were used, in some
cases leading to significantly but not extremely
different values for H° and 8S°. The ¢, was
also different in three different pH 7.0 buffers.

In the second publication, only one pH 8.5
buffer was used. The following solutes were
measured by both: resorcinol, phenol, nitroben-
zene and toluene. The results for 6H° and 85°
for these four solutes from the two publications
differed considerably (see Table 2). Some values
determined by micellar liquid chromatography
(MLC) [15] were also included for comparison.

The 8G° and K values were also different,
although the electropherograms based on the
data from the first two sources were similar (see
Fig. 3a and b). There can be two explanations.
One might stress that values in different buffers
may not be compared, but that does not explain
the similarity between the two simulated chro-
matograms from entirely different §H° and 85°
values. In the second publication [8], small
relative standard deviations for 8 H° and 8S° are
claimed (3-5%); the systematic difference with
[7] could be caused by the buffer.

Another conclusion might be that MECC is
not a very reliable way of determining 6H° and

Table 2

8S5°, where we must not overlook the fact that in
order to obtain 8H° and 85° from f; one needs
equally reliable values of ¢, , ¢, V, ¢, and c 4,
under the experimental conditions concerned.
Also, the temperature in these measurements is
changed over a relatively small interval on the
kelvin scale.

3.5. Kinetic limitations

Using the MECC simulator, separations can
be highly optimized in terms of analysis time,
using all the variables available. In this way one
can go far beyond present limitations of equip-
ment design. For example, the dispersive effect
of heat production can be kept to a minimum
when using a 5-um capillary. If the wall of the
capillary is also very thin, there will be only a
small temperature increase at the high power
dissipations usually encountered in MECC.
Under these circumstances (analysis times in
seconds, not minutes), kinetic limitations are
seen to play a key role in dispersion, provided
that the detector has a time constant <0.1 s, also
unlikely at present. The effect of changing k, on
this kinetic limitation can now easily be visual-
ized.

In practice, heat development will be an
important limitation in speeding up analyses.
With respect to thermostating, two limiting cases

Experimental results from different sources [7,8,15] for thermodynamic properties 8H° (kJ mol™"), 88° (J mol ' K™') and 6G°

(kI mol ") at 40°C for some solutes in SDS

Parameter Ref. Resorcinol Phenol Nitrobenzene Toluene
8H° (7 -12.5 -11.1 -9.7 -7.6
(8] -6.1 -5.8 -5.0 -3.8
[15] -9.3 2.2
88° 7] -17.4 —-5.4 +7.4 +21.1
[8] +7.5 +13.6 +23.8 +34.2
[15] -12.5 +25.9
8G° [7] -7.05 -9.41 -12.0 —-14.2
[8] —8.45 -10.1 -12.4 -14.5
(15] -54 -10.3
K 7] 15.0 37.2 101 234
[8] 25.7 48.5 117 263
[15] 8.0 52
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Fig. 3. Simulated chromatogram at 40°C, 20 kV, pH 7.0, 50 mmo} 17! SDS in a 75 um 1.D./375 um O.D. quartz capillary of
length 500 mm. Peaks: 1 = resorcinol; 2 = phenol; 3 = nitrobenzene; 4 = toluene. Based on data from (a) Ref. {7] and (b) Ref. [8].

are distinguished in the simulation program: in
one, perfect liquid cooling (no temperature gra-
dient outside the capillary) is assumed; in the
other, the capillary is hanging in still air (large
temperature gradient outside capillary), given by
Knox’s equation [16]. The cooling situation in
practice will often be ill-defined but certainly
between these limiting cases.

The former, idealized case is illustrated in Fig.
4 for the separation of xylenols. Under these
conditions of high power dissipation (61 Wm ™),

the temperature in the 300 mm X 75 pwm IL.D.
capillary is increased from 30 to 62°C. This is
about as far as one can go in speeding up the
analysis with perfect liquid cooling. For the other
limiting case where the capillary is hanging in
still air, only 1.4 Wm ™' would result in the same
32°C temperature rise. As the power dissipation
is proportional to E?, the voltage should be 6.6
times lower for air cooling in order to obtain the
same temperature rise, thus illustrating the need
for a good cooling mechanism.
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Fig. 4. Simulated chromatogram at 30°C, 30 kV, pH 6.0, 50 mmol 17 SDS in a 75 um [.D./375 um O.D. quartz capillary of
length 300 mm. Peaks from left to right: 2,6-xylenol, 2,3-xylenol, 3,4-xylenol and 2,4-xylenol.

4. Conclusions

The simulation model makes it possible to
illustrate the influence of a large number of
sample, buffer and equipment parameters on
chromatograms obtained by MECC. The possi-
bility of changing the “constants” in the migra-
tion and dispersion model makes it possible for
the simulation program to learn from the input
of new experimental data and thus to refine the
theoretical model. Synthetic mixture can be used
to visualize the many factors involved in re-
tention and dispersion so that the examples given
in the Vindevogel and Sandra’s book [6] can be
generated by the user in a very flexible manner.

The use of MEccsiM in method development,
however, is still limited by the lack of sufficiently
reliable data of 8H° and 85°, or alternatively k',
values under different but well defined condi-
tions.

Symbols and abbreviations .

Coni critical micelle concentration (mol 17")

mic

o

)
=%
®

®
K=]

Sx~m O U
3

ale

6H"®

analytical concentration of SDS (mol 177)
intermicelle distance (m)

diffusion coefficient in the aqueous phase
(m*s™")

diffusion coefficient in the micelle phase
(m*s™")

field strength (V m™")

jonic strength of the buffer (mol 17")
capacity factor

(de)sorption rate constant s
distribution coefficient

capillary length to the detector (m)
molar mass of SDS (g mol )

gas constant (8.314 J mol ™' K™
average temperature in the capillary (K)
retention time (s)

retention time of EOF marker (s)
retention time of the micelles (s)

net electroosmotic velocity (m s~ ')

net micellar velocity (m s~ ')

specific volume of micelle (ml g™
effective charge of ion

phase ratio

change in Gibbs free energy (J mol ™)
change in Free energy (J mol ")
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8S°  change in entropy (J mol™' K1)

€ dielectric constant of the buffer (0.708 -
10°°Fm")

n buffer viscosity near capillary wall (1077
Nsm™?)

Meor  €lectroosmotic mobility (m”> V™' s™")
Mme  micellar mobility (m* V™'s™!)

o.,  relative standard deviation of u
{ zeta potential of the capillary wall (V)
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Abstract

A new experimental device for high-performance capillary electrophoresis (HPCE) with a double UV detection
system and with thermostating of the whole separation compartment was developed. UV detection is doubled by
producing two apertures placed symmetrically close to the axis of the optical path of the single-beam UV detector
and by the adjustment of the capillary loop on these two apertures. The double-detection system allows exact
measurements of electrophoretic and electroosmotic flow velocities. A procedure for the determination of effective
mobilities from the data obtained by the double UV detection system was developed and applied to determine the
effective mobilities of synthetic peptides (diglycine, triglycine, growth hormone releasing peptide and its derivatives
and fragments). The measurements are performed at constant temperature (25°C) and low input power at which
temperature increase in the capillary can be neglected and temperature corrections of temperature-dependent

magnitudes need not be included in the calculations.

1. Introduction

In the field of peptide chemistry capillary zone
electrophoresis (CZE) is mostly used as a high-
performance, high-sensitive  technique for
picoanalysis of both synthetic peptides and pep-
tides isolated from natural material [1-3]. How-
ever, the application potential of CZE in this
field is much broader. It can be used not only for
purity determination of analyzed peptides but
also for their more complex physico-chemical
characterization. Important characteristics, e.g.,
effective charges, effective electrophoretic mo-
bilities, dissociation constants, relative molecular
masses and diffusion coefficients can be obtained

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00209-X

from CZE data. Up to now only a few studies
have been performed in which the effective
electrophoretic mobilities of peptides have been
measured by CZE and the correlation between
the effective mobility, effective charge and rela-
tive molecular mass has been investigated [4-7].

All these measurements were performed with
systems using single-beam UV detectors. This
means the migration velocity was measured as an
average velocity, with which the particle is mov-
ing from the injection end of the capillary to the
detection position. It is obvious that not all such
measurements are quite accurate, since the con-
ditions are not always stable for the whole time
of experiment.

In the beginning of the experiment the applied
voltage, current and temperature are changing.

© 1995 Elsevier Science B.V. All rights reserved
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Furthermore, depending on the sample solution
and the background electrolyte (BGE) composi-
tion in the beginning of the experiment, different
transient processes such as moving boundary
electrophoresis or isotachophoresis can occur.
Only after some time, which can be a significant
part of the total time of an experiment, a real
zone electrophoretic regimen is achieved and the
separation conditions are stable and correct for
mobility measurement.

Consequently, the electrophoretic mobilities
obtained from such measurements represent
average values, which are dependent on the
given experimental device and conditions, which
cannot be considered as qualitative characteris-
tics of the analytes related to given background
electrolyte and temperature only.

The aim of this work was to overcome these
shortcomings of effective mobility determination
in a single detector CZE device by a new design
of the CZE device with a double UV detection
system. In this device the migration velocity is
measured on a well-defined part of the capillary
between two UV detection positions, the dis-
tance of which is exactly known, where the
sample components migrate under stable and
equilibrated conditions [8].

This double-detection or multi-detection ap-
proach is suitable not only for effective mobility
determination but also for monitoring the dy-
namics of electromigration separation processes.
Recently some devices of such a type have been
described in the literature. The system de-
veloped by Beckers et al. [9] uses two a.c.
conductivity detectors, Terabe and Isemura [10]
and Towns and Regnier [11] use two or several
UV detectors placed along the capillary. The

Table 1
List of analyzed peptides and their sequences

advantage of our system is that it uses, similarly
as the system of Srichaiyo and Hjertén [12], only
one UV detector and the capillary goes twice
through it. In our device the whole separation
compartment is thermostated to constant tem-
perature (25°C). During the electrophoretic and
electroosmotic flow velocities measurement the
input power is lowered so that the temperature
increase inside the capillary can be neglected and
temperature corrections of temperature-depen-
dent magnitudes need not be included in the
calculation of electrophoretic mobilities.

2. Experimental
2.1. Chemicals

All chemicals were of analytical-reagent grade.
Diglycine and triglycine were obtained from
Reanal (Budapest, Hungary), phenol and acetic
acid were from Lachema (Brno, Czech Repub-
lic).

Growth hormone releasing peptide and its
derivatives and fragments were synthesized at
our institute [13]. The list of analyzed peptides
and their sequences are given in Table 1.

2.2. Capillary zone electrophoresis (CZE)

Separations were performed with the newly
developed double UV detection CZE device,
which is described in Section 3.

Acetic acid (0.5 mol/l, pH 2.5) was used as
BGE. Sample was applied by at an overpressure
of 0.006 bar for 5-15 s. Separations were per-
formed at constant temperature 25°C.

Peptide Sequence

His'-GHRP: H-His—p-Trp-Ala-Trp~D-Phe-Lys.NH,
Tyr'-GHRP: H-Tyr-p-Trp-Ala-Trp-p-Phe-Lys.NH,
Digly-GHRP: H-Gly-Gly-His—D-Trp—Ala-Trp-D-Phe-Lys.NH,
GHRP-frag.: H-Ala-Trp-D-Phe-Lys.NH,

GHRP = growth hormone releasing peptide.
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3. Results and discussion
3.1. HPCE device with double UV detection

The scheme of the constructed double UV
detection device for HPCE is shown in Fig. 1.
The core of the device is a fused-silica capillary,
C, with outer polyimide coating and with no
modification of the inner surface (supplied by the
Institute of Glass and Ceramics Materials of
Czech Academy of Sciences, Prague, Czech
Republic) with the following dimensions: L.D.
0.055 mm, O.D. 0.107 mm, total length 297 mm,
effective length 1 (from the injection end to the
first detector) 160 mm, effective length 2 (from
the injection end to the second detector) 205
mm, distance of two detection positions 45 mm.

Polypropylene Eppendorf tubes (1.5 ml) serve
as electrode vessels, EV. A high-voltage power
supply, HV, (0.1-20 kV, 1-500 nA), developed
earlier in our Institute was used in a constant-
voltage mode.

Pneumatically formed overpressure, p, at the
injection end of the capillary is used for filling
and washing the capillary with BGE or other
solutions (Ap=0.1 bar) and for sample intro-
duction (Ap = 0.006 bar).

The whole separation compartment (capillary,
electrode vessels and detector) is thermostated
by flowing air at 25°C. Combination of water
cooling of the case of the separation compart-
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Fig. 1. Scheme of the HPCE device with double UV detec-
tion system. C = Fused-silica capillary; D = double UV detec-
tion system; HV = high-voltage power supply; EV = electrode
vessels; PC = personal computer; P=printer; Ap=
pneumatically formed overpressure, T =const. =
thermostated space with constant temperature.

ment and heating wire inside the separation unit
is used to quickly achieve the temperature
equilibrium.

3.2. Double UV detection system

The device is equipped with-a newly designed
double UV detection system which allows mea-
surement of UV absorption at two positions in
the capillary. The schematic diagram of the total
set-up of the detector is shown in Fig. 2a, the
detail of the double passage of the capillary
through the detector is shown in Fig. 2b. The
detector uses some components of the previously
developed device [14].

The UV light source is an iodine low-pressure
electrodeless discharge lamp, I,DL, (UV lamp
type 1, LKB, Bromma, Sweden). The discharge
lamp is excited by a high-frequency oscillator,
HFO, with 100 MHz frequency and 6 W input

S

HFO LC?FC IF PD A
i
0 K
120t U‘ k AlD PC

Fig. 2. Schematic diagram of the double UV detection
system. (a) Total set-up: I,DL =iodine discharge lamp;
HFO = high-frequency oscilator; LC = light condensor; S=
solenoids with needle cores; F = copper foil with two aper-
tures Al, A2; C=cross-section of double passage of the
capillary through the detector; IF = interference filter; PD =
photodiode with built-in preamplifier; A = amplifier; A/D =
analog—-digital converter; PC = personal computer. (b) De-
tailed view of the double capillary passage through the
detector: C = capillary loop; F=copper foil; Al, A2=
apertures to which capillary loop with two windows is fixed.
Arrows indicate migration direction of an analyte through the
double UV detection system.
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power. The thermostating of the lamp at con-
stant temperature (25°C) ensures the high stabili-
ty of the light intensity and the detection system
can work in a single-beam mode. The light
condensor, LC, concentrates the light on two
apertures with the dimensions 0.05 X 0.300 mm
which are electrochemically produced on the
copper foil, F, and which are placed symmetri-
cally close to the optical axis of the detector. The
capillary loop is attached to the foil in such a way
that two windows of the capillary (short parts of
capillary with removed polyimide coating) are
placed exactly behind the two apertures. The
adjustment and sealing of the capillary to the foil
is performed under a microscope. The apertures
can be alternatively opened or closed by the
needle cores of two solenoids, S, situated be-
tween the light condensor and the foil.

After going through the capillary the light
passes the interference filter, IF, (LKB, Brom-
ma, Sweden) by which the detection wavelength
206 nm is selected. The light is detected by a
silicone photodiode, PD, with a built-in pre-
amplifier (type OP-AMP-Photodiode HUV
1000B, EG and G, Salem, MA, USA). The
signal is further amplified by an operational
amplifier, A, filtered and digitized by a 14-bit
analog-digital converter, A/D. The data are
collected during 100-ms sampling periods by a
personal computer, PC (Xerius, 286/16, Elko,
Prague, Czech Republic). Home-made software
[15] is used for data acquisition, evaluation and
presentation.

3.3. Determination of effective mobilities from
the data of the double UV detection CZE device

A procedure has been developed for determi-
nation of effective electrophoretic mobilities of
analytes separated by CZE with the double UV
detection system. The procedure is based on
exact measurement of migration velocity on a
part of the capillary between the two detectors.
Consider a mixture of a charged component, A,
and a non-charged component (electroosmotic
flow marker), M. The schematic electrophero-
gram of CZE separation of this mixture in the
device with double UV detection is shown in Fig.

A
Al A2
M1 M2
} } t + t
> >
tr teo

Fig. 3. Schematic electropherogram of the CZE separation
of charged component A and non-charged component M
obtained with the double UV detection system. Al (A2)=
peak of component A at the first (second) detection position;
M1 (M2)=peak of component M at the first (second)
detection position. A = absorbance; t=time, ¢ (t,)=

r

migration time of component A (component M) between two
detection positions.

3. Peak Al represents the passage of component
A through the first detection position, peak A2
represents the passage of A through the second
detection position. Similarly M1 and M2 repre-
sent the first and the second passage of M
through the detector. From the time intervals ¢z,
and t,, and from the known distance of the
detectors, d, the resulting migration velocity of
charged component, v,, and electroosmotic flow

velocity, v,,, are calculated.
v, =d/t, (€))
Voo =dlt,, )

Since the resulting migration velocity, v, is a
sum of electrophoretic velocity, v,,, and electro-
osmotic flow velocity, v.,, the electrophoretic
velocity, v,,, can be obtained as a difference
between v, and v, :

vep = vr - ve() = d(teo - tr)/tr : teo (3)

The effective electrophoretic mobility, m ., is
defined as electrophoretic velocity related to unit
intensity of electric field, i.e.

M=V, /[E=v, - 1/U 4

where E is the intensity of electric field, U is the
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voltage on the capillary and / is the total length
of the capillary.
Combining Eqs. 3 and 4 we can obtain for m

l-d-(t,,—t)
Mo =" Ut 1 ®)
i.e. effective electrophoretic mobility can be
calculated from the capillary parameters / and 4,
from the voltage, U, applied on the capillary and
from experimentally measured migration times
t., and f,.

The electrophoretic mobilities are relatively
strongly dependent on temperature (ca. 2.5%
change of mobility per 1°C). Therefore, the
obtained values of effective mobilities have to be
related to a defined temperature (mostly 25°C).
This problem is solved in our procedure in the
following way. The whole separation compart-
ment, i.e., capillary and electrode vessels, is
thermostated at a constant temperature of 25°C
and the measurement of migration velocities is
performed at such a low input power that the
temperature increase inside the capillary due to
Joule heat can be neglected. Consequently, the
measured data are directly related to 25°C and
no corrections of temperature-dependent mag-
nitudes have to be included in the calculations of
the electrophoretic mobilities.

In order to find out the level of input power up
to which the temperature increase inside the
capillary due to Joule heat can be neglected the
dependence of driving current on the applied
voltage was measured (see Fig. 4). In the linear
part of this dependence the Ohm’s law is valid,
i.e., the resistance of BGE inside the capillary is
constant. The deflection from linearity starts at
voltages (input power), at which the Joule heat
causes temperature increase inside the capillary
and lowers the BGE resistance.

Consequently, the working conditions for
CZE measurement of electrophoretic mobilities
were chosen in the linear part of the current—
voltage dependence. Most of separations were
performed at 7.0 kV, 6.3 nA (0.15 W/m input
power) which is sufficiently lower than the values
at which the deflection of linearity starts (11 kV,
0.5 W/m). Obviously, using the double UV

P{w/m)
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15 . o,
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Fig. 4. Dependence of current, I, on the voltage, U, applied
to the capillary in the flowing-air-thermostated separation
compartment. E = intensity of electric field corresponding to
applied voltage; P = input power corresponding to applied
voltage and driving current in the capillary.

detection device it is not necessary to perform
the whole experiment at such low input power.
In order to speed up the measurements at the
beginning of the experiment the higher voltage
can be applied and only when the first analyte is
nearing the first detection position the voltage is
decreased to a lower value.

3.4. CZE analysis of peptides and determination
of their effective mobilities.

The developed double UV detection CZE
device was used for analysis of several synthetic
peptides and for measurement of their effective
electrophoretic mobilities.

The CZE separation of a test mixture con-
taining synthetic peptides diglycine and triglycine
and an electroosmotic flow marker, phenol, is
shown in Fig. 5. As expected, separation of this
three-component mixture by the double UV
detection CZE device provides an electrophero-
gram with six peaks. Generally, n-component
mixtures will generate electropherogram with 2n
peaks.

The higher peak heights of the same sample
components at the first detection position (aper-
ture Al, peaks 1, 2, 3 in Fig. 5) than at the
second one (aperture A2, peaks 1’, 2', 3’ in Fig.
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A206

0.0084 AU

o] 200 400
tis)
Fig. 5. Separation of a test mixture of diglycine, triglycine
and phenol by the double UV detection CZE device. 1
(1') = diglycine (1 mg/ml) in the first (second) detection
position; 2 (2') = triglycine (1 mg/ml) in the first (second)
detection position; 3 (3') = phenol (0.3 mg/ml) in the first
(second) detection position. A = absorbance at 206 nm; t =
migration time. Sample components dissolved in BGE (0.5
mol/l acetic acid, pH 2.5). Sample introduction overpressure
0.006 bar applied for 5 s. Voltage 7.0 kV, current 7.3 nA. The
other separation conditions are given in the text.

5) reflect better adjustment of the capillary
window on the aperture Al than on the aperture
A2. The signal of the detector is very sensitive
on this adjustment. A small change in the
relative position between the capillary and the
aperture causes that some light is not going
through the core of the capillary but through its
walls which results in a signal decrease of the
detector. However, the sensitivity of both detec-
tion positions of the developed system is suffi-
cient for our measurements (noise at the level
4-107* AU).

The double UV detection system was mostly
used in a mode with simultaneous measurement
of UV absorption at both detection positions,
i.e., both apertures are opened and the sum of
the light coming in the two light beams is
measured by the photodiode. With respect to the
relatively low light amount going through the
miniature apertures, this mode is more suitable
than the mode with alternatively opened and
closed apertures, since the photodiode noise is
relatively lower, i.e., the signal-to-noise ratio is
higher at higher light intensities. If linearity of
detection is preferred over its sensitivity, then
the mode with alternatively opened apertures
should be used.

A206
L 1 i
o b -
<t
2k T 1
°
s|r 1
L J
V "
L . 2 2
- PR " A, A A i i A ry 1. 1 i 4 n L
o 200 400

t(s)
Fig. 6. Analysis of diglycyl growth hormone releasing pep-
tide by the double UV detection CZE device. 1 (1') =
peptide peak in the first (second) detection position; 2 (2') =
peak of electroosmotic flow marker in the first (second)
detection position. A = absorbance at 206 nm; ¢ = migration
time. Sample (1 mg/ml) dissolved in BGE. The other
experimental conditions are given in the text and in Fig. 5.

CZE analysis of diglycyl growth hormone
releasing peptide is shown in Fig. 6. From the
differences of migration times of the peptides at
the second and at the first detection position the
resulting migration time of their movement be-
tween the two detectors is obtained and using
the other experimental data (see Eq. 5) the
effective electrophoretic mobilities of peptides
were calculated. The results are summarized in
Table 2.

The better reproducibility of effective mobili-
ties obtained from shorter series (five experi-
ments performed in series during few hours,
RSD =0.4-0.8%) than from the longer series
(twenty experiments during few days, RSD =
1.2-1.3%) can be explain by the fact that local
micro changes of the double-layer composition
(electrokinetic potential) at the inner surface of
the capillary, resulting in electroosmotic flow
velocity variation, are smaller during shorter
periods of time. Also the other sources of
variance, such as e.g. slight changes of pH and
ionic strength of BGE, can be expected to be
smaller during the shorter time period than
during the longer one. The uncertainty caused by
a sampling period of 0.1 s for migration time,
e.g. t=40 s, (0.1/40) X 100 = 0.25% should be
also taken into account as a source of variance of
the measured data.
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Table 2

Calculated effective electrophoretic mobilities of peptides analyzed by the double UV detection CZE device

Peptide m,-10° Z, RSD n
(mv's™h) (%)

Diglycine 25.6+0.3 0.78 1.2 20
Triglycine 22.3=*0.3 0.84 1.3 20
Diglycine 25102 0.78 0.8 5
Triglycine 21.9%0.1 0.84 0.4 5
His'-GHRP 35.6+0.3 3.0 0.8 5
Tyr'-GHRP 23.5+0.2 2.0 0.6 5
Diglycyl-GHRP 34.0%0.2 3.0 0.6 5
GHRP-frag. 30.0+0.2 2.0 0.7 5

m,, = Effective electrophoretic mobility at 25°C (in 0.5 mol/I acetic acid, pH 2.5), RSD = relative standard deviation, n = number

of measurements.

Effective mobility, m.,, of the peptide is a
function of its effective charge and size (relative
molecular mass, M,). Several relations have
been suggested to describe this dependence [7].
Among them the Offord equation [16] is the
most frequently used:

rncf:k"zef.(]\dr)_y3 (6)

where k is constant of proportionality and z is
the effective charge of peptide. From this rela-
tion it follows that the ratio m,./z. should be
directly proportional to (M,)™*">.

meflzer.10%(m2v ™)

30

20

102 , s M3 400

1 2 3 4

Fig. 7. Dependence of the ratio of effective mobility and
effective charge, m,,/z.,, on the relative molecular mass,
(M,)*?, of analyzed peptides.

In Fig. 7 the ratio of determined effective
mobilities (see Table 2) and their calculated
effective charges is plotted against relative mo-
lecular mass of peptides, (M,)"*”*. For calcula-
tion of the effective charges our previously
developed program was used [17]. The very good
agreement of our data with the Offord equation
is evident.

4. Conclusions

The developed HPCE device with the double
UV detection system was shown to be a suitable
tool for the fast and accurate measurement of
electrophoretic mobilities and potentially of
other physico-chemical characteristics of the pep-
tides analyzed or other substances.
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Abstract

The micro-isolation of a minor ampholyte from a mixture of four ampholytes using carrier ampholyte-free
isoelectric focusing (IEF) is described. The separation is achieved in two consecutive steps. In the first step, a
concentrated mixed zone of minor ampholyte-containing major ampholytes is formed when the original mixture is
loaded into the column by electromigration. During this loading, a flux of solvolytic ions from both ends of the
column is set up in such a way that one end of the zone formed is immobilized in the column. It is achieved by
selection of the pH range, which includes the p/ value of the minor ampholyte but not the p/ values of the major
ampholytes. The minor ampholyte is captured in this zone completely, whereas the major ampholytes migrate
through this zone to the outlet reservoir. After the zone has acquired a reasonable volume, the loading step is
interrupted. In the second step, either the complete contents of the column are separated by conventional carrier
ampholyte-free IEF in a pH range that includes the p! values of all the ampholytes, or using a smaller pH range the
minor ampholyte can be separated and isolated completely. Zone formation was modelled by computer simulation
for a two-ampholyte mixture and verified experimentally for a four-ampholyte mixture in an instrument for
electrically controlled IEF by using coloured low-molecular-mass ampholytes.

1. Introduction

Modern capillary electrophoretic techniques,
such as capillary zone electrophoresis (CZE),
isotachophoresis (ITP) or capillary isoelectric
focusing (CIEF), have outstanding separation
abilities in terms of selectivity, resolution and
speed of analysis [1]. The sophisticated detection
techniques developed recently have decreased
the detection limits to the level of single mole-
cules [2].

Usually these techniques work in a one-dimen-

* Corresponding author.

0021-9673/95/$09.50
S§D1I1 0021-9673(95)00009-7

sional mode only, which is frequently insufficient
when complex biological mixtures are to be
analysed. The presence of the large amounts of
salts, the great complexity of biological samples
and the high concentration ratio of the sub-
stances of interest adversely affect the analytical
results. Therefore, the analysis of biological
samples requires either an enhanced separation
power of the method or sample pretreatment
prior to analysis.

The use of two-dimensional analysis by cou-
pling an electrophoretic technique with another
separation technique, e.g., MS or HPLC [3,4],
helps to resolve substances that cannot be re-
solved in one run. Surprisingly, the combination
of two electrophoretic techniques can also sig-

© 1995 Elsevier Science B.V. All rights reserved
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nificantly increase the resolution and this ap-
proach is frequently used. Combined ITP and
CZE [5-8] is used mainly for the preseparation
and preconcentration of samples. Moreover, the
major bulk waste component can be easily elimi-
nated from a CZE run using more sophisticated
equipment, which results in simplification of the
complex separated sample prior to proper analy-
sis. The load used does not exceed the volume of
the capillary [9], which does not need to be
sufficient for the detection or preparation of
minor components.

Such a simplification of the sample compo-
nents with higher volumes of the load is used in
non-capillary free-solution focusing techniques
[10-12], where a range of the substances of close
pl and/or pure substance themselves is the result
of the separation run. These techniques are used
for the preparation of purified samples. Bier et
al. [10] used zwitterionic buffer mixtures in
recycling IEF, where the sample was divided into
three parts, anodic, cathodic and middle, where
substances of interest were focused. Using buf-
fers of higher concentration enhanced the solu-
bility of proteins. Righetti et al. [11} introduced
isoelectric membranes tailored for particular
separations. The sample is introduced between
two membranes, where substances with pl values
different from the p/ range of the membranes
are flushed out by electromigration.

This paper describes another method of col-
lecting an amphoteric compound A of interest
from a sample containing higher concentrations
of ampholytes B, C and D and KCl (electrolyte).

If a sample is placed in a load reservoir
connected with a waste reservoir by a tube and
electric current is passed through such a column,
the minor ampholyte can be trapped in the tube
as a stopped zone. Almost all major ampholytes
leave the tube to the waste reservoir, passing
through the created trapped zone of minor
ampholyte.

In the trapped zone, under suitable conditions,
the concentration of the originally minor am-
pholyte A is higher than those of the originally
major ampholytes. In this way selective enrich-
ment can be achieved.

’ VERY LARGE VOLUME E

MEMBRANE

Cao

THIHIHIA

pH>pl

!
WASTE ZDNQ\ Gg;PPED ZONE /DOSING ZONE

STOPPED BOUNDARY

Fig. 1. Schematic diagram of the experimental arrangement.
The loaded sample mixture is on the anodic and the waste
zone on the cathodic side of the column.

2. Theory

A schematic diagram of the basic arrangement
is shown in Fig. 1. The waste zone is at the
cathodic side and the loading zone at the anodic
side. If the waste zone has a pH value pH,,
higher than the pl value of the minor ampholyte,
pl,, no minor ampholyte can enter the waste
zone. On the opposite side, the slowly moving
boundary between the trapped and loading zones
must have a pH value from the side of the
loading zone, pH,, that is lower than pl,.

The properties of the waste and loading zones
determine the conditions for immobilization of
the trapped zone. For the specific composition of
the loaded sample mixture, there is only one
proper composition of the waste zone.

To calculate the compositions of the waste and
the trapped zones, a program developed and
described earlier was used [13]. The program
was upgraded for the calculation of two biprotic
ampholytes in a loaded sample mixture con-
taining also salts of strong and weak bases and
acids as a background electrolyte. This program
is based on: (1) equality of flows of the back-
ground electrolyte in all zones; (2) electroneu-
trality; (3) dependence of degree of dissociation
of substances on pH; (4) constant omega func-
tion in all zones; (5) constant driving current in
all zones; and (6) mass balance.

Let us first discuss the simplest part of the
system, the neutralization boundary. It is created
in the background electrolyte by partial replace-
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ment (modification) of the cations and anions at
the anodic and cathodic sides of the column with
H* and OH~ ions, respectively. Flows of sol-
volytic ions H™ and OH ™~ (Jy, Joy) enter the
neutralization boundary created in the back-
ground electrolyte from opposite sides. If these
fluxes are equal, i.e.,

Jgv = Jopy- (1)

the neutralization boundary stops and does not
move. Then the sum of the flows of ions of the
background electrolyte (Jg y, Jg on) are also
equal on both sides:

Z"B,H+=2JB,OH_ (2)

Further, let us discuss the properties of the
ampholyte zone. If the zone of the trapped
ampholyte is created between two such modified
zones which were stopped, it cannot move. The
ampholyte is in its isoelectric state, and if the
mobilities of its cationic and anionic forms are
equal, it is also in the isoionic state. The amount
of the dissociated fraction for the biprotic am-
pholyte is given by [14]

B 2
* T 24100k

3)

where « is the degree of dissociation of both
cationic and anionic forms of the ampholyte and
pK, is the dissociation constant. Only the disso-
ciated fraction can transfer electric charge
(protons).

At the boundaries of the trapped zone with
background electrolyte, a dynamic equilibrium
exists, and the flows of the solvolytic ions are
divided into two parts. The first part of the
solvolytic flow neutralizes the oppositely charged
ampholyte and solvolytic ions to the neutral
form, creating water by neutralization. The sec-
ond part of this flow enters the zone, ionizes the
ampholyte and carries the charge to the other
side of the zone, where the same effect with ions
of opposite sign occurs. Assuming that the am-
pholyte is in the isoelectric state, only half of the
solvolytic flow reaching the boundary enters the

zone and is carried by the ampholyte to the
opposite side of the zone.

In the trapped zone of the ampholyte, the
flows of the solvolytic ions are also divided into
two parts. They are partially carried by the
ampholyte (J, ,) and partially they continue as
flows of free solvolytic ions (Jy 4, Jon.a)- The
sum of these flows is equal to the flow of
solvolytic ions entering from the background
electrolyte, i.e.,

Jar =Jonu- =Jua T aa 4)

Of course, the sum of flows ions of background
electrolyte in the zone of ampholyte (Jg ,) must
be equal to the flows of these ions in the
modified background electrolyte (Jg 43 /5 on):

EJB,H+ZEJB,OH-ZEJB,A (5)

In other words, Egs. 4 and 5 indicate that the
amount of electricity carried by solvolytic and/or
non-solvolytic ions is constant in each part of the
whole system.

The flow of the ampholyte in the trapped zone
(Ja.a) is given by

Jan=CaUjallk, (6)

where C, is the analytical (total) concentration
of the ampholyte is its zone, / is the current, U,
is the ionic mobility of the ionized form A and «,
is the conductivity of the zone. Since in the
isoelectric state the fraction of the ionized am-
pholyte « is constant (neglecting the influence of
the ionic strength on the pK value), the flow of
solvolytic ions from surroundings is balanced by
setting its total concentration. Any change of the
solvolytic flows from the surroundings results in
a change in concentration of the ampholyte, i.e.,

ATy =Jya tJona +ACUsal/k, (N

From Eq. 7, it follows that the concentration
of the ampholyte in the zone is proportional to
the flow of the solvolytic ions and to its physico-
chemical properties, which also determine the
amount of free solvolytic ions in the zone. The
computer program is based on this idea.

Mobilities, pK values of all substances, con-
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centration of the background electrolyte, con-
centrations of the ampholytes in the load and the
chosen pH value of the waste zone are the input
data for the program. From these data, the
program calculates the compositions and the pH
values of all zones that fulfil the conditions of the
stopped boundary between the loading and
trapped zones.

The procedure for computation is as follows.
The compositions of the loading and waste zones
are calculated first. The concentrations of both
loaded ampholytes in the trapped zone are then
obtained by iteration, until equal flows of back-
ground electrolyte in all zones are reached.

It should be stressed that the diffusion and
depletion of the primary background electrolyte
due to the presence of the neutralization reaction
on the boundaries is neglected. This is accept-
able at a small difference in pH between the
waste zones and the loading zone. By compari-
son with simulation data obtained from the
program by Thormann and co-workers [15,16],
only a minor difference in the concentrations of
ampholytes was found, not exceeding 5%. In
that program the mentioned effects were not
neglected.

Calculated data for ampholyte A (pl, =7.4,
pK, =69, pK,=7.9; p, =p,=30-10" m?> V!
s~') and for ampholyte B (pl; =7.9, pK, = 7.4,
pK,=8.4; pu,=pu,=30-10"° m*> V7' s7') are
given in Table 1. In all calculations, 10 mM KCl
was used as the primary electrolyte. The con-
centration of the loaded major ampholyte was
always 107> M and the concentration of the
minor ampholyte A varied from 107> to 107> M.

Table 1

The transfer number of the trapped ampholyte in
the loaded mixture varied from 2.1-107* to
2.43-107? and represents the amount of trapped
ampholyte per unit of electric charge passed
through the column.

The value of C represents the concentration
of the trapped ampholyte in the case when no
major ampholyte is loaded. The most important
fact is shown in the middle column. The widely
varying ratio of the concentration of the minor to
major ampholyte in the loading zone (from 1:1
to 1:100) results in a nearly constant concen-
tration of minor ampholyte in the trapped zone.
The ratio C,/Cy here varies from 1:0.81 to
1:0.55. If the concentration of minor ampholyte
in the loading mixture is decreased by two orders
of magnitude, its concentration in the trapped
zone decreases by about 9%. In this way, a
mixture enriched in the minor ampholyte is
obtained.

For verification of the accuracy of the calcu-
lated data, a computer simulation was per-
formed. A simulated column was filled with a
mixture of previously calculated composition
(see Table 2). The initial conditions are that the
continuously loading (source) zone is placed at
the anodic side and the continuously depleting
waste zone on the cathodic side. Development of
the concentration, pH and conductivity profiles
along the column with time is shown in Fig. 2.
The concentrations in the simulated trapped
zone (¢, =2.23 mM, cy = 1.24 mM) are in good
agreement with the calculated values (c, =2.45
mM, ¢y =1.37 mM), and their ratios are 1.798
and 1.788, respectively.

Calculated data for model mixture containing two ampholytes, A and B, in 10 mM KCI

Loaded mixture Trapped zone (pH =pl,,) Non-trapped zone Transfer
number,

Ca Cy pH Ca Cy cx Cy pH 10°T,

(mmol) (mmol) (mmol) (mmol) (mmol) (mmol)

0.01 1 3.81 2.45 1.37 4.012 4.0 7.74 0.21

0.1 1 3.83 2.48 1.38 4.087 4.0 7.74 2.11

0.5 1 4.02 2.26 1.53 4.043 3.9 7.72 11.2

1 1 4.38 2.09 1.7 4.088 4.0 7.70 24.3
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Table 2
Compositions of electrolytes used for simulation

Parameter Loading zone Waste zone
pH 3.83 7.74
Ampholyte A 1mM 0mM
Ampholyte B 10 mM 40 mM

K* 7.952 mM 4.539 mM
(o 9.199 mM 5.107 mM

3. Experimental
3.1. Chemicals

Low-molecular-mass p/ markers of p/ 5.3, 6.2,
8.6 and 10.1 were obtained from Dr. K. Slais
(Institute of Analytical Chemistry, Brno, Czech
Republic), their chemical compositions and
properties have been published elsewhere [17].
They are readily soluble in water and are
coloured.

The apparatus used for the focusing is a
modification of the previously used laboratory-
made four-pole column [13] and will be de-
scribed more precisely in a subsequent paper.
The apparatus has four electrode chambers con-
nected with a separation channel and one pair of
electrode chambers on cach side of the sepa-
ration capillary. In each pair of equal polarity,
one chamber is filled with the primary (back-
ground) electrolyte (here 0.01 M KCl) and the
other with a modification electrolyte or loaded
mixture. A solution of a strong base serves as a
cathodic modification electrolyte and the loaded
mixture contains the ampholytes dissolved in
primary electrolyte with a properly adjusted pH
value.

The flows of ions from the electrode chambers
pass through the washed membranes into the
separation channel, which is a quartz capillary
(120 mm x 0.35 mm 1.D.). The capillary is effi-
ciently cooled by a stream of air from a flat
nozzle, mounted on the supporting rack.
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Fig. 2. Simulated time course of trapping. (2) Concentration profiles of the minor and major ampholytes (full thick and thin lines,
respectively) and conductivity profile (dotted line) at the start of trapping; (b) developed profiles after 150 min; (c) profiles after

900 min; dashed line pH profile. Current density, 20 A m>
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3.2. Trapping procedure

After filling the appropriate electrode cham-
bers with solutions of the loaded mixture and
basic modification and neutral primary elec-
trolytes, the membrane washing is started to
keep the composition of the electrolytes constant
during the run. The capillary is filled with the
loaded mixture. The separation is started by
setting the ratio of the driving currents on both
regulators and switching on the main driving
current. Solvolytic ions and the loaded mixture
ions continuously penetrate the capillary, where
the trapped ampholyte creates a zone. When the
creation of the trapped zone starts, some fine
readjustment of the driving current, depending
on the position and velocity of the zone in the
column, is obviously necessary. Non-trapped
ampholytes migrate via the trapped zone to a
waste zone and subsequently through a mem-
brane of the primary electrolyte out of the
column and into the electrode drain solution.
After some time, the whole capillary is filled
with the trapped zone, which contains substan-
tially enriched trapped ampholyte. Subsequent
interruption of the continuous loading and de-
creasing the pH range cause the major am-
pholytes to leave the trapped zone. In the
capillary only the pure trapped ampholyte re-
mains.

3.3. Micropreparation

The driving current is switched off and a thin
needle (quartz capillary) is inserted into the
column through the opened filling valve on one
side of the column. The contents of the column
between the membrane and the trapped zone are
removed by suction and replaced with air. A
small bubble of air on the other side of the
trapped zone is inserted, to prevent remixing
with other possible zones. After repositioning
the needle to the centre of the zone, the zone is
drawn into the needle using an attached mi-
crosyringe. The needle is removed from the
column and the microprepared zone (ca. 5 ul) is
transferred into a microvial, where it is stored at
0°C.

Analytical control was effected by capillary
isoelectric focusing with electroosmotic displace-
ment of zones (CIEF). CIEF was performed by
using a laboratory-made capillary electrophoretic
device. It features a 70 cm effective length, 90
cm total length X 75 um I.D. fused-silica capil-
lary (Polymicro Technologies, Phoenix, AZ,
USA), a CZE 1000R electric power supply
(Spellmann, New York, USA) and a Spectra
Focus fast-scanning UV-Vis spectrophotometric
detector (Thermo Separation Products). Results
were recorded in the wavelength range 370-600
nm and the spectra of the individual peaks were
used for identification of the coloured am-
pholytes.

All experiments were performed with 10 mM
phosphoric acid as anolyte and 20 mM sodium
hydroxide containing 0.1% hydroxypropyl-
methylcellulose (Sigma, St. Louis, MO, USA) as
catholyte at 20 kV constant voltage. The sample
ampholytes were dissolved in a 2% solution of
the carrier ampholyte Servalyt 3-10 (Serva,
Heidelberg, Germany) and were injected gravi-
tationally into the anodic end of capillary (raising
it to 70 cm for 5 min). The experimental pro-
cedure has been described in detail elsewhere
[18,19].

4. Results

To demonstrate the performance of the meth-
od for more complicated loaded mixtures, a
model mixture of four ampholytes (low-molecu-
lar-mass pI markers) of p/ 5.3, 6.2, 8.6 and 10.1
was chosen at concentrations of 1073, 107*, 107
and 107> M, respectively. The minor ampholyte
of p! 6.4 is red and the others are yellow. This
model mixture, dissolved in 0.01 M KCl (pri-
mary electrolyte) with pH adjusted to 5.5, served
as the loading mixture in subsequent experi-
ments.

The time course of the experiment is shown in
Figs. 3a, b and c, where the trapped zone (p/
6.2, the darker zone) was photographed after
times of 10, 25 and 120 min, respectively. The
zone grows, and by 120 min it is 20 mm long.
The non-trapped ampholyte (p/ 10.1 and 8.6,
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Fig. 3. Time course of trapping. Zones after (a) 10. (b) 28
and (¢) 120 min. The zones of trapped ampholyte are in
positions 39-40. 31-34. and 55-75. respectively. The driving
current was 200 pA during the first 10 min. then decreased to
100 pA.
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lighter zone) pass through the column to the
waste clectrode chamber and from it they are
rinsed out by a continuous flow of fresh clec-
trolyte. The equivalent length of the non-trapped
zone without rinsing (under these conditions)
should be ca. 400 mm.

The CIEF analysis of this mixture (wavelength
410 nm. maximum absorbance of major am-
pholvtes) is shown in Fig. 4. The ampholytes
migrate in order of their decreasing p/ values,
the first peak being ampholyte of p/ 10.1 and the
last peak ampholyte of p/ 5.3. Fig. 5 shows the
CIEF analysis of the trapped zone when continu-
ous loading was not stopped. As can be seen. the
ratio of the minor to major ampholyte con-
centration is dramatically changed. The minor
ampholyte is more concentrated in the mixed
trapped zone than in the original loading mix-
ture. and originally major ampholytes are at
lower concentration. Only a small amount of
ampholyte of p/ 5.3 is present in the trapped
zone.

Fig. 6 shows the CIEF analysis of the isolated
zone. refocused in the column. after the loading
was stopped. It can be seen that the zone

MIXTURE

o]
w
o
o
[}
(@]

(sl

25 30 35 40 45

TIME [min]

Fig. 4. CIEF analysis of the loaded mixture of four p/ markers of p/ (A) 6.2, (B) 8.6. (C) 10.1 and (D) 5.3.
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Fig. 5. CIEF analysis of the trapped zone. Details as in Fig. 4.
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Fig. 6. CIEF analysis of the isolated zone. Details as in Fig. 4.
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contains mainly minor ampholyte, the major
ampholytes having left the zone. Ampholytes
leaving the isolated zone to the cathodic side are
shown in Fig. 7. Here, small amounts of am-
pholytes B and C were detected together with
some impurities X of original product of am-
pholyte A. These impurities were also found in
the original product of ampholyte A (Fig. 8). On
the anodic side, no impurities were detected
after refocusing of the isolated zone. CIEF
analysis of the cathodic drain electrolyte shows
only the presence of ampholytes B and C (Fig.
9), which confirms the theoretical considerations.

5. Conclusion

The developed continuous trapping method
showed good results in simulations and experi-
ments. The method allows trapping of a minor
ampholyte component from a large-volume load.
The concentration of the trapped substance is
favourably high. The relative enrichment of the
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minor ampholyte in the trapped zone is suffi-
ciently high.

The volume of the load from which the
trapped ampholyte originates is more than one
order of magnitude higher than the volume of
the separation capillary. The method is based on
carrier ampholyte-free IEF and the micropre-
pared substance contains only ions of the back-
ground electrolyte.
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Fig. 7. CIEF analysis of the impurities leaving the isolated zone to the cathodic side. X denotes impurities of the original product

A. Details as in Fig. 4.
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Fig. 9. CIEF analysis of cathodic drain electrolyte. Details as in Fig. 4.
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Abstract

The influence of the longitudinally non-uniform zeta potential on processes in capillary zone electrophoresis was
studied. The velocity field of the electroosmotic flow in capillary tubes is modelled by the Navier—Stokes equations.
Their stationary solution represents convective transport of a solute which is taken into account in the continuity
equation for the concentration distribution. All equations are studied numerically. The results represent the time
evolution of initial forms of sample peaks. These are presented in graphical form for several cases of zeta potentials
which are either instructive or closely related to situations encountered in practice. It is shown that plug-like flow in
the capillary cannot be expected and that a non-uniform zeta potential generally leads to significant dispersion of

peaks.

1. Introduction

One of the most important phenomena accom-
panying the separation process in capillary zone
electrophoresis (CZE) is the electroosmotic flow
(EOF). This flow can be easily explained by
invoking the electric double layer. Of all the
possible reasons for its formation, the following
two are worth mentioning: the specific adsorp-
tion of charged ionic species and protolysis of
dissociable groups on the inner surface of the
separation column. Since the net charge density
p in the diffusion part of the double layer differs
significantly from zero, an applied longitudinal
electric field of strength E exerts the volume
force Ep on the diffusion layer. As a conse-
quence, the diffusion layer moves and owing to

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00109-3

viscosity forces this movement is propagated to
the rest of the liquid in the column.

In the description of the process, the electric
potential & can be substituted for the net charge
density p. The Poisson and Boltzmann equations
provide relationships among p and @ [1]. In this
paper, it is the value of the potential @ on the
wall-liquid interface which will be used to char-
acterize the process. This function is called the
zeta potential and is usually denoted by ¢.

Many papers have dealt with the problem of
EOF under the assumption that ¢ does not
depend on the coordinate running along the
longitudinal axis of the capillary [2-7]. A conclu-
sion drawn from above-mentioned papers is that
EOF generally has little influence on the ef-
ficiency in CZE when the driving electroosmotic
force is uniform along the column.

Cases in which any of the quantities involved,
e.g., the zeta potential { or the longitudinal field

© 1995 Elsevier Science B.V. All rights reserved
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E, are supposed to vary along the axis of the
capillary are treated only occasionally. However,
there are various reasons for the assumption of
an axially non-uniform zeta potential. These can
be both intentional ones caused by a chemical
treatment of the inner surface of the capillary
and casual ones caused by a reaction and/or an
adsorption of a solute [8] at the interface.

Anderson and Idol [9] have studied the
stationary flow pattern in a capillary under the
influence of a zeta potential, which is a periodic
non-uniform function of the axial variable. As
governing equations of the flow they have taken
the Stokes equations, i.e., the Navier-Stokes
equations in which convective terms are neg-
lected. Relations for fluid velocity have been
derived by means of Fourier series expansion
and, moreover, an equation for the mean fluid
velocity has been presented.

Chien and Helmer [10] have proposed a model
to calculate the average electroosmotic velocity
and the variance of sample peaks in field-am-
plified capillary electrophoresis, using a capillary
column filled with two different concentrations
of the same buffer. Thus, in their analysis, it is
the field strength that appears to have a non-
uniform distribution along the column. They
realized that the radial velocity profile in parts
with different concentrations has a parabolic
shape and showed that the difference between
the local electroosmotic velocities in both parts
of the column and the mean velocity contributes
to the dispersion of a solute in accordance with
the Golay equation.

Towns and Regnier [11] have described how
partial coverage of the inner surface of the
column by adsorption of a protein leads to the
mismatch between local and bulk electroosmotic
velocity and consequently to a decrease in ef-
ficiency of separation.

Nowadays, attempts are made to use a radial
electric potential across a capillary wall for a
direct control of the zeta potential [12,13]. In the
experimental equipment the radial electric po-
tential is applied over a part but not the entire
length of the column. Although experimental
observations have been reported [14,15] indicat-
ing that the dispersion of peaks in this case does

not satisfy the conclusions of Chien and Helmer,
probably owing to surface conductivity, at least a
gradual change in the axial distribution of the
zeta potential [15] should be expected.

In this work, our aim was to study the migra-
tion of a solute in electrophoretic columns under
the joint influence of the electrophoretic flux and
convective transport through the electroosmotic
flow caused by a longitudinally inhomogeneous
zeta potential. A model is adopted in which the
flow pattern in the column is found as a station-
ary solution of the Navier—Stokes equations with
boundary conditions which depend on a given
zeta potential. This stationary solution of the
Navier—Stokes equations is found numerically.
Another numerical procedure provides the con-
centration distribution of the solute as a function
of two spatial variables and time. Results of
simulations are given and commented on for
three different distributions of zeta potential. It
is concluded that the axially non-uniform zeta
potential generally leads to dispersion of sample
peaks and, sometimes, a noticeable radial distor-
tion of the peak should be expected. In par-
ticular, the classical plug-like electroosmotic flow
cannot be expected in cases where axial homo-
geneity of some quantities no longer holds.

2. Theory

We shall deal with a capillary column of radius
a and finite length L. It will be assumed that
L >>a and that all flows and fluxes and also the
concentration distribution will be rotationally
symmetrical.

2.1. Velocity field in the column

The velocity vector, U, is equal to a two-
dimensional vector (v,, v,), which consists of v,,
the axial, and v,, the radial velocity component.
Each component of the velocity vector depends
on the axial coordinate x, the radial coordinate r
and time ¢. The governing equations for the
velocity U are the Navier—Stokes equations in
which, with a view to rotational symmetry of the
process, cylindrical variables will be used.
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As the fluid is viscous, the boundary condition
on the wall-liquid interface should be that the
velocity is equal to zero and the volume force
Ep, from which the EOF stems, should occur in
the Navier-Stokes equations. In this paper, for
simplicity the fluid velocity on the column wall
will be set to equal the electroosmotic plug
velocity determined by the Helmholtz—-
Smoluchowski equation and, consequently, the
volume force Ep does not appear in the equa-
tions governing the flow. This approximation was
also used by other workers [9-11,16] and can be
well accepted in most real instances when the
thickness of the diffusion layer is much less then
the inner diameter of the capillary column. Thus,
the apparent electroosmotic velocity v(x) at a
point at the column wall with longitudinal
coordinate x will be

o) =22 () M

where ¢ is the permitivity of the liquid, E is the
driving electric field strength, {(x) is the zeta
potential, dependent on the axial x coordinate,
and 7 is the dynamic viscosity of the liquid. In
this paper it is further assumed for simplicity that
the driving electric field is a constant vector
parallel to the axis of the capillary.

The acceptance of the approximation used,
Eq. 1, is well supported by Tikhomolova [6],
who analytically calculated the time development
of the electroosmotic velocity profile in the
cylindrical column. Her resuits show that the
velocity at the inner edge of the diffusion layer
acquires the Helmholtz—Smoluchowski value
—eE{/m in a very short time even when the rest
of the liquid is still not moving.

As the double layer is neglected, it is possible
to express the boundary condition on the capil-
lary wall for the axial velocity component in the
form

v (x, a,t) =v(x) (2)

where v(x) is given by Eq. 1.

The velocity field and the function p = p(x, r,
t), describing pressure, satisfy the Navier—Stokes
equations for incompressible fluid, which are
considered in the domain x €0, L), r€ (0, a),

t€ (0, =) and can be be given in the following
form [17]:

av, avx+ v,
gt TUx gy Ty
o’v, 1 o av, 1 9
N
ox r or ar Py 0X
av, av, v,
3t TUsTax U ar
_ [6 N .
-V ax2+r'6rrar r2 Py O
(4)
v, 1 4
ox r'ar (rvr)—O (5)

where v =7/p,, is the kinematic viscosity and py,
is the mass density of the liquid. It will be
assumed that the fluid is at rest at time ¢t =0, and
therefore

v (x,r,0)=0, v(x,r,0)=0 (6)

On the capillary wall, the axial velocity is
prescribed and the radial velocity must be equal
to zero, i.e.

v, (x,a,t)=v(x), v(x,a,t)=0 (7

On the axis of the capillary, the components of
the velocity satisfy these geometrical conditions:

Ju
arx x,0,0)=0, v,(x,0,8)=0 (8)

It is assumed that both ends of the capillary are
under constant pressure and, moreover, there is
no difference between these pressures, i.e.,

p(Oar’t):pL’ p(L?r’t):pR (9)

where p, and p, are constants for which p, =
Py If all significant changes occur in the area far
from both ends of the capillary, it is acceptable
to formulate the boundary conditions at the ends
in the form

v, -

ax 0,r,)=0, v,(0,r,t3=0 (10)
v,

X @L,r,)=0, v(L,r,t)=0 (11)

The second and third terms in Eqgs. 3 and 4 are



54 B. Potocek et al. | J. Chromatogr. A 709 (1995) 51-62

convective terms which bring non-linearity into
the Navier-Stokes equations. The Reynolds
number Re, used to assess the significance of the
convective terms, is defined for the case of flow
in a cylindrical tube as Re = av,p,\/m, where v is
a characteristic velocity. The convective terms
could be neglected if Re << 1. Under the con-
ditions that are typical of EOF in CZE, v,=1
mm s™', a=100 wm, p, =1000 kg m~> and
n=0.001 Pa s, so Re=0.1. This means that the
convective terms might play a certain role in the
capillary flow in CZE and were taken into
account by using the Navier—Stokes equations.
It is obvious that the solution of the described
system of equations depends on the function
v(x). With time increasing, this solution con-
verges to a time-independent solution. A nu-
merical procedure will be used to obtain an
approximation to this stationary velocity field.

2.2. Concentration distribution

Once the velocity field is known, the con-
centration distribution of a solute, c(x, r, t), can
be calculated by solving the continuity equation

EE_D[&Jrl 2 (2]
at ~ Plae T ar \Mor
d(cuk)
Uy ax — U or _Sgn(z) ax (12)
with the initial condition

c(x,r,0)=cy(x,r) (13)

and the boundary conditions consisting of a
condition on the capillary wall given by

d
= (x,a,1) =0 (14)

a geometrical condition on the capillary axis
given by

a
= (,0,0)=0 (15)

and the following conditions in the ends of the
capillary:

c0,r,t)y=c., clL,r,t)=cy (16)

Here, D is the diffusion coefficient, u is the

electrophoretic mobility of the solute and z is its
charge number. It is seen that the continuity Eq.
12 takes several fluxes into account, namely the
diffusional flux (the first term on the right-hand
side), the flow in the electroosmotic velocity field
(the second and third terms) and the electro-
phoretic flux (the fourth term). The electropho-
retic flux is the movement of a solute with the
velocity v,, = sgn(z)uE only in the axial direction
due to the Coulombic force acting on possibly
charged particles of the solute.
It will be assumed that

¢ =cg=0 17)

The initial concentration distribution described
by function c¢,(x,r) must satisfy all boundary
conditions. Since in this paper the function
¢o(x, r) will have the form cy(x), i.e., it does not
depend on the radial variable 7, we shall assume
that

co(0) =co(L) =0 (18)

In problems of movement of a solute along a
tube, the mean radial concentration c, is a
useful quantity:

2 a

Clx, )= —2f c(x,r,t)rdr 19)
a“Jo

The dispersion o’(¢) will be defined in analogy

with the dispersion of ¢, in the unbounded
capillary by

- ), @Ol -pOl & @)

where u(t), the mean x-coordinate of the solute,
is

B0 = ), catwDr s 1)
and
Cooelt) = LL cy(x, ) dx (22)

The mean velocity of the convective flow in the
capillary tube, v, is defined by

m?
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v,@)= fz—f: v, (x,r, )rdr (23)

This value, due to the condition of incompres-
sibility, does not depend on the variable x. With
the time increasing, v (f) converges to a station-
ary value. This value will be referred to as the
stationary mean velocity. In cases when both
convective flow and electrophoretic flux act to-
gether, the solute moves at the velocity v, t v,

There have been several studies of the time
development of a solute concentration (or, at
least, dispersion of a solute) under the influence
of various types of flows in tubes. A stationary
velocity field with parabolic profile has been
considered [18-22] and the electroosmotic ve-
locity profile encountered in stationary EOF with
zeta potential uniform along the capillary tube
has been investigated [3,4,7].

Using the Stokes equations, Anderson and
Idol [9] derived that the stationary mean ve-
locity, v_, attains the value given by

m?
L

Uy = 1 v(x) dx (24)

m L o
For the sake of completeness, it is shown in the
Appendix how Eq. 24 can be obtained through a
simple computation with the Stokes equations. If
the Navier—Stokes equations are used, Eq. 24 is
not exactly valid. However, only a small devia-
tion of the stationary mean velocity from the
value given by Eq. 24 can be expected. This is
what has been confirmed by numerical simula-
tions.

3. Methods of solution

The Navier-Stokes Eqs. 3-5 were transform-
ed into a system of partial differential equations
for a pair of functions, ¢ and £ [23]. The stream
function ¢, provides the velocity components
through the equations

_1. L

T gr e Ur = r odx (25)

v

The vorticity of the velocity field, &, is given by

_du, 9y, 26
“ax  or (26)

The functions ¢ and ¢ satisfy the following
system:

0€ i3 ¢ v é

ar TV TV T

[ 1 @ g\ &
’”[5?+7'ar<"5>_,2] (27)
'y 9 (1 ag\

ax” +"a_<7'¥) =-ré (28)

The conditions to which the function ¢ is subject
consist of an initial condition

&x,r,0)=0 (29)

and the boundary conditions

a (/1 o
&x,a,t)= % (7-—6%>(x, a,t),
£(x,0,0)=0 (30)
%(0,r,t)=0, %(L,r,t)=0 (31)

The boundary conditions for ¢ are

Ylx,a,0)=x@), $(x,0,0)=0 (32)
%—;/i(o,r,t)=0, %%(L,r,t)=0 (33)

where the function x(¢t) is a function which
depends on only one variable, ¢, and satisfies the
relationship

L
L-%([)= —vaJ; &(x,a,t)dt

[l e o
—Oovx-ax+vr-arrrdx (34)

Finite difference methods were used to solve the
Navier—Stokes equations and the parabolic equa-
tion for the concentration of a solute. With a
Reynolds number of moderate value, we were
able to apply all methods [17,23,24] in a straight-
forward and standard manner.
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4. Results and discussion

The mathematical model described above en-
ables one to calculate a velocity field and peak
shapes of a solute for arbitrary axial distributions
of the zeta potential. We shall discuss several
instances of such forms of the zeta potential
which are either instructive or closely related to
situations encountered in practice. In all simula-
tions, the liquid is meant to be water with
dynamic viscosity n = 0.001 Psa s and mass den-

sity density p,, = 1000 kg m ".
4.1. Half-covered capillary column

A capillary column is considered in which the
right half is covered by a deactivation layer. The
consequence is that, except for a transition
region around the centre of the capillary, the
zeta potential is constant and equals zero in the
right part of the capillary and a non-zero value in
the left-hand side of the capillary.

Various widths of the transition region be-
tween the covered and uncovered parts of the
capillary are modelled by taking three functions
{(x) with various steepness in the transient
region. These functions, playing the role of the
input boundary conditions, are depicted in Fig.
la as curves 1, 2 and 3. All these functions are
such that the local electroosmotic velocity gener-
ated by the value of the zeta potential at the left
end of the capillary is 1 mm s~ ' and that at the
right end is zero.

The corresponding stationary velocity fields
obtained by solving Eqgs. 3-11 for a capillary
with an inner diameter of 100 wm (a =50-107°
m) are shown in Fig. 1b for all three cases of
v(x). In this and all analogous figures the radial
size of the capillary is considerably enlarged and
so the radial velocity component has also been
magnified in the same ratio. The vectors of the
velocity are depicted as “‘weathercocks” stream-
ing in the flow. The lengths of lines attached to
the depicted points are proportional to the
magnitude of the velocity. It is seen that a radial
component of the velocity appears mainly in the
transient region. At a distance a few diameters
from the transient region the radial flows are

negligible and the axial component of the ve-
locity field has an almost parabolic profile. In the
left part of the column the axial component of
the velocity is maximum at the column wall and
nearly zero on the axis whereas in the right part
of the column the situation is the opposite, i.e.
the maximum velocity is on the axis and zero at
the wall.

We shall investigate the time development of a
Gaussian peak of a solute with a diffusion
coefficient 1-107' m* s, the centre of which is
at a position x =8 mm in the capillary tube, its
initial variance is o’ =2.5-10"" m’ and its
concentration in the maximum is 4 mol m~> (4
mM). The initial axial distribution of the solute
is depicted in Fig. la. The initial condition, Eq.
13, is

(x - 0.008)2]

35
2-2.5-107"7 (35)

colx,r)=4 exp[—
In fact, this function satisfies the boundary
conditions given by Eqs. 18 only approximately,
but the small difference can be neglected. It will
be assumed for simplicity that the solute has no
electric charge, i.e., u=0 and consequently
U, = 0 in this case.

Numerically solving Eqs. 12-18 gives the con-
centration distribution c(x,r,t). The mean ve-
locity v, calculated with the aid of Eq. 24 is 0.5
mm s~ ', whereas v, obtained from the move-
ment of the simulated peak of the solute is about
0.49 mm s~' for all three cases. This indicates a
slight influence of convective terms in the
Navier-Stokes equations.

The time-dependent variance of the solute
calculated by Eq. 20 is depicted in Fig. 1c for all
three cases of v. The mean velocity v, is almost
the same in all three cases but the corresponding
dispersion of a passing solute peak depends
considerably on the course of the function v. The
less steep the function v(x) in the transient
region, the smaller is the resulting value of the
solute variance. In the situation described, the
main cause of the peak dispersion is due to the
parabolic profile of the axial velocity component,
which dominates over the radial component. In
accordance with Chien and Helmer’s considera-
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radius of column a, 50107 m; length of column L, 0.05 m; electrophoretic velocity v,,, 0. ¢, = Initial condition, Eq. 35.
1-3 = Three different cases corresponding to three profiles of the electroosmotic velocity v(x) at the column wall. Dashed
line = time-dependent variance of convective diffusion in a laminar parabolic flow with the velocity of 0.5 mm s™'. (a) Initial
condition and boundary conditions; (b) velocity fields; (c) and (d) simulated time-dependent variance.

tions [10], it is the difference between the
“local” and mean velocity which contributes
mainly to the peak broadening. The term “local”
velocity means the velocity v at the site of the
peak, but it should be realized that the peak has
a certain axial width, so there is no uniqueness in
the determination of the local velocity.

In the parts of the column outside the tran-
sient region, the difference between the velocity

v and the mean velocity given by Eq. 24 is
vy;= 0.5 mm s~'. For comparison, a dashed
line with the slope v’ a’/24D is drawn in Fig. 1c
and d, which corresponds to a laminar parabolic
flow with a velocity of 0.5 mm st
Additionally, it is worth noting that the simu-
lated curves start with almost zero slope at time
t =0, but after a few seconds the slope stabilizes

to a value which is near to that predicted by
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v5a°/24D. The part of Fig. 1c around t=0 is
enlarged and shown in Fig. 1d. This result can be
viewed in the context of the conclusions in the
paper by Gill and Sankarasubramanian [22]. For
the case of unsteady convective diffusion in the
laminar flow, they calculated that the slope of
variance stabilizes at time ¢=0.2a°/D. In our
case this value is 5 s, which corresponds well
with the simulated case.

A solute peak exhibits interesting changes in
its radial and axial profiles when passing through
the transient region. These changes are especial-
ly profound when, roughly, the velocity of the
axial movement of the solute is comparable to
the speed of the radial diffusion flux. In typical
CZE conditions this can happen in rather thick
columns or in the case of a low diffusion coeffi-
cient of the solute. Fig. 2a shows both the axial
and radial profiles of an analyte with diffusion
coefficient 5-10""" m® s™' (this would corre-
spond, e.g., to the diffusion coefficient of conal-
bumin) in a column of 150 um I.D. passing
through the transient region depicted as curve 1
in Fig. 1la. The curves in Fig. 2a come from the
solutions to the Egs. 12-18. The mean radial
concentration profile ¢, at various times is given
by the thick line. In Fig. 2b a time record is
depicted which would be recorded by a detector
located at a position just behind the transient
region. In spite of peculiar changes in the axial
and radical peak profiles, the time record is only
a simple tailing profile.

4.2. Partly-covered capillary column

In this example, a segment of the capillary
column a part of which, say one third or two
thirds is covered by a layer hindering the forma-
tion of a non-zero zeta potential. Fig. 3a illus-
trates the corresponding functions v(x), i.e., the
distribution of the electroosmotic velocity along
the column. Although this case is a slight
generalization of the previous half-and-half case,
the flow pattern of the velocity field is different
because significant vortices in the flow may
appear. Fig. 3b shows a plot of the calculated
velocity fields in both cases. The “weathercocks”
directing to the left indicate the appearance of

vortices. Nevertheless, it should be realized that
the mean flow of the liquid directs to the right in
both cases with a mean velocity of about 1/3 or
2/3 mm s~', respectively.

4.3. Partly uncovered capillary column at the
detector position

Capillary columns with an inner coating sup-
pressing the EOF are often used. The columns
are also always coated from the outer side by a
polymer coating. As the outer polymer coating is
UV absorbing, it is necessary to remove it at the
site of the UV absorption detector. This is often
done by means of a flame which burns off the
polymer coating in the region of the capillary
where the detector will be located. However, the
inner coating will also be destroyed by this
procedure. Such a situation can cause severe
problems from the point of dispersion of the
passing solute due to the EOF occurring in the
uncovered region. This situation is stimulated in
a 5-cm segment of a covered capillary column, 1
cm of which is uncovered. The detector is
situated in the middle of the uncovered part. Fig.
4a shows the function v(x) and Fig. 4b the
calculated velocity field in the capillary of 100
um LD. The closed vortices in the velocity field
are evident.

An initial Gaussian peak of a solute with a
diffusion coefficient of 2-107'° m® s~ will be
assumed to move in the column. The centre of
its initial position will again be at x =8 mm and
its initial variance will be o; =2.5-107" m”. The
mean velocity v, of the flow in the capillary
according to Eq. 24 is 0.2 mm s~'. Now it is
assumed that the solute has an electric charge
causing its migration in the electric field with an
electrophoretic velocity v,, = 0.5 mm s~ '. The
total velocity of the movement of the solute in
the column will therefore be v, +v,, =0.7 mm
s~'. Fig. 4c shows a plot of o’ against time.
There is apparently a significant total increase in
the solute dispersion while the peak is passing
through the uncovered region of the capillary.
However, rather than knowing the dispersion
changing with time, one may be interested in the
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Fig. 2. Simulation of the peak profiles at various times ¢ in a half-covered capillary column. Diffusion coefficient D, 5-10""' m
s™'; radius of column a, 75-10"° m; length of column L, 0.05 m; electrophoretic velocity v,,, 0. Thick line = mean axial
concentration, c,,. (a) Axial and radial profiles of the peak; (b) time record of a detector located at x =0.03 m.

5

signal of a detector at a given position. Hence, in The graph exhibits an asymmetric shape due to
Fig. 4d a time record of the mean concentration severe dispersion during its passage through the
of the solute is presented for a time range large detector.

enough to enable the peak to pass the detector. Finally, it should be realized that the widths of
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Fig. 3. Simulation of the stationary velocity field in a partly
covered capillary column. Radius of column a, 50-107° m;
length of column L, 0.05 m; 4 and 5= two different cases
corresponding to two profiles of the electroosmotic velocity
v(x) at the column wall. (a) Boundary conditions; (b) velocity
fields.

peaks in CZE are mostly much greater than the
radius of the columns and, in the considered
cases of a non-uniformly distributed zeta po-

tential, the radial profile of the axial velocity is
approximately parabolic. This brings the main
contribution to the overall peak shape and its
dispersion and, consequently, the well estab-
lished theory of convective diffusion in laminar
flow can be employed with good precision.

The contribution of the radial flow in transient
regions and the convective terms are compara-
tively less significant. Nevertheless, many more
extreme situations can be found where the use of
the present model will be necessary.

5. Appendix

Here we derive Eq. 24, as we believe, in a
simpler and more straightforward manner than
in Ref. [9]. If non-linear terms in the Navier—
Stokes equations are left out, the Stokes equa-
tions are obtained. Hence, by Eq. 3 the equation
for the component v, of the stationary solution
U(x, r) of the Stokes equations is

1.
p ox

o', 1 o/ avx>
O=v- Y +V-—r‘~5kr' o

This equation is multiplied by r and integrated
over any domain x€ (0, L), r€ (0, o), o €(0,
a). By applying integration by parts and taking
the boundary conditions into account, the first
and third terms on the right-hand side are shown
to be zero. Hence the relationship reduces to

J’L f" a ( v,
—\r-
o Jo or ar

This provides

)drdx=0

r& dr=0
g o ar (X,O') -

from which it is obtained immediately that the
function r— [r v, (x, r) dx is constant in the
interval (0, a). Hence, according to the bound-
ary condition Eq. 2, for every r € (0, a) it holds
that

Lva(x,r)dx=foLv(x)dx
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From Eq. 5, it follows that the function x— [
v, (x, r)r dr is constant on (0, L). Hence,

2 a
v,=—| v.x, rrdr
a”Jo

2 L a
=szfvxx,r)rdrdx
a“ Jo Jo
L

“ta ) )]
=T ) v(x) dx . r dr

L

1
=T v(x) dx

The first and last terms form Eq.
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Abstract

An expression is derived which gives the plate height contribution caused by an electroosmotic flow (EOF) in a
cylindrical capillary with longitudinally uniform zeta potential. The derivation is made in terms of effective
thickness of the electric double layer (an analogue to the Debye length). Typical values of the effective thickness
calculated for common situations are given. The resulting expression for the plate height, H , = B’v,,/D, enables
one to calculate the plate height simply as a function of the diffusion coefficient, D, of the solute, the

electroosmotic velocity, v

eo?’

and the thickness of the electric double layer, 8. The impact of peak broadening by

the EOF is compared with that from longitudinal diffusion and extra-column effects for solutes with widely varying

diffusion coefficients.

1. Introduction

On the border between a liquid and a solid
phase, the intensity of the electric field is not
necessarily zero owing to the presence of an
electric double layer. The structure of this doub-
le-layer is described by various models, of which
the Stern—Gouy-Chapman model [1] is generally
accepted. According to this model, it consists of
a compact or Stern layer that adheres on the
solid surface and the diffuse layer in the liquid,
where the volume charge density is significantly
greater than in the rest of liquid. For an aqueous
solution of small ions in contact with, e.g., fused
silica, glass or even an organic polymer such as
PTFE, the Stern layer mostly possesses an excess

* Corresponding author.

of negative charge. This is a result of adsorption
of negative ionic species and/or protolysis of
dissociable groups on the surface.

The excess of negative charge on the surface
must be compensated for by an excess of positive
ions in the diffuse layer. Consequently, the
electroneutrality condition in the diffuse layer is
no longer valid.

The plane formed by the centres of the ions
from the diffuse layer, which are in closest
proximity to the compact layer, is named the
outer Helmholtz plane. The diffuse layer in
principle ranges from the outer Helmholtz plane
to infinite distance and it is of primary impor-
tance for electrokinetic effects. The excess of net
charge in the diffuse layer is responsible for the
electroosmotic flow (EOF) that can occur in
electrophoretic separation columns. In this case,
the longitudinal driving electric field acting in the

0021-9673/95/%09.50 © 1995 Elsevier Science B.V. All rights reserved

SSDI 0021-9673(95)00068-2
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direction of the column axis generates the driv-
ing electroosmotic force in the diffuse layer. The
net charge in the layer, however, drops to zero
very quickly when the distance from the wall
exceeds several nanometers under circumstances
usual in capillary zone electrophoresis (CZE).

The potential profile in the diffuse layer for a
double layer with planar geometry can be at-
tained by solving the Poisson—Boltzmann equa-
tion [2,3]. Rice and Whitehead [4] calculated
stationary velocity profiles of the EOF in cylin-
drical capillaries employing a linear approxima-
tion of the exponential terms in the Poisson—
Boltzmann equation. They pointed out, how-
ever, that this approximation fails when the
potential in the diffuse layer becomes higher
than ca. 50 mV.

Martin and co-workers [5,6] determined the
contribution of the radial electroosmotic velocity
profile in a capillary tube to the sample peak
dispersion. They approximated the original ve-
locity profile either by a power function or by a
partly flat and a partly quadratic profile. It
should be noted that they also employed the
linear approximation of the Poisson—Boltzmann
equation [5,6].

Andreev and Lisin [7] made a detailed study
of potential and velocity radial profiles in a
capillary tube numerically without any lineariza-
tion. The temperature effects acting significantly
in CZE were also taken into account.

It is the main aim of this paper to give a
derivation of the contribution of the EOF to the
peak dispersion in open CZE columns assuming
a longitudinally uniform driving electroosmotic
force along the capillary column. This is assessed
in terms of the fraction of the solute in the
diffuse layer which lags behind the travelling
peak. The profiles of the electric potential in the
diffuse layer are calculated for cylindrical sym-
metry based on the Poisson—Boltzmann equation
without any approximation in accordance with
Andreev and Lisin [7]. This approach is not
limited to either the magnitude of the potential
or any linearization. This approach enables us to
express the peak dispersion contribution of the
EOF by a simple closed equation.

2. Assumptions of the model

An open cylindrical capillary tube of radius a
with homogeneous properties across the length is
assumed to be filled with a homogeneous liquid
solution of a background electrolyte consisting of
n species of ions, the ith of which has a con-
centration ¢, and charge number z,. As a conse-
quence of the longitudinal homogeneity, the
properties of the electric double layer are also
homogeneous across the length. Further, the
setting of the problem exhibits cylindrical sym-
metry. As the studied process is homogeneous
with respect to the coordinate which can be
identified with the axis of the capillary, there is
only one spatial coordinate, the radial coordinate
r, on which all quantities depend. If the net
charge density at a distance r from the axis of the
capillary is denoted by p(r), the outer driving
electric field of constant strength E exerts a
driving force Ep(r) on a unit volume of the
electrolyte.

The radial distribution of the electric potential
¢ is given by the Poisson—Boltzmann equation in
the cylindrically symmetrical setting

vl e o)
k0]

__ls o [
——ezc,.z,.Fexp— RT

)

where ¢ is the permitivity of the electrolyte
solution, R is the gas constant, T is the absolute
temperature and F is the Faraday constant. With
the two boundary conditions

L ©O=0,6@=¢ @)

Eq. 1 determines the potential ¢ on r € (0,a).
The value of the potential ¢ on the outer
Helmholtz plane, for simplicity identified here
with the wall of the capillary, is denoted by ¢
and is called the electrokinetic or zeta potential.

Only the axial component, v,, of the velocity
of the EOF depends on the r coordinate, i.e.,
v, =v,(r). It can be derived that the stationary
radial velocity profile of v, is
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where 7 is the dynamic viscosity of the liquid.
Since ¢(0) is nearly zero in electrophoretic
columns with diameters above 10 um, the
stationary velocity of the flow at the centre of the
capillary is

v,(0)=v,, = —¢eE{/n 4)

This is identical with the well known Helmholtz-
Smoluchowski relationship.

3. Derivation and discussion

3.1. Effective thickness of the electric double
layer

The total axial flux J, of an analyte with
concentration ¢, moving in a capillary tube is
given by

J.=c2m f ru, (r) dr (5)
0

In the derivation of the lagged part, it is assumed
that the same flux J, is transported by the
velocity v,, but in a cylinder with radius a — ,
SO

J = c,m(a—B) v, (6)

where B is the effective thickness of the diffuse
layer and can be interpreted as the thickness of
the cylindric sheath of liquid sticking on the
column wall without being moved. Equating
Egs. 5 and 6, B is then

2 f ru (r)dr (7)
Veo Jo

The effective thickness B is an analogue of the
Debye length (or thickness) « ', which is the
effective thickness of the ionic atmosphere but
obtained from the linearized Poisson—-Boltzmann
equation and is defined for, e.g., uni—univalent
electrolytes as

14/eRT
o1
KT FV 2 ®)

For the calculation of B, the following two
steps are to be followed:

(i) Calculation of the potential ¢(r) by solv-
ing the differential Eqs. 1 and 2. The
equations were solved numerically by the
Hamming predictor—corrector method [8]
after substituting d¢p/dr. This enables one
to solve the set of two differential equa-
tions of the first order. Integration starts
from the point r =a with ¢(a)={. The
boundary condition in r =0, d¢/dr(0) =0,
is attained by iterative shooting.

(ii) Determining B8 by numerical integration
of Eq. 7 using Eq. 3. The numerical
integration was performed using the Simp-
son formula.

Table 1 shows the effective thickness B8 calcu-
lated for various { potentials (or corresponding
electroosmotic mobilities u.,, defined as u =
v.,/E) and various concentrations ¢” of an
aqueous solution of a uni—univalent electrolyte
(i=1,2; ¢ =cd=c"; z,=1; z, = —1) acting as
the background electrolyte. For comparison, the
corresponding Debye lengths are also given in
Table 1. The difference between B and x ' is
caused by linearization of the exponential terms
when deriving the Debye length « ~'. Although
the linearization may be well founded in deriving
the ionic atmosphere of a single ion [9], it fails in
the case of an electric double layer when the zeta
potential exceeds about 50 mV [4] (see also
Table 1), which corresponds to an electroosmotic
mobility of about 35-107° m? V' s7'. How-
ever, such a situation is commonly reached in
CZE when using untreated silica capillaries. It
can be seen that the deviation is significant for
high zeta potentials where B is found to be

nearly a factor of two smaller than k.

3.2. Peak dispersion due to longitudinally
uniform EOF

The total peak dispersion is the result of the
individual contributions. For a linear case the
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Table 1

Dependence of the effective thickness 8 on concentration of a uni—univalent electrolyte and zeta potential {

(V) u, (1078m*v7's™ Concentration ¢ (mmol 1 ")
0.01 01 1 10 100
B (nm)
0.02 1.38 95.1 30.1 9.51 3.01 0.951
0.05 3.45 91.1 28.8 9.11 2.88 0.911
0.1 6.91 79.8 25.2 7.98 2.52 0.798
0.2 13.81 55.8 17.7 5.58 1.77 0.558
« '(nm)
95.9 30.3 9.59 3.03 0.959
u,, = Electroosmotic mobility; x ~' = Debye length.

final variance of the peak is the sum of the
individual peak variances. In the case of EOF
the lagging sheath of liquid in the diffuse layer
near the column wall causes a radial diffusion
flux of the lagged part of the analyte from the
wall to the centre. Consequently, the axial pro-
file of the sample moving in a capillary column
will be dispersed. This will be the contribution of
the uniform EOF to the total peak dispersion.

From the effective thickness B, the fraction F
of liquid sticking on the column wall and virtual-
ly not moving can be found. Assuming 8 <<a in
common electrophoretic columns, this fraction is
given by

Fo 2maf3

2
wa

2B
- ©)

Knowing the fraction F, an approximate deri-
vation of the influence of the radial velocity
profile v (r) on peak dispersion in CZE can be
performed. Aris [10} and Giddings {11] derived
that the variance o of a solute peak caused by a
non-movable fraction F at the capillary wall but
undergoing radial diffusional transport in the
case of plug-like flow with velocity v is

2_F2(1—F)a2 )
o =" Ut

4D (10)

where D is the diffusion coefficient of the ana-

lyte. This model can be adopted for derivation of
the peak dispersion due to a uniform EOF when
assuming that 8 <<<a. In the case under discus-
sion, the fraction F is very small compared with
1 and the assumptions that v =v_ and 1 — F=1
are acceptable. Eq. 10 can further be simplified
by substituting F and introducing B, leading to

2
Teo="] Vol (11)
where o, is the variance caused by the uniform
EOF. Transformation of this expression using
the relationship between the length-based vari-
ance and the theoretical plate height H,, leads 1o
the simple equation

H, =5"v, (12)

This expression enables one to determine easily
the dispersion caused by the EOF for a given
electroosmotic velocity. Naturally, the validity of
Eq. 12 is restricted to cases where the dimension
of molecules or particles of the analyte is con-
siderably smaller than the effective thickness .

It should be realized that the described deriva-
tion is in fact a simplification of the approach
introduced by Martin and co-workers [5,6] for
conditions that are typical in CZE. Further, it is
worth noting that the plate height is not depen-
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dent on the radius of the column, at least if
B <<a.

It is useful to compare the contribution of the
uniform EOF to the plate height with that
originating from the inevitable longitudinal diffu-
sion, Hg;;, which is expressed by H,; =2D/v,,,.
The relationship between these two contribu-
tions can clearly be seen from the ratio H,,/H gy,
which reflects the impact of the EOF on the
efficiency relative to diffusion and is expressed
by

2.2
Heo B Ueo

Hgy;: 2D?

(13)

For given experimental conditions, this ratio
depends strongly on the nature of the solute
because the diffusion coefficient of the particular
compound is squared in the denominator. In Fig.
1, the ratio H, /H,; is depicted as a function of
the diffusion coefficient for various velocities.
For the usual conditions, e.g., a concentration of

Heo / Hdif
N

%00

D10'%, m%s

Fig. 1. Contribution of the EOF to the plate height, H,_,
related to that caused by longitudinal diffusion, H,, as a
function of the diffusion coefficient, D, of the solute. Curves
for electroosmotic velocities of 1, 2.5 and 5 mm s™' are
shown. The effective thickness, 8, is 3 nm, which corre-
sponds to a concentration of the background electrolyte of

about 10 mmol 17",

0.01 mol I™' of a uni—univalent background
electrolyte (B is about 3 nm, see Table 1), the
effect of peak broadening due to the EOF is in
fact negligible for small solutes for all realistic
velocities. It increases with decreasing diffusion
coefficient (and increasing mass). For a velocity
of 1-2 mm s~' (which is common in CZE) it
reaches the same value as the longitudinal diffu-

sional dispersion for compounds with a diffusion
2 -1 .

coefficient in the range 2-107'*-5-10""” m* s 7';
here the ratio is unity.

It is obvious that even under these conditions
both diffusional and electroosmotic contributions
will probably not play a significant role in peak
broadening because other effects not taken into
account here, such as extra-column or adsorption
effects, will dominate. Therefore, not only the
relationship between diffusional and electro-
osmotic dispersion must be considered, but also
the magnitude of the individual peak broadening
contributions. For the above-mentioned usual
conditions in CZE (background concentration
0.01 mol 17", B =3 nm, electroosmotic velocity
1-2 mm s~ '), the contribution of the EOF will
be negligible for almost all solutes.

The situation can change when the concen-
tration of the background electrolyte is de-
creased. Some examples of these contributions
are given in Table 2 for a concentration of 1
mmol 17! and not too large ¢ potentials (8 ~ 10
nm) for six compounds with various diffusion
coefficients. For a small molecule such as an
aromatic acid, H,, is about 10~° m, in contrast
to the minute value of 6-10"" m for H,,. For
large solutes, however, both plate height contri-
butions are in the same range of 10 °~1077 m.

Such a plate eight may be of the same order of
magnitude as that caused by extra-column peak
broadening, e.g., due to the finite length of the
injection zone. Taking a length of 1 mm in a
capillary with a 250-mm distance between the
injector and detector, the corresponding contri-
bution of the initial sample plug length to peak
broadening (expressed again by the plate height)
is 3.3-107" m.

For lower concentrations of the background
electrolyte, e.g. 107* mol 1" (leading to 8 =~ 25
nm), the electroosmotic dispersion might in fact
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Table 2

Contributions of EOF and longitudinal diffusion to peak broadening for five compounds with different diffusion coefficients

Compound Molecular mass® Diffusion coefficient H, (m) H,, (m)
(m 2 s~ 1 )a

Naphthalenesulphonic acid 200 5-107° 6-107" 3.3-10°°

Myoglobin 18 000 1-107° 3-107° 6.6-107°

Albumin 69 000 6-107" 5-107° 4-10°%

Glutamate dehydrogenase 313 000 4-107" 7.5-107° 2.7-107%

a,-Macroglobulin 820000 2.4-107" 1.3-107° 1.6-107°

Conditions: electroosmotic velocity v,, =3 mm s™'; concentration of the background electrolyte =1 mmol 1" (8 =10 nm).
2 Molecular masses and diffusion coefficients of proteins were taken from Ref. [12].

dominate both of the other effects (diffusion and
extra-column) for large solutes.

Hence one can conclude that a significant
contribution to peak dispersion due to the EOF
can arise in such rare, but not unrealistic, cases.
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Abstract

A postcolumn amperometric detector for capillary electrophoresis techniques with galvanic decoupling of the
detection electrodes and the detection circuit from the power unit of the detector (via a laboratory constructed
d.c.—d.c. converter) and from the recording devices (via an opto-coupling device) was developed. The high
insulating resistance achieved in this way (ca. 10''-10"% ) reduced leak currents from the electrophoretic
equipment through the detector to the low pA level. It was also effective in eliminating problems due to changes in
the potential at the column outlet as found when current detection devices were used. The decoupling protected the
detector in situations when the column outlet was at a potential of 4-5 kV. The detector was tested by
isotachophoretic experiments carried out in a hydrodynamically closed separation compartment. Dispersions of the
analyte zones in the detector were reduced about tenfold in comparison with a previous design of the detector.
Experiments with a urine sample, however, revealed that the resolving power of the detector is limited in the
isotachophoretic separations of complex mixtures of electrochemically active constituents. The use of a copper
electrode was tested in the separation of triethylenetetramine and impurities present in its technical-grade
preparation. This detection approach was shown to provide a high sensitivity for this amine and for impurities
forming strong complexes with Cu(II) cations.

1. Introduction detection in CE appeared [7] increasing interest

in this subject has been apparent [8-29].

Electrochemical methods combined with high-
efficiency separation techniques offer remarkable
selectivities and sensitivities for electrochemical-
ly active analytes (for a review see, €.g., Refs.
[1-6]). Many of these analytes can be advantage-
ously separated by capillary electrophoresis
(CE), and capillary zone electrophoresis (CZE),
capillary isotachophoresis (ITP) and micellar
electrokinetic chromatography (MEKC) are CE
techniques that can be mentioned in this respect.
Since the first paper dealing with amperometric

* Corresponding author.

0021-9673/95/$09.50
CCNT NNTI1_GAT(ARINNDSK-3

In coupling amperometric detection with CE,
three main problems were recognized [7}: (1)
bipolar behaviour of the materials of which the
working electrodes are made in the driving
electric field accompanied by electrochemical
phenomena as found in research on conductivity
detection in ITP (Ref. [30], p. 176); (2) leaks of
the driving current through the detection elec-
trodes to the ground of the amperometric detec-
tor; and (3) transport of the separated con-
stituents into the detection cell to achieve
favourable hydrodynamic conditions for detec-
tion.

© 1995 Elsevier Science B.V. All rights reserved
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The solution to the last of these problems is
closely related to the concept of the separation
compartment. While a hydrodynamically closed
separation compartment requires the use of a
suitable pump (see [7] and below), hydro-
dynamically opened separation systems use elec-
troosmotically generated flow [14,17,18,20,22—
24,26] or laminar flow induced by the electro-
osmotic pumping [8-13,15-17,19,21,25,27,28].

Leaks of the driving current through the
detection cell are minimized by separating the
detection cell from the end of the column by a
capillary tube (detection capillary) filled with the
electrolyte solution while the end of the column
is coupled to the earth potential of the high-
voltage power supply. Various types of the cou-
pling devices have been proposed for this pur-
pose [7,8,16,21,25]. These precautions need not
be used for columns of 25 wm 1.D. or less [28]
working with low driving currents.

From the descriptions of the amperometric
detectors used in CE [7-29], it is apparent that
current electroanalytical measuring systems are
preferred. These measuring systems were not
designed for amperometric measurements under
the conditions typical for electrophoretic sepa-
rations. Therefore, their insulating resistances
may not be sufficient to eliminate leak currents
through the detection cell, e.g., when the work-
ing electrode is placed in the electrophoresis
column or very close to the column outlet [29] or
when the potential at the column outlet changes
[7]- The column outlet can acquire a very high
potential, e.g., when a bubble is formed at the
end of the column. Although such a situation
rarely occurs when the CE equipment is handled
properly, a high potential on the input of the
measuring system can cause damage to the
detector when it is not designed with these facts
in mind.

Recently, electrochemical phenomena occur-
ring at the working electrode inserted into the
solution in the column through which the driving
current was flowing were demonstrated [28].
Associated with the bipolar behavior of the
working electrodes, they give some implications
concerning the proper construction of the work-
ing electrode for CE and implicitly stress a need

to reconsider the design of the measuring elec-
tronics of the amperometric detector for CE.

The aim of this work was to develop an
amperometric detector for CE meeting the fol-
lowing requirements: (i) minimum leak currents
through the detection cell from the electropho-
retic equipment; (ii) protection of the detector
circuits and recording devices in situations when
the column outlet acquires a very high potential;
(iii) following our previous concept of the detec-
tion cell [7], to construct a cell with a reduced
dead volume; and (iv) compatibility of the detec-
tor with both hydrodynamically closed and
opened separation compartments.

This paper describes the construction of an
amperometric detector in which the electropho-
retic column and the measuring circuitry of the
detector are galvanically decoupled from the
recording devices and from the power unit of the
detector. An improved detection cell of the
detector is described. The detector was tested in
a combination with a hydrodynamically closed
CE separation unit. ITP separations were chosen
for these tests because they have some advan-
tages for these purposes: (1) well defined
changes of the potential at the column outlet can
be created easily as they are inherently linked
with the ITP separation principles (see, e.g.,
Ref. [30]); (2) the dispersion in the postcolumn
detector can be evaluated using appropriate
spacing constituents in the samples; and (3) the
dispersion due to the postcolumn detection can
be related in a straightforward way to that due to
the ITP separation itself which is available from
the response of the on-column conductivity de-
tector.

2. Experimental
2.1. Instrumentation

A schematic diagram of the CE separation
unit used in this work is given in Fig. 1. The unit
was assembled from modules developed in this
laboratory following our modular concept of the
CE equipment [31]. An on-column conductivity
detection cell [32] was used to monitor the



D. Kaniansky et al. | J. Chromatogr. A 709 (1995) 69-79 71

TE
1 s
™
\ v3 18
¢ -
- T
Q-
] ! v4
/ T ~Ls
TC /
RB-2
c
e
e
P-in
cD
re
7
[} AD
M /
1. 4 P-out
— \ /
1 ] A 219
e \ V2
i - S/ o Vi \
= RB-1 HT"
LE

Fig. 1. Schematic diagram of the hydrodynamically closed
CE separation unit with a postcolumn amperometric detec-
tor. IB = injection block for a microsyringe sample injection;
C = capillary tube; CD = on-column conductivity detection
cell; “T” =elution T-piece; « = bifurcation point; AD =
amperometric detection cell; RB-1=refilling block for the
capillary tube (C); C-E = counter-electrode compartment;
M = Cellophane membranes; LE = inlet for the leading elec-
trolyte solution; P-in, P-out = inlet and outlet for the elution
solution, respectively; RB-2 = refilling block for the termin-
ating compartment (TC) and the injection block (IB); TE =
inlet for the terminating electrolyte solution; W = waste; S =
position for the injection of the sample; V1-V4 = valves.

separation in a 200 mm X 0.30 mm [.D. capillary
tube made of a copolymer of fluorinated ethyl-
ene and propylene (FEP). The separation unit
was used with the electronic units of a CS
isotachophoretic analyser (Villa-Labeco, Spisska
Nova Ves, Slovak Republic).

A laboratory-made syringe pump with a
pumping head made of plastic material was used
to deliver the electrolyte solution and the sepa-
rated constituents to the detection cell. The
pumping rate was 3.0 ul/min throughout this
work.

A measuring unit of a PA-3 polarographic
analyser (Laboratorni Pfistroje, Prague, Czech
Republic) was used in comparative experiments.
Its mechanical earthing was disconnected and the
insulating resistance of its power transformer
determined the leak currents. This measuring
unit was used in a combination with the detec-
tion cell described elsewhere [7]. All am-
perometric measurements were performed
against a laboratory-made Ag-AgCl (1 M KCl)
reference electrode.

A 3 mm diameter glassy carbon (Tokay Elec-
trode, Nagoya, Japan) was glued by epoxy into a
hole drilled into an epoxy rod serving as the
body of the working electrode (see Fig. 5). The
surface of the electrode was ground with sand-
papers of fine grades and finally polished with a
very fine grade of polishing powder. The copper
electrode was constructed in the same way using
a transformer copper wire of 3 mm diameter. Its
surface was finally electrolytically coated with a
layer of copper from a 1% aqueous solution of
copper(II) sulphate at 20 pA for 2 h.

2.2. Operation of the CE equipment with the
postcolumn amperometric detection

The separation unit used in this work (Fig. 1)
is hydrodynamically closed by valves (V1-V4)
and cellophane membranes (M). During the
separation only the valve at the outlet from the
detection cell (V2) is opened to collect the
pumped (elution) solution into a waste vessel
made of PTFE. The separated constituents, after
detection in the conductivity detector (CD), are
transported by the driving current into the
stream of the pumped solution in a T-piece
(“T””). The solution containing the transferred
constituents from the column is transported into
the detection cell (AD) attached to the T-piece.

2.3. Chemicals and sample handling

Chemicals used for the preparation of the
solutions of the leading and terminating elec-
trolyte solutions were brought from Serva
(Heidelberg, Germany), Sigma (St. Louis, MO,
USA), Reanal (Budapest, Hungary) and La-
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chema (Brno, Czech Republic). Other chemicals
were obtained from the same sources, except for
triethylenetetramine (technical grade), which
was from Spolchemie (Usti nad Labem, Czech
Republic).

The leading electrolyte solutions were pre-
pared without anticonvective additives. To elimi-
nate negative effects of electroosmosis [30] the
walls of the capillary tube were coated with
methylhydroxyethylcellulose 30000 (Serva) by
pushing a 0.5% aqueous solution of this cellulose
derivative through the capillary tube [33].

Some of the analytes studied are easily oxid-
ized by oxygen. Therefore, their stock standard
solutions (2-10 mM) in water were thoroughly
deoxygenated with nitrogen. The solutions used
for the analyses prepared daily by dilution with
deoxygenated water. Solutions at 107% mol/1 or
lower concentrations were prepared immediately
before injection into the equipment.

A Model 701N microsyringe (Hamilton,
Bonaduz Switzerland) was used to inject sample
solutions into the CE instrument. To minimize
losses of the analytes by their interactions with
metallic parts of the syringe, ethylenediamine-
tetraacetic acid (EDTA) was added at 107
mol/1 to the sample solution. When this was not
effective, a new syringe was used. Syringes were
washed daily with demineralized water and with
methanol and finally dried with nitrogen.

3. Results and discussion

3.1. Galvanic decoupling of the amperometric
detector

The CE instrument with postcolumn am-
perometric detector (Fig. 1) can be represented
by a simplified electrical equivalent as shown in
Fig. 2. General requirements concerning the
design of the detection circuit of the instrument
are apparent from this scheme and they can be
summarized as follows: (1) the value of R g
should be minimized so that the bifurcation point
in the connecting T-piece (end of the column) is
close to the earth potential of the high-voltage
power supply (connected to the counter elec-

fo
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Fig. 2. Electrical equivalent scheme of the CE separation
unit with a postcolumn amperometric detector. R =
resistance of the column; R = resistance of the channel to
the counter electrode; Ry = resistance of the elution channel
(detection capillary); R, = resistance of the amperometric
detection system relative to the earth potential; C,p, =
capacitance of the detection system; « = bifurcation point.

trode; see Fig. 1); (2) the resistance in the
direction to the ground of the measuring elec-
tronics of the amperometric detector should be
maximized so that the leak currents from the
column are reduced to a minimum; and (3) the
working electrode is placed in such a position
that negative effects due to the bipolar behaviour
of the working electrode (see below) are negli-
gible.

An ideal solution to the first of these require-
ments (R = 0) is to place the counter electrode
at the column outlet. Although this is possible
[21], such a solution introduces the risk of
disturbances in the separation compartment due
to migrating products of the electrode reactions.
In this work, the value of R was reduced by
using a connecting channel between the bifurca-
tion point and the counter electrode of 3.5 mm
I.D. This gave an electric resistance of 40-50 k{2
for the leading electrolytes used in this work
(Table 1) and, consequently, potentials of 1-3 V
(against the earth potential of the power supply)
at the bifurcation point for 30-50-wA driving
currents. When used in ITP separation, this
potential increased to 5-15 V on the entrance of
the terminating zone when the solution in the
direction to the detection cell was not pumped
(these values were calculated using a published
computer program [30]).

To meet the second requirement, we designed
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Table 1
Electrolyte solutions

Parameter System No.

1 2 3
Solvent H,O H,O H,0O
Leading anion Cl- Cl- Na*
Concentration (mM) 10 10 10
Counter constituent HIS BALA Borate
pH of the leading electrolyte 6.0 3.9 9.3
Terminating anion MES Acetate  Tris”
Concentration (mM) 5 5 5

HIS = histidine; BALA = B-alanine; MES = 2-(N-morphol-
ino)ethane sulphonate; Tris = tris(hydroxymethyl)amino-
methane. The leading electrolyte solutions were used without
anticonvective additives (electroosmosis was suppressed as
described under Experimental).

the measuring electronics of the amperometric
detector as shown in Fig. 3. The potentiostat
itself (I in Fig. 3) is based on a current two-
electrode arrangement for amperometric mea-
surements [34]. Placed on a high-quality insulat-
ing plate (PTFE), it is powered by a perfectly
insulated d.c.—d.c. converter (IV in Fig. 3)
having leak currents of less than 10 pA when its
secondary coil is kept at a 10 kV potential. This
d.c.—d.c. converter was tested to withstand po-
tentials as high as 20 kV at the column outlet
without any damage to the other measuring and
recording circuits operating at ground potential.
The signal from the the potentiostat to the
registration devices (line recorder, computer) is
transferred via an interface (IT in Fig. 3) based
on the use of a photo-coupling device. The
insulating resistance of this device is considerable
higher than 10 G and its operation was found
to be reliable also when the potential at the
column outlet was 4 kV.

3.2. Amperometric detection cell and its use
with galvanically decoupled detection circuit

In CE with postcolumn amperometric detec-
tors, mainly fibre and disc types of working
electrodes are used (see, e.g., [7,8,28,29]). From
the point of view of the bipolar properties of
electrically conductive materials placed in the

electric field in the column (Ref. [30], 176), it
can be deduced that these electrodes will exhibit
different behaviour under such experimental
conditions. These differences are clear from the
schematic illustrations in Fig. 4. Here, the fibre
electrode inserted into the sotution in the column
will be polarized on application of the driving
current and a potential difference between the
two sides of the fibre exposed to the solution will
be the result. When this potential difference is
sufficient to drive an oxidation reaction at the
anodic side and at the same time a reduction
reaction at the cathodic side, the driving current
will flow through the electrode as shown
schematically in Fig. 4A. For example, in this
way water can be electrolysed with the pro-
duction of oxygen and hydrogen on the anodic
and cathodic sides of the electrode, respectively.
This process cannot be eliminated even when the
electrode is disconnected from the measuring
circuitry (Rp, = ).

The disc electrode inserted into the solution in
the column makes direct contact with it only
through a front plane (Fig. 4B). On application
of the driving current only one end of the
electrode is available for the electrode reaction
in the solution and the electrode reaction loop
cannot be closed via the electrode itself. This
indicates that the disc electrodes offer a more
convenient alternative as far as the bipolar
effects are concerned. However, this assumes in
some respects an idealized situation (the contact
plane of the disc electrode is placed in an
equipotential of the driving field, no local po-
tential gradients on the surface of the electrode,
e.g., due to its roughness) and in practice some
negative effects probably cannot be eliminated to
a certain extent.

A schematic view of the detection cell used in
this work is given in Fig. 5. The cell was
mechanically fixed to the T-piece (2 in Fig. 5)
and the distance of the surface of the working
electrode from the outlet of the elution channel
(4 in Fig. 5) was defined by PTFE spacers (5 in
Fig. 5). Although the cell was designed to
accommodate various types of working e¢lec-
trodes (simple fibres, strand of fibers [35], disc),
we preferred in this work the disc type as shown
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Fig. 3. Electronic circuit of the amperometric detector. I = potentiostat in a two-electrode arrangement; II = interface between
the potentiostat and the registration devices; III=power unit of the detector; IV=d.c.-d.c. converter. Semiconductor
components: OA,, OA,, OA ,~OA, =MAA 741 (AD 741); OA, = MAC 155 (LF 155); OPT1, OPT2 = WF MB 101. Resistors:
R,. R,, Ry, R, =47 kf2; R,, R,, Ry, Ry, R}y, R;,~R,, =10 k£2; 5 kf2; R, =3 MQ; R, =1 k€2; R,;5;=510 {2; R, =22 Q;
R,, =180 kf2; R,, = 15 k2. Potentiometers: P,, P, = 100 kd2; P, = 5 M. Capacitors: C, = 150 pF; C,, C; =50 uF. §, = polarity
switch; §, = switch for the measurements of potential on the working electrode or the detection current. Full-line frames contain
the circuits operating on the high-voltage side (I and IV) and which are galvanically decoupled from the power unit (1II) and from
the interface (II).
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Fig. 4. Bipolar behaviour of (A) fibre and (B) disc electrodes
inserted into the capillary tube (C) through which the driving
current flows. Current lines (i) indicate the paths of the
driving current. E =electrode; I =insulating layer; R, =
insulating resistance of the detector to the ground.

in Fig. 5 for the following reasons: (i) inherently
better properties in terms of the bipolar effects
as discussed above; (ii) we could compare the
present detection system with that developed in
our previous work [7]; and (iii) the working
electrode could be aligned easily without using
micropositioners.

The optimum solution in this respect requires
that the choice considers mainly the signal-to-

—_— elution
to waste
migration

Y

R

Fig. 5. Amperometric detection cell attached to the T-piece.
1="T-piece; 2=channel to the counter electrode; 3=
connection for the column; 4 = elution channel (detection
capillary) of 4 mm X 0.2 mm [.D.; 5= PTFE spacer (0.05
mm); 6=0O-ring for a leak-proof connection, 7=
amperometric cell; 8 = working electrode; 9= connecting
cable to the electronics of the detector; 10 = epoxy body of
the electrode; 11 = connecting channel for the reference
electrode.

nose ratio [36]. A detailed investigation of vari-
ous types of working electrodes along this line is
the subject of our current research.

3.3. Evaluation of the performance of the
detector

The change in the potential at the column
outlet was found to be a source of undesirable
disturbances in the amperometric detector cou-
pled to the ITP separation -[7}. The isotacho-
pherograms in Fig. 6 illustrate this problem.
When the measuring unit of the current am-
perometric system (see Experimental) was used
in conjunction with the CE equipment, a 5 V
change in the potential at the column outlet due
to the entry of the terminating zone into the
elution channel (see Fig. 5) caused a response of
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Fig. 6. Responses of the amperometric detectors on the
entrance of the terminating zone into the elution channel in
the bifurcation point. A = modified PA-3 detector (see Ex-
perimental); B = present detector (Figs. 3 and 5); I and
Il = without and with pumping of the elution solution,
respectively. C = isotachopherogram from the conductivity
detector. Electrolyte system No. 1 (Table 1) was used for the
separations and the leading electrolyte served also as the
elution solution. A glassy carbon electrode was set at +400
mV vs. an Ag-AgCl (1 M KCl) reference electrode. The
driving current was 45 pA. L and T =leading and ter-
minating zones, respectively; R, i and f = increasing resist-
ance, detection current and time, respectively.
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the detector equal to ca. 100 nA (I-A in Fig. 6).
It must be stressed that in this instance the
elution solution was not pumped and the detec-
tion cell had a conductive connection with the
column outlet via the elution channel (capillary
tube of 100 mm X 0.25 mm 1.D.). The electric
resistance of this connection was ca. 16 M{2. This
false response did not occur when the composi-
tion of the solution at the column outlet and in
the elution channel was kept constant by pump-
ing the elution solution (II-A in Fig. 6). From
these experiments, it is apparent that even small
fluctuations in the potential at the column outlet
can contribute significantly to the overall noise of
the detector. Isotachopherograms I-B and I1I-B
(Fig. 6) were obtained, under conditions other-
wise identical with those for their counterparts
(I-A and II-A), with the present detector. These
experiments show that the galvanic decoupling of
the electrophoretic equipment and the potentios-
tat from the rest of the detector circuits (Fig. 3)
eliminated the problems with the false response
of the detector. In the experiments illustrated by
the isotachopherogram I-B in Fig. 6 this false
response could not be resolved from the noise of
the detector (ca. 90 pA). This is, at least, a
10°-fold improvement when related to the re-
sponse of the detector without such a strict
decoupling (I-A in Fig. 6).

Leak currents through the detection cell were
very significantly reduced using the present de-
tector. While in runs I-A and II-A in Fig. 6 the
background current increase due to the driving
current was 30-35 nA, it could not be resolved
from the detector noise (ca. 90 pA) with the
galvanic decoupling as developed in this work.

These improvements in the performance of the
measuring electronics of the detector enables us
to decrease significantly the dead volume of the
detection cell {a 100-nl volume of the elution
channel with the present detection cell (Fig. 5)
vs. 4900 nl with the previous detector [7]}. The
overall dispersion of the analyte zones in the
detection cell was evaluated in the ITP sepa-
ration of nitrite and ascorbate in the spike mode
of analysis [7] using succinate as a spacing
constituent. Isotachopherograms from these ex-
periments are given in Fig. 7. Here, the analytes
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Fig. 7. Resolution of nitrite (1) and ascorbate (3) by the
present amperometric detector. Succinate (2) was used as a
spacing constituent and its zone lengths in the column were
(A)0, (B) 1, (C) 2, (D) 3.5 and (E) 4.5 mm. The amounts of
nitrite and ascorbate injected were always 80 and 8 pmol,
respectively. The sample volume was 1 ul. A glassy carbon
electrode was set at +800 mV vs. an Ag-AgCl (1 M KCI)
reference electrode. The separations were carried out in
electrolyte system No. 2 (Table 1) and the leading electrolyte
was used also for elution. The driving current was 50 pA.
Other symbols as in Fig. 6.

were injected in amounts not sufficient for the
formation of their own zones detectable by the
conductivity detector. They migrated focused in
the interzonal boundary layer between the lead-
ing and terminating zones (Fig. 7A) or spaced by
the succinate zone in the corresponding interzon-
al boundary layers (Fig. 7B—E). Under our
working conditions the boundary layer can be
estimated to have a 0.1-0.2 mm thickness [30].
With a migration velocity of ca. 0.5 mm/s the
analytes were transferred into the elution solu-
tions at the column outlet within 0.2-0.4 s. This
corresponded to their transfers into 10-20nl
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volumes of the elution solution. From the iso-
tachopherograms obtained from the amperomet-
ric detector we can see that they passed through
the detection cell in ca. 500-nl volumes. This
dispersion can be conveniently expressed via the
length of the spacing zone giving a baseline
resolution of the analytes by the amperometric
detector [7]. The isotachopherogram in Fig. 7
show that this was achieved for a 2-mm length of
the succinate zone. This is almost one order of
magnitude improvement in the dispersion com-
pared with what was possible with out previous
detector [7]. However, a comparison with con-
ductivity detection (see Fig. 7) shows that the
present detection cell is not exploiting fully the
resolving power of the ITP separation and a
further improvement of its construction is desir-
able.

The noise of the detector (peak-to-peak) was
typically in the range 70-100 pA, depending on
the electrolyte system, pumping rate and state of
the surface of the working electrode. Consider-
ing the signal-to-noise ratio of 3 and the working
conditions as used in experiments in Fig. 7, this
gives an estimate of the limit of detection of 5-7
fmol for ascorbate or a 5x107°~7-10"° mol/l
concentration of this analyte for a 1-ul sample
injection volume. However, in experiments
aimed at confirming this estimated value we
could not detect ascorbate when its concentra-
tion in the sample was lower than 5-107°-8-
10~ ® mol/1. This is probably due to the fact that
the injection of the sample with the aid of a
microsyringe having both needle and plunger
made of stainless steel can be accompanied by an
oxidation reaction of the labile analytes due to
traces of Fe(IIl) ions [37] and the precautions
taken to minimize this effect (see Experimental)
may not be sufficient for such low concentra-
tions. Experiments carried out with ITP with UV
detection (254 nm) and with proportionally high-
er sample injection volumes using a PTFE-lined
injection valve gave identical conclusions.

Human urine containing hundreds of acidic
constituents [38], many of which can be expected
to be oxidizable electrochemically, was briefly
studied to show the possibilities of the present
detector in the analysis of complex mixtures of

electrochemically active constituents. Isotacho-
pherograms obtained in these experiments are
given in Fig. 8, from which it is apparent that the
resolution of the separands was the main prob-
lem for both detectors. On the other hand, from
the response of the conductivity detector we can
estimate that the concentrations of the oxidizable
analytes in the sample were 10™* mol/1 or less
while the amperometric detector indicated a high
sensitivity. Solving the resolution problems, e.g.,
by using a mixture of appropriately chosen

Fig. 8. ITP separation and postcolumn amperometric detec-
tion of anionic human urine constituents at pH 3.9. A 2-ul
volume of the sample [a mid-stream fraction diluted 1:10
(v/v) with water] was injected. (C and A)=
isotachopherograms from the conductivity and amperometric
detectors, respectively. The numbers (1-5) indicate identical
regions on the isotachopherograms. The separations were
carried out in electrolyte system No. 2 (Table 1) using the
leading electrolyte also for elution. The driving current was
50 wA. The working electrode (glassy carbon) was set at 800
mV vs. an Ag-AgCl (1 M KCl) reference electrode. Other
symbols as in Fig. 6.
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spacing constituents or via a combination of ITP
with CZE [39], we can expect very sensitive
analytical procedures for the oxidizable analytes
present in urine.

CE techniques are convenient alternatives to
the separation of cationogenic amines. At pres-
ent, their selective detection (not considering
chemical derivatization reactions), especially for
trace analysis applications, is not available. The
use of a copper electrode polarized anodically as
proposed for HPLC and flow analysis systems
[1-3] and for CZE of amino acids, peptides [15]
and sugars [17] was tested in conjunction with

E—
50 nA

-

30s

—_
t

Fig. 9. ITP separation of cationic constituents present in
triethylenetetramine of technical grade with amperometric
detection at a copper electrode. A 2 ul volume of the
polyamine (10™° mol/l concentration) was injected. The
numbers (1-4) indicate identical regions on the isotacho-
pherograms. The separations were carried out in electrolyte
system No. 3 (Table 1) using the leading electrolyte also for
elution. The driving current was 40 pA. The copper elec-
trode was polarized at 200 mV vs. an Ag—AgCl (1 M KCl)
reference electrode. Other symbols as in Fig. 6.

the present amperometric detector. Tri-
ethylenetetramine of a technical grade served as
an analyte in these tests. From the isotacho-
pherograms obtained (Fig. 9), we can see that
the polyamine contained seven impurities, four
of which gave a response to the amperometric
detector. The staircase-like appearance of the
response for the main constituent is unexpected
as a straight plateau should ideally be achieved.
A possible explanation for this reproducible
response may lie in the kinetics of the chelate
formation at the electrode [3, 15] and in the
presence of borate in the electrolyte solution
(Table 1), which is reported to have a negative
influence on the response of the copper electrode
[3]. Nevertheless, considering the noise of the
detector (50-80 pA), our results clearly indicate
that this detection approach could be very sensi-
tive, e.g., for polyamines. A detailed study
focused on the use of an amperometric detector
with a copper electrode for the trace determi-
nation of amines by CE techniques will be a
subject of our future research.

4. Conclusions

The described postcolumn amperometric de-
tector for CE with galvanic decoupling of the
detection electrodes and the detection circuit
from the power unit of the detector and from the
recording devices alleviates problems due to leak
currents flowing from the electrophoretic equip-
ment through the detector. This solution also
eliminated false responses of the detector caused
by potential changes at the column outlet.

Components used for the decoupling (d.c.—
d.c. converter and opto-coupler) serve as devices
that protect the detector in situations when a
high voltage occurs at the column outlet (e.g.,
bubble formation in the column). In the detector
described here, parameters of the opto-coupler
restricted this function to 4-5 kV. Nevertheless,
this protective function can be improved by using
a more appropriate opto-coupling device and a
detector withstanding the full voltage of the
high-voltage power supply can be constructed.

In this work the detector was used with a
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detection cell with a dead volume ca. 50 times
smaller than that described previously [7]. Al-
though a tenfold improvement in the dispersion
of the analyte zones could be achieved, the ITP
experiments with practical samples indicate that
a further decrease is desirable. This, however,
requires that the optimum construction of the
cell will consider also the signal-to-noise per-
formance of the detector [36].

Although the detector was tested in ITP ex-
periments carried out in a hydrodynamically
closed separation compartment, it is apparent
that it can be used in CZE and MEKC. It is
obvious that the hydrodynamic concept of the
separation compartment plays only a minor role
in this respect.
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Abstract

The enantiomeric separation of racemic glycyldipeptides and diastereomeric dipeptides by using capillary zone
electrophoresis and (+)-18-crown-6-tetracarboxylic acid (18C6H,) as a chiral selector added to the electrolyte is
described. The separation of dipeptides with two stereogenic centres into four peaks by using capillary zone
electrophoresis is reported for the first time. Chiral discrimination is attributed to the formation of a diastereomeric
host—guest complex which leads to different interactions for each enantiomer. Owing to the differences in stability
of the complexes, the four optical isomers elute at different migration times, allowing the chiral separation. The
influence of buffer composition, crown ether concentration and the addition of organic modifiers was studied. All
glycyldipeptides were resolved and for most of the diastereomeric dipeptides four baseline-separated peaks were

observed.

1. Introduction

Capillary electrophoresis has been found to be
a very useful tool for the separation of enantio-
mers [1-3]. The principle of host—guest com-
plexation using chiral crown ethers, successfully
applied in the HPLC separation of enantiomers
[4-10], has recently been adapted also to capil-
lary zone electrophoresis for the separation of
enantiomers of amino acids [11-13] and amino
alcohols [13,14].

This paper describes the optical resolution of
dipeptides by (+)-18-crown-6-tetracarboxylic
acid (18C6H,) added as a chiral selector to the

* Corresponding author.

electrolyte. Hilton and Armstrong [7] resolved
some dipeptides by HPLC using a crown ether
column at different temperatures. Obviously,
dipeptides are basic and essential components in
biological systems either as individual com-
pounds or as constituents of proteins [15,16].
The development of methods for the direct
resolution of compounds having more than one
chiral centre is therefore of great interest for
enantiomeric purity control. Further, peptide
syntheses often require the presence of only one
enantiomer.

In previous papers [11-14], the potential of
18C6H, for enantioseparation and the recogni-
tion mechanisms were described. The aim of this
study was to investigate the influence of the
buffer composition, the crown ether concentra-
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tion and organic modifiers such as methanol on
the chiral separation of dipeptides.

2. Experimental
2.1. Methods

Capillary electrophoresis was performed using
a Prince capillary electrophoresis instrument
(Lauerlabs, Netherlands) equipped with an on-
column UV detector (Lambda 1000; Bischoff
Analysentechnik, Leonberg, Germany). Separa-
tions were carried out at ambient temperature in
a fused-silica capillary tube (80 cm X 75 pm L.D.,
effective length 71 cm). Samples were injected
hydrodynamically (20 mbar) for 6 s, which led to
an injection volume of about 12 nl. The potential
during analysis was 20 kV unless stated other-
wise. Dipeptides were detected by UV absorp-
tion at 206 nm. An Axxiom 737 system (Moor-
park, CA, USA) was used for data acquisition.

2.2. Materials

All reagents were of analytical-reagent grade
unless indicated otherwise. (+)-18-Crown-6-
tetracarboxylic acid, citric acid, tartaric acid,
sodium dihydrogenphosphate and methanol (ad-
ditionally doubly distilled) were purchased from
Merck (Darmstadt, Germany). All dipeptides,
N-tris(hydroxymethyl)methylglycine  (tricine),
3-(cyclohexylamino)-1-propanesulfonic acid
(CAPS) and tris(hydroxymethyl)aminomethane
(Tris) were obtained from Sigma (Deisenhofen,
Germany).

Sample solutions were prepared by dissolving
the dipeptides (1 mg) in doubly distilled, deion-
ized water (1 ml); samples and buffer solutions
were filtered through a 0.45-um pore-size filter
(Schleicher & Schiill, Dassel, Germany) and
degassed with helium 5.0.

3. Results and discussion

18-Crown-6 is a macrocyclic polyether ring
[17,18]. Six oxygen atoms link six ethylene

groups to build a cavity suitable to potassium
ions (K*), ammonium ions (NH) or proton-
ated primary alkyl amines (RNH; ). The mecha-
nism of chiral recognition has already been
widely discussed [4-6,8,10-14,19]. Briefly, hy-
drogen bonds forming a tripod arrangement and
an optical barrier caused by the asymmetric
substituents are responsible for the chiral dis-
crimination. Lehn and co-workers [20,21] syn-
thesized a useful derivative, (+)-18-crown-6-
tetracarboxylic acid (Fig. 1), which seems to be a
very suitable chiral additive. In this case, in
addition to the chiral barrier formed by the
carboxylic acid pairs, electrostatic interactions
might support the chiral separation [13].

3.1. Optimization of the buffer system

Generally, separations were carried out either
with the crown ether only or with an additional
electrolyte. Different buffer systems were in-
vestigated to optimize the separation conditions.

Using a background electrolyte, 10 mM
18C6H, with 10 mM Tris—citrate, gave the
fastest and best results concerning the peak
sharpness. According to Kuhn et al. [12], the
mobility of this buffer system fits the chiral
selector because of the minimization of elec-
trorphoretic dispersion. Tris was considered to
have similar migration properties to amino acids
without forming a complex with the crown ether.
CAPS adjusted to pH 2.0 with tartaric acid gave
peak tailing and a poor peak shape. A solution
of 1 mM sodium dihydrogenphosphate (higher
phosphate levels resulted in too high current
values) failed, possibly because of interaction of
the Na™ cation with 18C6H,. A test experiment
with pr-leucyl-pL-leucine using 10 mM Tris—cit-
rate without the chiral selector resulted in only

Fig. 1. Structure of (+)-18-crown-6-tetracarboxylic acid.
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two peaks: the first peak consisted of L-leucyl-L-
leucine (L-Leu-L-Leu) and p-leucyl-p-leucine (p-
Leu-p-Leu), the second peak of r-leucyl-D-
leucine (L-Leu-p-Leu) and p-leucyl-L-leucine (D-
Leu-L-Leu). The migration order was verified by
sampling the four pure enantiomers.

3.2. Resolution of glycyldipeptides

The elution sequence for glycyl-npL-valine was
investigated by sampling the enantiomers. Gly-L-
Val migrated faster, indicating that 18C6H,
forms stronger complexes with glycyl-pD-enantio-
mers than with Gly-L-antipodes. Kuhn et al. [11]
found amino acids to show same behaviour.

Separation data are given in Table 1 and an
example is shown in Fig. 2. Generally, each
glycyldipeptide tested was separated although
the chiral centre is in the &-position to the
primary amine. Using HPLC, dipeptides with a
C-terminal glycine, where the chiral C atom is
located in the a-position to the primary amine,
are found to be resolved much better [7]. This
type of dipeptide was not included in our in-
vestigations. Fig. 3 demonstrates the relationship
between the molecular mass (M,) of each
glycyldipeptide and its separation factor a(t,/t,).
The experiment was carried out using 25 mM
18C6H, without any additional background elec-
trolyte. The higher the M,, the more efficient
was the resolution of the enantiomers. More-
over, the comparison of Gly-pL-Leu with Gly-pL-
Nle and of Gly-pi-Val with Gly-pL-Nva [ob-
served when using 10 mM 18C6H, and 10 mM
tris—citrate (pH 2.0)] showed another effect:
straight-chain alkyl groups were resolved worse
than their branched isomers.

3.3. Separation of diastereomeric dipeptides

We examined the chiral resolution of a series
of different dipeptides having two optically ac-
tive centres. Analyses were performed using
either 10 mM 18C6H, and 10 mM Tris—citrate
(pH 2.0) as a buffer system or 25 mM 18C6H,
without any additional background electrolyte.

Most of the diastereomeric dipeptides were
separated into their four enantiomers. Separa-

tion data are given in Table 2. As the pure
enantiomers for the other dipeptides were not
available, the elution order was only investigated
for Leu-Leu. In contrast to the glycyldipeptides,
the molecular masses do not seem to be corre-
lated with separation factors. Dipeptides consist-
ing of amino acids with bulky substituents were
better resolved than those with small sub-
stituents, e.g. pL-leucyl-pL-leucine or DL-leucyl-
pL-phenylalanine compared with Dr-alanyl-DL-
valine. In some cases the use of only 10 mM
18C6H, with additional background electrolyte
resulted in baseline resolution, connected with a
decreased migration time and sharper peaks. For
example, Fig. 4 shows the separation of DL-
leucyl-pL-phenylalanine into its four enantiomers
using 10 mM 18C6H, and 10 mM Tris—citrate
(pH 2.0) as a buffer system. In this case, the
number of theoretical plates was about 30 000.

We optimized the chiral resolution of a pr-
leucyl-pL-leucine racemate, applying different
amounts of 18C6H, in water without adding any
additional electrolyte. At concentrations below 5
mM 18C6H,, only three completely resolved
peaks were obtained: L-Leu-L-Leu migrating
fastest, followed by a mixture of p-Leu-L-Leu
and L-Leu-p-Leu. The third peak was p-Leu-p-
Leu. At a concentration of about 5 mM 18C6H,,
a partial separation of L-Leu-p-Leu and p-Leu-L-
Leu was observed. Optimum resolution was
obtained at 25 mM 18C6H,, whereby p-Leu-L-
Leu migrated faster than r-Leu-p-Leu. A further
increase in the chiral additive resulted in a
decrease in the resolution factor. Using an
18C6H, concentration higher than 55 mM, the
three-peak constellation was reobtained. This is
generally confirmed by a theoretical model,
indicating that the degree of separation depends
on the concentration of the chiral selector and
that there is an optimum concentration [22]. Fig.
5 shows the change in R, (1-Leu-p-Leu/p-Leu-i-
Leu) versus the concentration of the crown
ether.

Besides increasing the concentration of the
chiral selector, the addition of methanol was
found to improve the resolution in some cases
(Table 3). Without adding methanol, a 25 mM
18C6H,, solution was necessary for the resolution
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Table 1
Separation data for optically active glycyldipeptides using chiral 18C6H, (25 mM): resolution (R,), separation factor (a =1,/t,)
and migration time of the first-eluted enantiomer (¢,)

Compound Formula t a R,
(min) /1)
Glycyl-pL-aspartate 0 OHOH 28.11 1.040 1.57
L
NH
HN
/\([)(
Glycyl-pL-apraragine N 26.53 1.028 0.96

Hy,N
/\([)]/
Glycyl-pL-leucine on 28.03 1.041 1.57
L
/\[(NH
HN
o
Glycyl-pL-methionine HS 28.97 1.048 1.79
OH
L
NH

Glycyl-pL-norleucine 28.63 1.032 1.47
H
0
/YNH
o

Glycyl-pL-norvaline 27.91 1.026 1.15

Glycyl-pL-serine \(LH 27.72 1.019 0.90
HO,
0

Glycyl-pL-threonine OH 28.14 1.029 1.21
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Table 1 (continued)
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Compound Formula t a R,
(min) (/1)
Glycyl-pL-tryptophan 33.07 1.064 1.94
N H
0
NH
H’N/\f(
Glyceyl-pr-valine o 32.56 1.026 0.98
H
AL
NH
HzN/\n/
[¢]
Glycyl-pL-alanine OH 28.20 1.006 0.30
Y
/\H/NH
H,N
0
Glycyl-pr-phenylalanine 30.99 1.056 1.75
OH
0
/\[(NH
HN
0

of pL-leucyl-pL-leucine to obtain four baseline-
separated peaks, whereas the addition of 20%
(v/v) methanol to a 15 mM solution of 18C6H,
gave the same result (Fig. 6).

25
glycyl-DL-tryptophan
33.07, 35.19
20
2 154
E
§ glycyl-DL-methionine
§ 10 30.37
b 28.97
| b va
0 T T T 1 T T 1
0 5 10 15 20 25 30 35 40
time (min)
Fig. 2. Separation of the enantiomers of glycyl-pL-

methionine and glycyl-pL-tryptophan using 25 mM 18C6H,
(pH 2), 20 kV.

Using HPLC and a Crownpak CR(+) column,
Hilton and Armstrong [7] obtained at ambient
temperature only three peaks for the separation
of Leu-Leu, whereas at low temperature the
dipeptide was completely resolved. Interestingly,

1.07
Gly-Try @
1.06
Giy-Phe ®
1.0517 Gly-Met @
1.04 Cly-Leu Gly-Asp
-3
Gly-Nie @

1.03 . Gly-Thr @

Gyvar® ¢ SyAsn

+Gly-Nva
1.02 7 gly-ser®
1.01

® Gly-Ala
1 T T T T T T

140 160 180 200 220 240 260 280
MW (g/mol)
Fig. 3. Relationship between the molecular mass of a
glycyldipeptide and its separation factor a(t,/t,). Buffer
system: 25 mM 18C6H, without any background electrolyte.



86 M.G. Schmid, G. Giibitz | J. Chromatogr. A 709 (1995) 81-88

Table 2

Separation data for optically active dipeptides (buffer: 25 mM 18C6H,): migration time for the first-eluted enantiomer (t,) and
separation factors of the 1st and 2nd, the 2nd and 3rd and 4th peaks, a,,,, a;,, and a,,, respectively

Compound Formula Peaks t, (min) oy,

%33 Q34
OH
pL-Alanyl-pL-serine HO, o 4 22.81 1.031 1.017 1.028
NH
HN
o
H
pL-Alanyl-pL-valine *(L 2 19.27 1.104 - -
0
NH
H;N
o
pL-Leucyl-pr-alanine H 4 21.41 1.026 1.043 1.122
0
NH
H;N
(o]
pL-Leucyl-pL-leucine OH 4 27.38 1.030 1.032 1.195
0
NH
HN
(o]
pL-Leucyl-pL-phenylalanine 4 21.16 1.123 1.078 1.116
OH
(]
NH
HN
o
OH
pL-Leucyl-pL-tyrosine 2 26.26 1.166 - -
OH
0
NH
H)N
pL-Leucyl-pr-valine ° 3 23.44 1.035 1.073 1.015
H
/k*o
NH
N
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Fig. 4. Electropherogram of the chiral resolution of bpL-
leucyl-pL-phenylalanine {buffer: 10 mM 18C6H,-10 mM
Tris—citrate (pH 2.0)}, U =30 kV.
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Fig. 5. Resolution of the leucylleucine enantiomer L-leucyl-
p-leucine and p-leucyl-i-leucine as a function of 18C6H,
concentration.

Table 3
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1
/ D-Leu-D-teu

2 L-leu-L-Leu
~ 1.54
o
=z
€
-
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Fig. 6. Electropherogram of the chiral resolution of pr-
leucyl-pL-leucine [buffer: 15 mM 18C6H,, —-10 mM Tris—
citrate, 20% (v/v) methanol], U =30 kV.

compared with our results, the elution order was
reversed.

4. Conclusion

The potential of 18C6H, as a selector for
chiral separation of dipeptides into their enantio-
mers using capillary zone electrophoresis has
been demonstrated. The formation of diastereo-
meric inclusion complexes determines different
migration times for each enantiomer of a racemic
compound.

Twelve glycyldipeptides and seven dipeptides
with two chiral centres were resolved by a simple
separation system. At ambient temperature each
glycyldipeptide was at least partially resolved
and more than half of the diastereomeric di-
peptides were separated into four peaks. Our

Separation data for resolving the peaks of p-leucyl-L-leucine and L-leucyl-p-leucine by increasing the proportion of methanol in 15

mM 18C6H, (pH 2)

Methanol added to
15 mM 18C6H4 (%)

Resolution factor,
R (L-p-Leu/p-L-Leu)

Separation factor,
a(L-p-Leu/p-L-Leu)

0 0.921
5 0.978
20 1.14
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investigations have shown that in addition to the
concentration of 18C6H,, the addition of organic
modifiers and added electrolytes has a marked
effect on the resolution.

We also investigated the influence of the
structure of glycyldipeptides on the resolution.
The selectivity is usually optimum when the
amino functionality is adjacent to the stereogenic
centre. However, such dipeptides have their
chiral centre in the &-position to the amino
group. As the NH; residue fitting into the cavity
of the crown ether is located at the glycyl part,
no steric hindrance can be expected from bran-
ched alkyl groups.. A relationship between the
molecular mass of glycyldipeptides and their
separation factor & was demonstrated.
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Abstract

Enantiomers of several racemic basic compounds of pharmaceutical interest and three tryptophan derivatives
were investigated by capillary electrophoresis employing a soluble B-cyclodextrin polymer and native B-cyclodex-
trin. The effects of the concentration of the polymer added to the background electrolyte and of the pH of the
buffer on the effective mobility and resolution of the studied compounds were examined. The B-cyclodextrin
polymer showed a higher stereoselectivity than the parent B-cyclodextrin. Enantioselectivity and resolution were

influenced by the concentration of the B-cyclodextrin polym
out in the pH range 2.7-6, showed that an increase in p

er and the background electrolyte. A pH study, carried

H caused a general decrease in both resolution and

selectivity. The best results for the enantiomeric separation of the basic compounds studied were obtained at pH

2.7.

1. Introduction

The development of new chiral substances,
especially in the pharmaceutical field, places
increasing demands on analytical methods for
the separation of these kinds of isomers for, e.g.,
the chiral purity control of drugs and pharma-
cokinetic studies.

Enantiomers are optical isomers possessing
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Department of Chemistry, Eindhoven University of Tech-
nology, P.O. Box 513, 5600 MB Eindhoven, Netherlands.

0021-9673/95/$09.50
SSDI 0021-9673(95)00107-7

similar physico-chemical properties and thus
difficult to separate from each other. Their
separation can be obtained using a chiral en-
vironment that interacts with the enantiomers
either before or during the separation process
forming stable diastereoisomers or labile dia-
stereomeric complexes, respectively.

Analytical methods used so far for the en-
antiomers separation include high-performance
liquid chromatography (HPLC) [1-3], thin-layer
chromatography (TLC) [4], gas chromatography
(GC) [5] and capillary electrophoresis (CE)
[6-17].

CE is a recent separation technique that allows
rapid separations to be performed with high
resolution and high efficiency, and requiring only

© 1995 Elsevier Science B.V. All rights reserved
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small amounts of buffer and sample. Among the
chiral selectors used for the resolution of en-
antiomers by CE, buffer additives such as
chelator-metal complexes [16], chiral crown
ethers [10-12], proteins [8,9,13], bile salts
[14,15], cyclodextrins (CDs) and their derivatives
[6,7,18,19], etc., have been widely applied.

Native CDs (a, 8 and y) and their derivatives
(methylated, carboxymethylated, methylamino,
hydroxypropylated, etc.) have been successfully
utilized in many applications [6,7,18,19]. These
chiral selectors have been mainly used in capil-
lary zone electrophoresis (CZE) and in several
instances the combination of CDs and micellar
electrokinetic chromatography (CD-MEKC) al-
lowed the enantiomeric resolution of neutral
compounds.

When CDs or their derivatives are used, the
chiral resolution is based on selective complex-
ation with analytes. Hydrophobic interactions
between analytes and the CD cavity and hydro-
gen bonds with hydroxy (or modified) groups
on the CD rim can lead to the formation of
labile diastereoisomeric complexes with diff-
erent stability constants. The most stable
complex formed moves with a lower effective
mobility.

Linear or cross-linked polymers have been
mainly used in CE as sieving media for improv-
ing the selectivity of the separation of high-
molecular-mass compounds of biological origin
such as proteins and nucleic acids [20]. Recently
we used a chargeable B-cyclodextrin polymer for
the enantiomeric resolution of several basic
compounds [21] and Nishi et al. [22] studied the
enantiomeric resolution of trimetoquinol hydro-
chloride and related substances using uncharged
B-cyclodextrin polymer.

In this work, we investigated the effect of a
soluble uncharged B-cyclodextrin polymer for
the separation of enantiomers of several basic
compounds by CE. The effect of the chiral
polymer concentration on the effective mobility,
the resolution and the selectivity was investi-
gated. Further, the effects of the pH and of the
concentration of the background electrolyte were
also studied.

2. Experimental
2.1. Chemicals

Soluble B-cyclodextrin polymer (EP-8-CD)
was purchased from Cyclolab (Budapest, Hun-
gary), B-cyclodextrin from Fluka (Buchs, Swit-
zerland), sodium hydroxide, acetic acid, phos-
phoric acid, sodium dihydrogenphosphate and
citric acid from Carlo Erba (Milan, Italy) and
standards of analytical-reagent grade from Sigma
(St. Louis, MO, USA). Doubly distilled water
(Menichelli, Rome, Italy) was used to prepare
all solutions.

The background electrolyte (BGE) containing
EP-B-CD was filtered by using nylon filters of
0.45 pm pore size (Lida, Kenasha, WI, USA).
Stock solutions of standard samples (10™* M)
were prepared and stored at 4°C. The concen-
tration of injected racemic mixtures was 107> M
for propranolol, terbutaline, isoproterenol and
ester tryptophan derivatives and that of all other
standards was 5- 107> M. For the electrophoretic
experiments performed with the laboratory-
made electrophoresis apparatus, 25 mM of the
following buffers were used: phosphate, pH 2.7;
citrate, pH 3.5; acetate, pH 4.5; and phosphate,
pH 6.0.

2.2. Apparatus

Experiments were carried out using a labora-
tory-made electrophoresis apparatus. The elec-
trode chamber in which the detection end of the
capillary was connected to a refilling block were
as described previously [17]. The electrophoretic
separations were performed at room tempera-
ture in untreated fused-silica capillaries obtained
from Supelco (Bellefonte, PA, USA), 560 mm X
50 pm 1.D., with an effective length of 360 mm.
The apparatus included a Spellman (Rockford,
IL, USA) CZE1000R power supply and a Spec-
tra FOCUS variable-wavelength UV detector
(Thermo-Separation, San Jose, CA, USA). The
detector was operated at 206 nm, and connected
to a ChromJet integrator (Thermo-Separation).
Before applying the sample, the capillary was
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filled with the background electroyte (BGE)
containing the polymer. No chiral polymer was
present in the electrode chambers. The injection
of the sample was performed hydrodynamically
at the anodic end of the capillary for 10 s; the
difference between the liquid level in the elec-
trode chamber and the sample vial was set to 20
cm. The applied voltage was 15 kV. The electro-
osmotic flow was measured injecting benzyl
alcohol (107*M).

The experiments for the study of the effect of
the concentration of BGE on the resolution of
enantiomers of bupivacaine were performed in a
P/ACE 2200 capillary electrophoresis system
(Beckman, Fullerton, CA, USA) with UV detec-
tion at 214 nm. A fused-silica capillary (Mi-
croquartz, Munich, Germany), 370 mm X 0.05
mm 1.D., effective length 300 mm, was used for
the experiments and the cartridge temperature
was 20°C. '

3. Results and discussion

Different basic compounds of pharmaceutical
interest, namely adrenergic agonists (ephedrine,
epinephrine, norephinephrine, isoproterenol and
terbutaline), B-adrenergic blockers (atenolol,
metoprolol, oxprenolol and propranolol), anaes-
thetics (ketamine and bupivacaine), an anorexic
(norephedrine) and tryptophan methyl, ethyl and
butyl esters were selected for the electrophoretic
experiments. Their structures are shown in Fig.
1.

The racemic mixtures of the analytes were run
in phosphate buffer at pH 2.7 in the absence of
chiral additive and owing to the protonation of
nitrogen atom they moved towards the cathode;
as expected, no enantiomeric separation was
obtained.

For the study of enantiomer resolution, the
phosphate buffer was supplemented with differ-
ent amounts of B-cyclodextrin polymer (for the
composition, see Table 1).

Under the experimental operating conditions
(pH 2.7) the electroosmotic flow was relatively
low compared with the effective mobility of the

cationic samples and thus the chiral selector
acted as a quasi-stationary phase.

The effective mobility was calculated using the
equation

Hegr = I"Lapp T Heof (1)

where p is the mobility and the subscripts eff,
app and eof stand for effective, apparent and
electroosmotic, respectively.

The selectivity (S) and resolution (R) were
calculated using the following equations:

S=Aulp, 2)
R=2(t, =1}/ (w, +w)) (3)

where Au is the difference in effective mobility,
i, the median mobility [(u, +u,)/2], ¢ the
migration time, w the peak width at the baseline
and subscripts 1 and 2 represent the two enantio-
mers.

Fig. 2 shows the effect of the concentration of
B-cyclodextrin polymer added to the BGE at pH
2.7 on the effective mobility of racemic B-adren-
ergic blockers. An increase in the concentration
of the complexing additive leads to a general
decrease in the effective mobility for all the
compounds studied owing to the complexation
with the polymer. The analytes formed labile
diastereomers during the electrophoretic runs,
causing a decrease in the velocity depending on
the stability constant of the complex formed.
The complexation power of the modified CD
used (10-50 mg/ml) decreased in the order
propranolol >metoprolol >atenolol >oxpren-
olol. Wren and Rowe [23] proposed to relate the
interaction between B-blockers and cyclodextrin
to the hydrophobicity of the analytes. This
means that the most hydrophobic compound has
the strongest interaction with the hydrophobic
cavity of the CD. The influence of the hydro-
phobicity of the analytes on the inclusion com-
plexation is also illustrated by our results ob-
tained for methyl, ethyl and butyl esters of
tryptophan. Fig. 3 shows the effect of the con-
centration of B-cyclodextrin polymer on the
effective mobility of these tryptophan esters. The
complexation was very strong for the most hy-
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Fig. 1. Structures of the compounds studied.

drophobic compound (butyl derivative). Also in effective mobility for all three esters. A similar
this case an increase in the concentration of the effect was obtained for the two anaesthetics
complexing additive caused a general decrease in studied, where bupivacaine was more complexed
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Table 1
Main properties of B-cyclodextrin polymer

Molecular mass 3000-5000
Solubility in water >40%

CD content 50-60%
Cross-linking Epichlorohydrin

than ketamine (results not shown). Finally, the
electrophoretic study of adrenergic agonists con-
firmed the importance of the type and concen-
tration of the CD on the inclusion complexation.
In fact, the 8-cyclodextrin polymer was found to
be a good complexing additive for all the com-
pounds studied. Also in this case an increase in
concentration of the modified CD caused a
decrease in the effective mobility.

The complexation power at 15 mg/ml of EP-
B-CD was found to decrease in the order ter-
butaline >epinephrine >norepinephrine >ephe-
drine >isoproterenol; an increase in the con-
centration of the complexing additive caused a
reversal of complexing power, e.g., at 50 mg/ml
isoproterenol was more complexed than epi-
nephrine but less so than terbutaline.

3.1. Effect of concentration of B-cyclodextrin
polymer on selectivity and chiral recognition

For the study of chiral recognition, the ana-

Mobility (1)

0 10 20 30 40 50

B-cyctodextrin polymer (mg/mL)

Fig. 2. Effect of B-cyclodextrin polymer concentration on
the effective mobility (u X 10° cm® V™! s7') of B-adrenergic
blockers: (a) oxprenolol; (b) atenolol; (c) metoprolol; (d)
propranolol). Capillary, 560 mm x 0.05 mm [.D. (effective
length 360 mm), uncoated; applied voltage, 12 kV; back-
ground electrolyte, 25 mM phosphate buffer (pH 2.7); 8-
cyclodextrin polymer was present into the capillary only. For
other conditions, see text.

Mobility ()

0 10 20 30 40 50
B-cyclodextrin polymer (mg/mL)
Fig. 3. Dependence of the effective mobility of three trypto-

phan esters on the B-cyclodextrin polymer concentration.
Experimental conditions as in Fig. 2.

lytes were injected using a BGE at pH 2.7
supplemented with different amounts of -
cyclodextrin polymer in the range 0-50 mg/ml.
Resolution of the racemic mixtures into their
enantiomers was obtained for terbutaline, iso-
proterenol, epinephrine, propranolol and
methyl, ethyl and butyl esters of tryptophan (R =
1). Norepinephrine was only partly resolved
(R =0.6 at 50 mg/ml of chiral additive) and no
resolution was recorded in the concentration
range of CD studied for ephedrine, norephe-
drine, ketamine, bupivacaine, atenolol, meto-
prolol and oxprenolol.

Fig. 4a and b show the effect of the con-
centration of EP-B-CD on the resolution factor
(R) and selectivity (), respectively, for propran-
olol and butyl, ethyl and methyl esters of trypto-
phan.

An increase in the concentration of pf-
cyclodextrin polymer added to the BGE at pH
2.7 led to a general increase in resolution and
selectivity. Among the B-blockers studied, pro-
pranolol, the most hydrophobic analyte, was the
only to be resolved into its enantiomers even at a
relatively low concentration of chiral additive
(0.5 mg/ml); Maximum of resolution (R =1.8)
and selectivity (§ = 0.0204) were obtained when
20 mg/ml of chiral agent were used. These data
confirm the previous finding [24] and the theoret-
ical model discussed by Wren and Rowe [25]
concerning maximum resolution at a certain
concentration of chiral selector.



94 B.A. Ingelse et al. | J. Chromatogr. A 709 (1995) 89-98

@ s

»

w

Resolution (R)

Methyl

0 10 20 30 40 50
B-cyclodextrin polymer (mg/mL)

(b) 0.06

0.05

0.04

0.03 ¢

Selectivity {S)

Propranoclol Ethyl
0.02 Y

0.01 Methy)

0 10 20 30 40 50
B-cyclodextrin polymer (mg/mt.)

Fig. 4. Effect of the concentration of 8-cyclodextrin polymer
on (a) resolution, R, and (b) selectivity, S, for three trypto-
phan esters and propranolol. Experimental conditions as in
Fig. 2.

An interesting behaviour was found for trypto-
phan esters, where the resolving power of 8-
cyclodextrin polymer decreased in the order
butyl >ethyl >methyl. The resolution and selec-
tivity increased with increasing concentration of
the chiral selector for ethyl and methyl trypto-
phan derivatives, whereas for the butyl deriva-
tive S increased up to 15 mg/ml and then
decreased; the resolution showed similar behav-
iour to that for the other esters with a slight
decrease in R at 15 mg/ml. Fig. 5 shows the
electropherograms for the enantiomeric separa-
tion of racemic butyl, ethyl and methyl esters of
tryptophan.

The length of the ester chain had a strong
influence on the enantioselectivity. In order to
explain the strong complexation and/or the
strong enantioselectivity of the racemic butyl
ester with the chiral polymer, we have to con-
sider the hydrophobic interaction of the butyl

AZOB

12.{ 1K2‘,9

Fig. 5. Electropherograms for the enantiomeric separation of
racemic mixtures of (a) butyl, (b) ethyl and (c) methyl esters
of tryptophan. Background electrolyte, 25 mM phosphate
buffer (pH 2.7) containing 20 mg/ml B-cyclodextrin polymer.
Other experimental conditions as in Fig. 2.

AN ! '
14114.3 23.9 251t

chain with the inside and/or the outside of the
CD cavity. Further, the inclusion complex
formed is stabilized by stereoselective bonds
(hydrogen) between the amino groups of the
analyte and hydroxyl groups of the CD.

The effect of the concentration of EP-8-CD
on resolution and selectivity is also demonstrated
for the enantiomeric separation of adrenergic
agonists and anaesthetic compounds. Fig. 6a and
b show the effect of the concentration of EP-8-
CD on the resolution of norephedrine, nor-
epinephrine, epinephrine, terbutaline and iso-
proterenol and the selectivity for terbutaline and
propranolol, respectively. Both parameters in-
creased with increase in the concentration of the
chiral selector added to the BGE, except for
norephedrine, which was not resolved at all
under the operating conditions (0.50 mg/ml of
polymer). The resolving power of EP-8-CD was
found to decrease in the order terbutaline
>isoproterenol >epinephrine >norepinephrine
>norephedrine.

As an example, the electropherograms in Fig.
7 demonstrate the different resolving power of
EP-B-CD on the enantiomeric separation of
racemic nor-epinephrine, isoproterenol and pro-
pranolol; the first was spiked with the (S)-(—)-
isomer.

In order to explain the high resolving power of
the chiral polymer towards terbutaline, we could
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Fig. 6. Dependence of (a) resolution, R, of () norephe-
drine, (A) norepinephrine, (¢) epinephrine, (X) iso-
proterenol and (<) terbutaline and (b) selectivity, S, of
terbutaline and isoproterenol on the concentration of 8-
cyclodextrin polymer. Experimental conditions as in Fig. 2.

remark that the substituent groups on the
asymmetric carbons of terbutaline had a strong
influence on the enantiorecognition mechanism.

A B C
©
o
N
< \GW \JL
TG oAl T
132133 150 15.3 37 316t

Fig. 7. Electropherograms for the enantiomeric separation of
(A) norepinephrine, (B) isoproterenol and (C) propranolol
[spiked with (S)-(~)-isomer]. Background electrolyte, 25 mM
phosphate buffer (pH 2.7) containing 50 mg/ml B-cyclodex-
trin polymer. Other experimental conditions as in Fig. 2.

Even though the chiral polymer proved to be a
good complexing agent towards the two anaes-
thetics studied, no enantiomeric resolution was
obtained for ketamine and bupivacaine at EP-8-
CD concentrations <50 mg/ml.

Considering the high solubility (>40%, w/v)
of the chiral polymer and the effect of its
concentration on resolution, we tried to increase
its content to 100, 150 and 200 mg/ml for the
enantiomeric separation of those analytes not or
poorly resolved in this study. No resolution of
metoprolol, atenolol and ephedrine was ob-
tained, norephedrine showed R =0.5 at 100 mg/
ml and no improvement in resolution was found
at higher concentrations of the chiral selector.
Bupivacaine was partly resolved into its enantio-
mers only at 200 mg/ml of EP-B8-CD with R =
0.5. Good enantiomeric separation was obtained
for ketamine and norepinephrine at 100 mg/m!}
(R=1).

The migration order of enantiomers was ver-
ified for propranol, epinephrine, norepine-
phrine, isoproterenol and methyl and ethyl esters
of tryptophan by spiking the racemic mixtures
with the separated optical isomers (commercially
available) and performing electrophoresis experi-
ments. The 1-isomers of tryptophan esters
moved faster than the p-forms. For the other
analytes, the (—)-enantiomers moved faster than
the (+)-enantiomers, indicating that the (+)-
antipodes formed complexes with higher stability
constants than their isomers.

The enantiomeric separation power of EP-B-
CD was compared with that of native 8-CD. The
amount of cyclodextrins units per milligram of
polymer was calculated according to the spccifi-
cation of the manufacturer (CD content 58.2%,
w/w) in order to compare the concentration of
EP-B-CD with that of the parent 8-CD. Conse-
quently, we compared the resolution of propran-
olol, terbutaline, butyl ester of tryptophan and
epinephrine obtained at 2.5, 5, 10 and 20 mM
B-CD with the resolution obtained at 5, 10, 20
and 50 mg/ml [S0 mg/ml of EP-B-CD should be
compared with 25 mM B-CD (aqueous solutions
of <20 mM can be prepared)].

Propranolol and the butyl ester of tryptophan
were not resolved at any concentration of 8-CD,
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whereas epinephrine showed R = 0.3 at 20 mM.
The three analytes were baseline separated into
their enantiomers with a polymer containing less
B-CD (propranolol, butyl ester of tryptophan
and epinephrine at 10, 5 and 50 mg/ml). Only
for terbutaline was the resolving power of native
CD greater than that of the polymer; at 2.5 mM
B-CD R was 1.26 whereas 5 mg/ml EP-8-CD
gave R = 0.85. The higher resolving power of the
chiral polymer can also be supported by previous
results obtained for the methyl ester of trypto-
phan, which was not resolved with B8-CD [26].
The high resolution capability of EP-8-CD
toward the compounds studied cannot be inter-
preted by considering only parameters such as
the concentration of CD, hydrophobicity and
structure of the analytes; the structure of the
chiral selector also has to be taken into account.
In fact, the polymerization changes the prop-
erties of B-CD units, producing a more rigid and
different conformation in comparison with the

native CD. Further, the aliphatic chain (due to

epichlorohydrin) is probably a source of hydro-
phobic interactions with the analytes and im-
proves the chiral recognition. Finally, we must
also consider the cooperation of two CD moi-
eties of the polymer for inclusion complexation
with analytes possessing more than one guest
part in their structure [27].

3.2. Effect of pH of BGE on resolution

The effect of the BGE pH on the resolution
was investigated using for the electrophoretic
experiments four different buffers at pH 2.7, 3.5,
4.5 and 6.0 and containing 10 mg/ml of EP-8-
CD. Fig. 8 shows the effect of the pH of the
BGE on the resolution of the butyl of ester
tryptophan, terbutaline and propranolol. An
increase in buffer pH led to a decrease in the
resolution factor for all the compounds studied,
except for terbutaline, which showed a maximum
of R at pH 3.5. One explanation for the decrease
in resolution with increasing pH of the BGE is
probably the increase in the electroosmotic flow
causing a higher apparent mobility of the basic
analytes and thus a shorter time of interaction
with the chiral selector [28]. It is noteworthy that

4.5 ~-~8—— Butyl-ester
4 —0— Terbutaline
g 3': —O— Propranoiol
5 25
]
5 2
3 1.5
-4
1
0.5
[]
2.5 3.5 4.5 55 6.5
pH

Fig. 8. Influence of the pH of the background electrolyte on
the resolution of (Q) the butyl ester of tryptophan (<)
terbutaline and (O) propranolol.

at pH 6 the polymer showed interactions with
the capillary wall; in some instances the capillary
was blocked and the problem could be elimi-
nated by washing with methanol.

3.3. Effect of buffer concentration on resolution
of enantiomers

The experiments for the study of the effect of
buffer concentration on enantiomeric resolution
were carried out on bupivacaine using a thermo-
stated capillary cartridge at 20°C in order to
reduce the Joule heat, which can strongly in-

) - -
@ [N o

Resolution (R)

o
FS

200 mg/mL. uncharged 8-CD polymer, pH 2.7

0 50 100 150 200
Buffer concentration (mM)

Fig. 9. Dependence of the resolution, R, of bupivacaine on
the concentration of background electrolyte. Apparatus, P/
ACE 2200; capillary, 370 (300) mm X 0.05 mm L.D.; applied
voltage, 15 kV; temperature of cartridge, 20°C; background
electrolyte, phosphate buffer (pH 2.7) containing 200 mg/ml
B-cyclodextrin polymer; pressure injection at 0.5 p.s.i. X 10 s
of $% 107> M racemic bupivacaine.
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Fig. 10. Electropherograms for racemic bupivacaine at two different concentrations of the background electrolyte. Background
electrolyte, phosphate buffer (pH 2.7), (a) 25 and (b) 200 mM, containing 200 mg/ml B-cyclodextrin polymer. Other

experimental conditions as in Fig. 9.

fluence the efficiency of the separation. An
increase in the buffer concentration caused an
increase in the migration time of bupivacaine
owing to the influence of the higher ionic
strength of the electrophoretic media.

Fig. 9 shows the effect of the buffer con-
centration, containing 200 mg/ml of 8-CD poly-
mer on the resolution of racemic bupivacaine
into its enantiomers. Baseline separation of the
two antipodes (R = 1.2) was obtained at 50 mM
phosphate buffer and increased to 1.76 when the
buffer concentration was 200 mM. Fig. 10 shows
the electropherograms of the enantiomeric sepa-
ration of bupivacaine at 25 and 200 mM phos-
phate buffer containing 200 mg/ml B-cyclodex-
trin polymer.

4. Conclusions

The use of uncharged B-cyclodextrin polymer
as a chiral selector in CE allows the enantio-
separation of several classes of compounds (8-
blockers, «-adrenergic agonists, B-adrenergic
agonists, tryptophan esters and anaesthetics).

The complexation, resolution and selectivity
are all influenced by the concentration of the
B-cyclodextrin polymer added to the BGE. Gen-
erally, the higher the concentration of the chiral
additive, the greater is the decrease in mobility
and the increase in selectivity and resolution,
except for propranolol, which shows a maximum
of S and R at 20 mg/ml EP-B8-CD.

The solubility of the chiral polymer in water—
buffer mixtures is relatively high in comparison
with that of the native B-CD. The method is
cheap because only a few microlitres of chiral
polymer solution are used for the electrophoretic
experiments (the chiral additive was present only
in the capillary).

Further studies will be carried out in order to
verify the usefulness of the uncharged chiral
polymer for the resolution of other racemic
mixtures into their enantiomers and the influence
of organic modifiers on the enantioselectivity.
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Abstract

Electrophoresis of serum proteins is one of the traditional applications of zone electrophoresis. Whereas
electrophoresis in supporting media uses usually 5,5'-diethylbarbiturate at pH 8.6 as the buffer, in capillary zone
electrophoresis with on-line UV detection, this electrolyte is of little use because of its high UV absorbance. For
that reason, a number of operational electrolytes differing in composition were tested for use in capillary
electrophoresis of serum proteins. The influence of the pK, of co-ions and counter ions and the concentration of
the operational electrolyte was examined. If 0.1 M methylglucamine-0.1 M e-aminocaproic acid or 0.1 M
methyliglucamine, —0.1 M y-aminobutyric acid is used as the operational electrolyte, capillary electrophoresis

separates serum proteins into more than ten zones.

1. Introduction

Electrophoresis of serum proteins has been
among the classical methods in clinical chemistry
for many years. Usually paper, agar or cellulose
acetate served as the separation bed, and serum
proteins were separated into about five fractions:
albumin, «a,-globulin, a,-globulin, B-globulin
and y-globulin. More than 20 years ago, agarose
brought a significant improvement, enabling
more protein zones to be separated [1,2]. The
method has since been modified [3-9] and the
separated zones were assigned to the individual
proteins: prealbumin, albumin, «,-lipoprotein,
a,-antitrypsin, a,-macroglobulin, haptoglobulin,
B-lipoprotein, transferrin, C,-complement and
y-globulin [2,5,7]. The clinical interpretation of
electropherograms is based on variation in their
content [6,7,10,11]. In all these methods, veronal
(5,5’-diethylbarbiturate) buffer has been used.
Since this is a US Drug Enforcement Adminis-

0021-9673/95/$09.50
SSDI 0021-9673(95)00161-1

tration controlled drug, Monthony et al. [12]
replaced veronal with Tricine and proposed the
Tris-Tricine buffer for the electrophoresis of
serum proteins. However, with this newly formu-
lated buffer, a,-fraction co-migrated with al-
bumin in agarose electrophoresis. The better
resolution of a,-fraction and albumin in the
barbital buffer seems to be due to the formation
of a veronal—-albumin complex and this complex
exhibits higher mobility than albumin itself
because of the higher charge caused by ioniza-
tion of veronal. An increase in the ionic strength
of the buffer by adding NaCl helps to separate
albumin and «,-fraction; however, addition of
salicylate or hippurate, which also form complex-
es with serum albumin, leads to a more pro-
nounced effect [13].

Several papers have been devoted to the
electrophoresis of serum proteins in capillary
format with on-line detection [14-19]. Whereas
Gordon et al. [14] and Reif et al. [19] used

© 1995 Elsevier Science BV. All rights reserved
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sodium borate as the operational electrolyte,
Chen and co-workers [15-18] did not specify the
composition of their electrolyte and used the
description Beckman protein analysis buffer.

This paper shows the effect of some separation
variables, especially the pK, of both the co-ion
and counter ion, on the separation of serum
proteins by capillary electrophoresis.

2. Experimental

Bis-Tris and Tricine were purchased from
Fluka (Buchs, Switzerland), vinylmagnesium
bromide from Aldrich (Milwaukee, WI, USA)
and y-aminobutyric acid, e-aminocaproic acid
and N-methyl-p-glucamine from Sigma (St.
Louis, MO, USA). All other chemicals were
purchased from Lachema (Brno, Czech Repub-
lic).

Analyses were performed with a Crystal CE
System Model 310 (ATI Unicam, Cambridge,
UK) with UV detection using a Spectra 100
variable-wavelength detector (Thermo Separa-
tion Products, Palo Alto, CA, USA) at 200 nm.
The data were collected by using software 4880
(ATI Unicam).

A fused-silica capillary (J&W Scientific, Ful-
som, CA, USA) of dimensions 75 pm I.D. and
360 um O.D. was used. The total length was
usually 55 cm with 45 cm to the detection
window. The detection cell was made by cutting
off ca. 1 mm of the polyimide layer [20]. In some
experiments, coated capillaries were used where
the coating was made with polyacrylamide after
vinylation of the capillary surface with vinylmag-
nesium bromide [21].

Whole blood was drawn from healthy vol-
unteers (members of this laboratory) and used to
prepare serum. Serum was used immediately
after centrifugation; however, in some cases it
was kept at —26°C before its use.

3. Results and discussion

The aim of this work was the experimental
testing of a series of various operational elec-

trolytes. The particular zones were identified
according to the generally known migration
order of serum proteins in agarose gels. Analysis
of serum proteins from different individuals was
helpful in this respect. Staining of lipoproteins
with Sudan Black with subsequent electropho-
resis and detection at 570 nm showed only
limited possibilities for the identification of
lipoproteins. If the fractions were resolved into
several subfractions, «,-antitrypsin, «,-macro-
globulin and transferrin were considered as the
main components of a,-globulin, a,-globulin and
B-globulin, respectively, and their mobilities
were used to express the mobility of the whole
fraction. (Proteins behave as anions under given
conditions and the negative values of the mobili-
ty correspond to this fact. However, for sake of
simplicity, “higher mobility”” here means a high-
er absolute value of mobility.) Substances differ-
ing in pK, suitable as both counter ion and
co-ion were sought. Finally, the co-ions were
chosen according to their pK, to cover the pH
range which preliminary experiments had shown
to be the most important, i.e., pK, =~8-11.
Three counter ions were used in these experi-
ments: Na™, Tris and methylglucamine. The pK,
values of the substances in question, and also the
pH of the operational electrolytes, which were
prepared by simple mixing of weighéd substances
without any further pH adjustments, are given in
Table 1.

In the first series of experiments, operational
electrolytes containing 50 mM NaOH and 0.1 M
co-ion were used. As NaOH is a strong base, the
pH of the electrolyte is equal to the pK, value of
the individual co-ions. The dependence of abso-
lute value of mobility of the main serum protein
fractions on the pK, of the co-ions is given in
Fig. 1: all fractions of serum proteins migrate
with a higher velocity with increasing pK, of the
co-ion, i.e., with increasing pH of the oper-
ational electrolyte. The separation of the
albumin-a,-fraction pair is crucial, as pointed
earlier. With increasing pH, the mobility differ-
ence between albumin and e,-fraction increases,
whereas the B-globulin and «,-globulin mobility
window is reduced even when the B-globulin-a,-
globulin separation is not deteriorated.
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Table 1
pH of operational electrolytes

Component Na* Tris MGA
(pK, =8.1) (pK, =9.9)
Tricine (pK, =8.1) 8.12 8.06 9.10
Asparagine (pK, = 8.72) 8.91 8.41 9.47
Boric acid (pK, =9.24) 9.24 8.17 9.20
Glycine (pK, =9.78) 9.86 8.84 9.92
GABA (pK, =10.46) 10.58 9.27 10.26
EACA (pK, =10.80) 10.93 9.36 10.62

Fig. 2 shows the sample plot when the counter
ion Na' is replaced with Tris. If an equimolar
mixture of Tris and the appropriate acid is used,
the pH of the operational electrolyte is theoret-
ically equal to the mean of the pK,s of Tris and
the co-ion, as Tris is a weak base. The ionization

also influences the ionic strength of the solution.
That is why it is more reasonable to plot mo-
bilities vs. pK, instead of the traditional pH. The
real values of pH for the prepared operational
electrolytes are given in Table 1. We can observe
similar effects as with electrolytes containing
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Fig. 1. Effect of pH on the mobility of serum proteins. Experimental conditions: uncoated capillary, 75 um L.D. x 360 um O.D.,
total length 550 mm, effective length 450 mm; operational electrolyte, 50 mM NaOH-100 mM co-ion; voltage, 11 kV. Fourfold

diluted serum sampled with a pressure of 10 mbar for 3 s.
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Fig. 2. Effect of pK,, of co-ion on the mobility of serum proteins with Tris as counter ion. Operational electrolyte: 0.1 M Tris—0.1

M co-ion. Other experimental conditions as in Fig. 1.

sodium, i.e., an increase in the co-ion pK, or pH
results in a better resolution between albumin
and «-fractions and a lower resolution of 8- and
v-globulins. However, in this case, the a,-
globulin peak is obtained with Tris—e-amino-
caproic acid exclusively.

The ©best results were obtained when
methylglucamine (MGA) was used as the coun-
ter ion in the operational electrolyte formula-
tions. Therefore, the corresponding electro-
pherograms are discussed individually (Fig. 3).
In 0.1 M MGA-Tricine (Fig. 3a), the most
remarkable effect is the low mobility of y-
globulin, which results in co-migration of this
zone with the system peak indicating zero
mobility. This is surprising, since in Na—Tricine,
v-globulin migrates anodically to the full extent,
although the pH is significantly lower than in 0.1
M MGA-Tricine. This is probably caused by the

interaction of the counter ion with +y-globulins
forming ion associates and/or ion pairs, which
results in charge reduction and hence a decrease
in mobility. In the a,-globulin—-B-globulin area,
there is a good resolution of the appropriate
subfractions. The peak close to albumin (¢, =
22.98 min) does not correspond to «;-globulin,
as a,-globulin provides in our sera a significantly
smaller peak than the a,-fraction.

The use of 0.1 M MGA-asparagine provides
an electropherogram similar to that with 0.1 M
MGA-Tricine (Fig. 3b). A smaller portion of
vy-globulins appears on the cationic side of the
electropherogram. The UV absorption of as-
paragine results in a significant decrease in the
signal-to-noise ratio.

Use of the popular boric acid as the co-ion
failed in the separation of serum proteins in
conjunction with MGA (Fig. 3c). This is caused
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by the complexation of boric acid with hydroxy equilibrium manifested in a significant deviation
groups of MGA, which results in a shift of the of the real pH of the operational electrolyte from

pK, of boric acid and a complicated acid-base the theoretical value.
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Fig. 3. Electropherogram of serum proteins in operational electrolyte containing 0.1 M methylglucamine as counter ion. Co-ion:
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(GABA); (f) 100 mM e-aminocaproic acid (EACA). Other experimental conditions, as in Fig. 1. Ordinate: absorption at 200 nm.
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A further increase in pK, or pH by using
glycine as the co-ion leads to an improvement in
resolution, primarily by the independent migra-
tion of «,-fraction (Fig. 3d). All the zones,
which are known from electrophoresis in aga-
rose, can be found in the electropherogram
obtained with 0.1 M MGA-glycine.

Similarly, all fractions were found if y-amino-
butyric acid (GABA) (Fig. 3e) and e-amino-
caproic acid (EACA) (Fig. 3f) were used as the
co-ion. With the highest mobility, i.e., with the
longest migration time, prealbumin appears in
the electropherogram. (At least one UV-absorb-
ing non-protein peak with a mobility higher than
that of prealbumin can be found in the electro-
pherograms if the separation is performed for a
sufficient time. As it was not the aim of this
study to analyse all peaks, such as uric acid, no
significant attention was devoted to these peaks.)
There was a regularly appearing shoulder on the
peak of albumin, the identity of which is un-
known. In q,-fraction, the main peak of a;-
antitrypsin can be observed with at least one
shoulder, which may correspond to a,-lipopro-
tein. Experiments with Sudan Blue-stained
serum were not successful in identifying the «,-
lipoprotein peak. With a mobility smaller than
that of «,-globulin, small peaks of group-specific
proteins migrate. In a,-globulin fraction, hapto-
globulin and a,-macroglobulin peaks can be
seen. It is not easy to distinguish them, as their
migration order varies with the phenotype of the
individuals. There are three peaks (series of
peaks) in B-fraction: B-lipoprotein, transferrin
and C,-complement. Whereas transferrin mi-
grates as an individual sharp peak, the other
subfractions provide several peaks. Both C,-
complement and B-lipoprotein are unstable in
serum and decompose. Hence the heterogeneity
of these subfractions is at least partially caused
by the decomposition.

If we compare the mobilities of the main
protein fractions obtained with methylglucamine
as the counter ion, a fairly similar plot is ob-
tained as for sodium and Tris (Fig. 4). The
mobilities of proteins increase with increasing
pH or pK,; however, the presence of the «;-
fraction makes a significant difference. As

methylglucamine is a weak base, the pH of the
operational electrolytes is not identical with the
pK, of the co-ions again. Because the ionic
strength varies in the given range, it is advan-
tageous to plot mobility vs. pK, . The real values
of pH for the operational electrolytes are given
in Table 1.

When the electroosmotic coefficient from the
measurements mentioned above is plotted vs.
pK, (Fig. 5), an interesting plot is obtained. The
electroosmotic flow is virtually independent of
pH in the given pH range when sodium is used
as the counter ion with constant ionic strength.
When sodium is replaced with Tris or
methylglucamine, a dependence of the electro-
osmotic coefficient is found, which is more
pronounced for methylglucamine. This effect
seems to be caused by the decreasing ionization
of these organic bases with increasing pH, which
results in reduced inter-ionic interaction of these
bases with the capillary wall and thus in a higher
value of the electroosmotic coefficient.

Further, we were interested in knowing the
concentration dependence of the mobilities of
serum proteins, with the aim of increasing the
operational voltage and hence decreasing the
separation time. The dependence of the mo-
bilities of the main serum protein fractions on
the concentration of methylglucamine-EACA is
plotted in Fig. 6. The plot shows that «,-fraction
disappears from the electropherogram at con-
centrations below 50 mM. The operational elec-
trolyte 10 mM methylglucamine-EACA enabled
an electric field strength of 545 V/cm to be used
without any overheating, thus shortening the
analysis time significantly. However, it did not
help «,-fraction to appear in the electrophero-
gram and therefore 0.1 M methylglucamine-
EACA is recommended as a suitable operational
electrolyte for the electrophoresis of serum pro-
teins.

Because of the known effect of hydrophobic
acids on the resolution of albumin-e,-fraction,
we decided to investigate this effect in capillary
electrophoresis. Unfortunately, the acids, the
improving effect of which is known from slab gel
electrophoresis, absorb UV radiation and there-
fore their use in capillary electrophoresis with
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Fig. 4. Effect of pK, of co-ion on the mobility of serum proteins with methylglucamine as counter ion. Operational electrolyte:
0.1 M methylglucamine—0.1 M co-ion. Other experimental conditions as in Fig. 1.

on-line UV detection is impossible. For that
reason, the influence of fatty acids was investi-
gated. Attention was paid primarily to the effect
of lauric acid when (i) lauric acid was the only
co-ion in the operational electrolyte and (ii)
when lauric acid was used in a mixture with
another co-ion.

When the operational electrolyte containing 5
mM methylglucamine and 2.5 mM lauric acid
was used, a,-fraction was not resolved from
albumin and appeared as a shoulder on the
albumin peak. When the concentration of oper-
ational electrolyte was doubled, the a,-globulin—
albumin resolution was improved, probably by
forming a laurate—albumin complex which ex-
hibits higher mobility than albumin itself. The
low ionic strength of this electrolyte enables a
high operational voltage to be applied. In the
given system, a maximum voltage of 30 kV could
be successfully used to shorten the analysis time

whilst maintaining the separation of the main
fractions of serum proteins in about 3 min (Fig.
7).

If the concentration of the operational elec-
trolyte is increased further to 60 mM methyl-
glucamine-30 mM lauric acid, the electropho-
retic profile of serum proteins is dramatically
changed (Fig. 8). Albumin migrates as two split
peaks and a number of new peaks appear in the
electropherogram. The number of new peaks
suggests a good potential for this electrophoresis
of serum proteins. However, our optimism is
moderate, as a lot of work, primarily in identifi-
cation and clinical interpretation of electrophero-
grams, must be done in order to introduce this
particular analysis into the family of practical
applications of capillary electrophoresis. At the
given concentration, laurate forms micelles,
which should be borne in mind by those who
distinguish zone electrophoresis from micellar
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Fig. 5. Effect of pK, of co-ion on the electroosmotic coefficient with sodium, Tris and methylglucamine as counter ion.

Experimental conditions as in Figs. 1, 2 and 4.

electrokinetic chromatography. In our approach,
it is sufficient to speak about zone electropho-
resis of the protein complexes with laurate.
Indeed, the dimensions of protein molecules do
not support the simplistic model of spherical
micelles with separands incorporated in.

If the operational electrolyte contains lauric
acid in the presence of other ions, the detrimen-
tal effect of laurate on the integrity of serum
proteins starts at lower concentrations. This
effect is obvious with an operational electrolyte
containing 100 mM methylglucamine-90 mM
EACA-5 mM lauric acid (not shown), i.e., at a
concentration of lauric acid which, in the ab-
sence of other anions did not attack the integrity
of serum proteins. This effect is easy to explain:
an increase in ionic strength results in increased
hydrophobic interactions, and that is exactly
what happened in this case. If the content of
lauric acid is further increased, the albumin and

vy-globulin peaks are preserved, but a number of
new peaks with mobilities higher than that of
albumin appear in electropherogram (Fig. 9).

4. Conclusions

Good resolution of serum proteins is achieved
by capillary electrophoresis when the operational
electrolyte 0.1 M methylglucamine-0.1 M
EACA or 0.1 M methylglucamine-0.1 M
GABA is used. An operational electrolyte con-
taining 10 mM methylglucamine and 5 mM lauric
acid permits the separation of serum proteins
with high voltage and the main serum protein
fractions can be separated in about 3 min.
Capillary electrophoresis in the presence of 60
mM methylglucamine-30 mM lauric acid or 100
mM methylglucamine-80 mM EACA-5 mM
lauric acid provides the separation of a large
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Fig. 7. Electropherogram of serum proteins in operational electrolyte containing 10 mM methylglucamine and 5 mM lauric acid.
Voltage, 30 kV. Other experimental conditions, as in Fig. 1. Ordinate: absorption at 200 nm.
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10 mM lauric acid. Experimental conditions as in Fig. 1. Ordinate: absorption at 200 nm.
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number of peaks as a result of the disintegration
of serum proteins by hydrophobic interactions
with laurate. This gives new potential to the
electrophoresis of serum proteins.
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Abstract

A capillary zone electrophoretic method was used to obtain profiles of solubilized rat hair keratin proteins. The
same methodology was used to reveal the presence of additional protein peaks in alcohol-consuming rats. Two
types of separation were investigated. Alkali-solubilized keratins from hair of rats treated for 5 weeks with 5%
ethanol and 2 weeks with 10% ethanol (instead of drinking water) and from controls were analysed. Whereas under
alkaline conditions (pH 9.2, 50 mM borate) an additional fraction of “low-sulphur’ keratins with the highest anodic
mobility of this keratin category was shown in alcohol-treated animals, acid electrophoresis carried out at pH 3.5 in
phosphate buffer (50 mM) revealed the presence of two sharp peaks absent in the controls. These findings were
confirmed by two-dimensional separations of carboxymethylated keratin samples. An attempt was made to identify
further one of the newly occurring fractions in alcohol-consuming animals. It was revealed that the tryptic
hydrolysate of “low-sulphur” proteins obtained from alcohol-consuming animals contained a peptide not found in

controls.

1. Introduction

Hair analysis is gaining considerable populari-
ty in situations where the past history of drug
abuse rather than the present state needs to be
investigated [1,2]. Whereas morphine, cocaine
and a number of other drugs can be extracted
from hair after acid, alkaline or solvent treat-
ment of the matrix (for reviews, see Refs. [3 and
4]) (the nature of the way of binding these drugs
to the hair matrix remains unknown), apparently
there are other metabolites that can interact with
the hair keratins. In a previous paper we showed
that profiling of the organic phase-extractable
material from acid-treated hair may be used as a

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00164-6

diagnostic tool in animals predisposed to
alopecia areata [5]. Biochemical studies of wool
filaments and their associated matrix material
have led to the realization that there are three
major classes of hair proteins: the low-sulphur
keratins (designated 40-60 K), the high-sulphur
keratins (designated 10-25 K) and the high
glycine—tyrosine proteins (designated 10-25 K).
The analysis of solubilized hair keratins by
standard gel electrophoresis [6] reveals two frac-
tions (one doublet and one triplet) of probably
low-sulphur keratins in the relative molecular
mass (M,) regions of 44/46-10° and of 56/59/
60-10°. In the case of keratin characterization by
two-dimensional gel electrophoresis, six low-sul-
phur (M, 55500-76 000) and seven high-sulphur
(M, 26500-43000) major proteins [7] were

© 1995 Elsevier Science B.V. All rights reserved
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found. It is likely that the molecular masses of
these fractions are higher than the real values.
Although, as shown also in this report, two-
dimensional gel electrophoresis offers valuable
separations in profiling hair keratins, capillary
zone electrophoresis (CZE) appears more rug-
ged and faster and offers complementary in-
formation.

The idea behind investigating hair keratin of
alcohol-treated animals is that long-term alcohol
intake may cause metabolic alterations that
could be expressed and accumulated in long-
lived proteins; the production of acetaldehyde
(the first metabolite of ethanol) should be the
first to be considered. It has been reported that
ethanol administration leads to free amino group
modification in this way [8]. The objection that
the amount of acetaldehyde released is too small
to cause any alterations in long-lived proteins
should be abandoned not only because of the
results just mentioned [8], but also because our
experience indicates [9] that even minute con-
centrations of oxo-containing compounds lead to
protein modifications that can be demonstrated,
€.8., by decreased solubility.

In this work, we investigated the possibility of
separating hair keratins by capillary electropho-
resis and attempted to show the differences in
keratin protein profiles in hair of rats consuming
alcohol.

2. Experimental
2.1. Animals

Two sets of male Wistar rats were housed
three per cage (twelve altogether) and fed ad
libitum a standard pelleted diet. They were
taken into the experiment when 60 days old.
Alcohol was administered by replacing water
with 5% ethanol solution for 35 days and with
10% ethanol solution for the following 14 days.
After this time period the hair from the dorsal
region was shaved (about 2.2 g) and subjected to
further analysis. The same number of animals
(two cages, three animals each) kept on tap
water served as controls. The alcohol-treated
animals did not differ in the growth curve in

comparison with the controls, but the liquid and
food intake was decreased in the experimental
group, representing 71% and 78% of the con-
trols (at the end of the experiment), respectively.

2.2. Preparation of samples

The hair sample (about 2.2 g) taken from the
dorsal part of the experimental animal was
washed stepwise with ethanol and 0.01 M phos-
phate buffer (pH 6.0) on a Bilichner funnel. Two
approaches for solubilizing hair proteins were
used. At the beginning we used incubation (1.1
g) with 1 M NaOH (125 ml) at 40°C overnight,
as is the procedure often used in forensic analy-
ses [10]. The insoluble residue was filtered and
the solubilized fraction was extracted three times
with 125 ml of chloroform-2-propanol (9:1, v/v)
(the aqueous phase was injected). At a later
stage, hair samples after the Biichner funnel
wash were minced into 2-3-cm pieces and incu-
bated under nitrogen in 8 M urea—-200 mM Tris—
HCI buffer (pH 9.5)-2 mM mercaptoethanol for
2 h. After this, the swollen hair samples were
homogenized and the incubation was continued
for a further 2 h at 40°C. The insoluble residue
was spun off (10 000 g, 10 min) and the superna-
tant was stored frozen in small aliquots until
used. As the profiles obtained by these two
approaches did not differ, the latter procedure
was mostly used. For two-dimensional gel sepa-
rations, the dissolved proteins in 50-ul aliquots
were radiolabelled at pH 8.0 by S-carboxy-
methylation of a proportion of the cystein res-
idues with [2-'*Cliodoacetic acid (6 wCi). After
10 min at room temperature, excess iodoacetate
was added to complete the modification of the
cysteine residues. Excess iodoacetate remaining
after 10 min was reacted with 2-mercaptoethanol
[11,12].

2.3. Capillary zone electrophoresis (CZE)

The electrophoretic separations were carried
out in a 50-pum fused-silica capillary (Polymicro
Technologies, Tucson, AZ, USA) mounted in a
Model 350, CZE apparatus (ISCO, Lincoln, NE,
USA) run routinely at 15 kV (45 pA) with UV
detection at 220 nm. Separations were per-
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formed under both alkaline and acidic conditions
with two kinds of buffers. For the alkaline runs,
50 mM borate buffer (pH 9.2) was used, where-
as the acidic separations were run in 50 mM
phosphate buffer (pH 3.5). The capillary was
occasionally rinsed with 0.1 M NaOH (by aspira-
tion), whereas it was rinsed with the run buffer
before each run. Routinely, 7 ul of samples were
injected through a 1:1000 split-stream port with
an HPLC-type syringe into the ISCO apparatus.
Samples were sonicated for 15 min prior to
analysis, diluted appropriately (see Results) and
filtered through a Millex HV 0.45-um filter
(Waters—Millipore, Milford, MA, USA). Omit-
ting these operations leads at least to a noisy
baseline or may spoil the run completely.

The acidic runs were much slower than under
alkaline conditions, owing to the large difference
in the electroosmotic flow. The positions of
individual peaks varied very little (less than 5%
R.S.D. of the retention time, except for the slow
peaks in the acidic, long-lasting runs). Alkaii-
solubilized hair from alcohol-treated animals and
alkali-solubilized hair from controls were sub-
jected to analysis.

2.4. Polyacrylamide gel electrophoresis

Radiolabelled protein extracts were examined
by two-dimensional polyacrylamide gel electro-
phoresis. Two systems were used in the first
dimension separation, being different in each
case. Protein separation was carried out in 8 M
urea at pH 8.9 or pH 3 in an apparatus with glass
tubes (130X 3.0 mm). The second-dimension
separation was according to the apparent M, by
sodium dodecyl sulphate (SDS) electrophoresis
in a slab (140 X 120 X 1.5 mm).

For the separation at pH 8.9, the procedure of
Davis [13] was used, except that 8§ M urea was
incorporated into the gels. The proteins (10 ul of
protein extract) were separated on poly-
acrylamide gel rods consisting of 10-mm 4%
stacking gel and 100-mm 7.5% separation gel.
These gels were prepared from a stock 29.2%
acrylamide—-0.8% N,N’-methylenebisacrylamide
solution, and polymerized using ammonium per-
oxodisulphate. The electrophoresis was run at 40
V for approximately 18 h until bromophenol

blue tracking dye (loaded on a similar gel rod or
added to the upper electrode buffer) had travel-
led the length of the gel rod.

For electrophoresis at pH 3, the system re-
ported by Marshall and Gillespie [12] was used.
The proteins (5 wul of protein extract and 10 ul
of acid sample solution) were separated on 110 X
3.0 mm 8% polyacrylamide gel rods [acryl-
amide—N,N’-methylenebisacrylamide (27:1)]
containing 4.7 M acetic acid and 8 M urea.
Electrophoresis was performed towards the
cathode at 80 V until the crystal violet tracking
dye had travelled the length of the gel rod
(approximately 18 h).

SDS electrophoresis was carried out according
to Laemmli [14] and O’Farrell {15]. Poly-
acrylamide gel slabs were prepared from a stock
29.2% acrylamide-0.8% N,N’-methylenebis-
acrylamide solution and polymerized using am-
monium peroxodisulphate. A stepwise acrylam-
ide concentration was used by Marshall and
Gillespie [12]. The lower 20 mm of the sepa-
ration gel slab consisted of 15% polyacrylamide
and the upper 75 mm 10% polyacrylamide. The
first-dimension gel rod was held in place above
the 20-mm stacking gel (4.5% polyacrylamide)
by 1% agarose [15]. Gel rods after electropho-
resis at pH 3 were equilibrated for 45 min with
the SDS sample buffer (buffer 0 in Ref. {12]),
but this equilibration step was not necessary
after isoelectric focusing or pH 8.9 electropho-
resis. Electrophoresis was performed at 100 V
for 1 h, then at 200 V until the bromophenol blue
tracking dye (added to upper electrode buffer
before commencement of electrophoresis) had
travelled about 10 mm through the 15% poly-
acrylamide gel. Full details of the procedures
were given by Marshall and Gillespie [12].

After SDS electrophoresis, radiolabelled pro-
teins were located by fluorography [16].

2.5. Ion-exchange separation of solubilized
keratins

Ion-exchange separation was carried out by
passing 5 ml of the supernatant containing alkali-
solubilized keratins through a Bio-Rad (Rich-
mond, CA, USA) AG 50W-X8 filter, the cation-
exchange bead was flushed with distilled water (5
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ml) and the retained fraction was eluted with 0.1
M triethylamine (5 ml). After evaporation (at
50°C in vacuo), the residue was reconstituted in 2
ml of Milli-Q-purified water and after overnight
dialysis the sample was ready for further analy-
sis.

2.6. Trypsin digestion

The retained fraction from the Bio-Rad AG
S50W-X8 cartridge was prepared as described
above except that the dry residue was reconsti-
tuted in 50 mM NH,HCO;-1 mM CaCO,.
Trypsin solution was prepared in the same buffer
and the sample was digested at an enzyme-to-
protein ratio of 1:10 at 37°C overnight. After
stopping further hydrolysis, the digest was either
used directly for reversed-phase chromatography
or, after drying on a Speed Vac Centrifuge, used
for mass analysis.

2.7. HPLC of the trypsin-released peptides [17]

The peptides were separated on a reversed-
phase column (Vydac C,5, 7 um, 250 X 0.42 cm
I.D.). A linear gradient from 100% A to 70% B
within 1 h was applied, where A =0.10% tri-
fluoroacetic acid (TFA) in water and B =0.10%
TFA in 70% acetonitrile. The flow-rate was 1
ml/min. Collected fractions containing peptides
were taken to dryness in a Speed Vac centrifuge.

2.8. Plasma desorption mass spectrometry
(PDMS) [18]

Peptides separated by reversed-phase HPLC
were dissolved in 8 ul of 0.1% TFA-20%
methanol and applied to nitrocellulose-covered
targets. Targets were then washed in 10 ul of
water (UHQ) to remove salt and PDMS was
performed on a Model 20 plasma desorption
mass spectrometer (Biolon, Uppsala, Sweden).
Each spectrum was accumulated for 10° fission
events using an acceleration voltage of 15 kV and
calibrated with H* and NO™ ions.

3. Results

In contrast to acid extraction [5}, alkaline
treatment solubilizes much of the hair matrix
(about 85%). For capillary electrophoretic analy-
sis, the protein concentration had to be adjusted
prior to analysis (50-100 ul to 5 ml of Milli-Q-
purified water).

Typical electropherograms of the rat hair
keratin fractions obtained from both alcohol-
treated and control animals are shown in Fig. 1,
where the results are compared with both one-
and two-dimensional electrophoresis. Two
groups of peaks are seen in the capillary sepa-
rations: the first group (two peaks in controls,
three peaks in alcohol-treated animals) corre-
sponds to the fast-moving zone in plate A,. The
other set of peaks moving with retention 7.5-10
min and two additional peaks moving with re-
tention 15 and 18 min represent the other
(smearing zone) seen in one-dimensional electro-
phoresis.

In two-dimensional gel separations, two
categories of protein spots can also be seen, a
fast, cathodically moving set of keratin proteins
and a long diagonal smear. In accordance with
literature data, the two fast-moving peaks in
extracts from controls (three in alcohol-consum-
ing rats) were tentatively identified as “low-sul-
phur” keratins, whereas the rest corresponding
to the diagonal smear were assumed to represent
the “high-sulphur” keratin proteins.

By passing the keratin protein extract through
the Bio-Rad cation-exchange filter, both
categories of hair proteins can be separated: the
“low-sulphur” proteins are retained whereas the
“high-sulphur” proteins are not, as can be seen
from Fig. 2; the retained fraction (released by
washing the filter with 2 ml of 0.1 M triethyl-
amine, followed by overnight dialysis of the
filtrate) corresponds to the first two (or three in
alcohol-treated animals) fractions appearing dur-
ing the capillary electrophoretic runs (see Fig. 2,
plates A and C). The unretained proteins corre-
spond to the remaining, more anodically moving
peaks. Amino acid analysis of both fractions
(data not presented) indicated a higher propor-
tion of sulphur-containing amino acids in the
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Fig. 1. Comparison of capillary electrophoretic profiles (pH 9.2) of hair keratin samples obtained from (A) control rats and (B)
alcohol-treated rats. The dilution of extracts was 50 il to 5 ml. The position of the peak present in the alcohol-treated animals but
absent in controls is indicated by an arrow. Assignment of ‘high-sulphur” and “low-sulphur” proteins is based on the results
shown in Fig. 2. CZE conditions as specified under Experimental.

unretained fraction, justifying the classification
of the two sets of protein fractions as “low-
sulphur” and ‘“high-sulphur” types.

From the profiles shown in Fig. 1, it is evident
that the profiles obtained from controls (plate A)
and alcohol-treated animals (plate B) differ in
the arrow-indicted peak. The additional fraction
belongs, according to its electromigration be-
haviour, between the ‘low-sulphur proteins” and
has an apparent M, of 70-10°.

Further investigation of the ‘“high-sulphur”
proteins by two-dimensional electrophoresis
under alkaline conditions was not possible owing
to the smearing character of the ‘“‘high-sulphur
protein” zone. Therefore, separations run at pH

3.5 as visualized in Fig. 3 were run. These
indicated the presence of two spots in the M,
25-10°-30- 10" region in two-dimensional elec-
trophoresis. In CZE separations (Fig. 3, plates A
and B) run at pH 3.5, two distinct peaks ap-
peared at run times between 10 and 20 min in
alcohol-treated animals (indicated by arrows)
which were absent in control runs. When the
fraction retained on the Bio-Rad AG 50W-X8
filter was run under similar conditions, the pic-
ture shown for plate C was obtained. By com-
parison of plate C with plates A and B, the
peaks moving at 12 min and less in CZE can be
identified as “low-sulphur” and those moving
more rapidly to the anode represent the “high-
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Fig. 2. CZE profiles (pH 9.2) of the retained (plate A) and unretained (plate B) fractions obtained after passing the crude extract
through a Bio-Rad AG 50W-X8 filter. “High-sulphur” proteins were recovered in the filtrate whereas “low-sulphur’ proteins
were released by 0.1 M triethylamine. Comparison with the two-dimensional gel separations is visualized under each CZE run.
The position of the fraction of “low-sulphur” proteins occurring in alcohol-treated animals but absent in controls is indicated by
an arrow. Profile of proteins retained on the cation-exchange cartridge from the alcohol-treated rat hair preparation is shown on

plate C. CZE conditions as specified under Experimental.

sulphur” fraction. It appears that of the three
additional peaks occurring with in animals
treated for 7 weeks with alcohol, two belong to
the category of “high-sulphur” proteins whereas
the third fraction can be traced within the “low-
sulphur” protein fraction (alkaline separation
conditions).

The easy separation of the ‘“low-sulphur”
fraction containing an extra peak in alcohol-
treated rats (Fig. 1, plate A), the presence of
which was confirmed by two-dimensional electro-
phoresis, prompted us to attempt to characterize
further the ‘“low-sulphur” keratin fraction ob-
served in alcohol-treated animals. The Bio-Rad

AG 50W-X8-retained fraction was routinely
eluted with 0.1 M triethylamine, lyophilized and
hydrolysed with trypsin as described under Ex-
perimental. The resulting mixture of peptides
was separated by reversed-phase chromatog-
raphy (Fig. 4). This separation resulted in a very
complex mixture, in which 23 peaks could be
discerned. All of these were collected, taken to
dryness and the residue dissolved in 8 nl of 0.1%
TFA-20% methanol and investigated by PDMS.
Of the 23 fractions, 11 gave non-interpretable
spectra (numerous masses). Peak 11 with M,
1217.6, however, was present in the preparations
obtained from alcohol-treated animals only (Fig.
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Fig. 3. CZE profiles and two-dimensional electrophoresis of rat hair extracts under acidic conditions. CZE run at pH 3.5,
two-dimensional separation at pH 3.0 (see Experimental for details). Plate A, controls; plate B, alcohol-treated, 7 weeks; plate C,
fraction of control animals retained on the Bio-Rad AG SOW-X8 filter and released with 0.1 M triethylamine, corresponding to

“low-sulphur” proteins.

5) and was absent in preparations obtained from
controls.

4. Discussion

CZE can be used not only for the analysis of
organic phase-extractable material from hair, as
previously reported [5}, but also for the analysis
of hair proteins. Reproducible profiles were
obtained with less than 5% R.S.D. of the re-
tention time on both inter-run and day-to-day
bases. The capillary electrophoresis profiles of
hair keratins can be separated into two parts: (i)
the set of peaks appearing soon before the
detector window (two in controls, three in al-
cohol-consuming rats), which in accordance with

their behaviour in two-dimensional electropho-
resis correspond to ‘“low-sulphur” keratins, and
(ii) the peaks in the remaining part of the
electropherogram, which according to the same
comparison could be tentatively identified as
“high-sulphur” proteins. These two categories
can be easily separated by passing the extract
through a cation-exchange cartridge on which
the more basic set of peaks is retained. Analys-
ing the filtrate and retentate for the content of
sulphur-containing amino acids indicated con-
siderably more (about twice per amino acid
nitrogen) sulphur-containing amino acids in the
unretained fraction.

In the category of ““low-sulphur” proteins, one
additional peak in CZE and one additional spot
in two-dimensional gel electrophoresis was ob-
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served. This protein fraction exhibited the high-
est anodic mobility of the proteins constituting
the “low-sulphur” category and, according to the
gel electrophoretic behaviour, possessed an ap-
parent M, of 70 - 10°. When the separations were
run at acidic pH, the profiles of controls and
treated animals differed in two peaks (zones)
present in the “high-sulphur” region both in the
CE runs and in two-dimensional gel electro-
phoresis.

Fractionation of peptides obtained of trypsini-

1217.6

Relative intensity

PRPSTRAPLE. T 70 WAV

600 800 1000 1200 1400 1600 1800
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Fig. 5. PD mass spectrum of the HPLC fraction present in
the alcohol-treated animals only (peak 11, Fig. 4B).

zation of the “low-sulphur” proteins indicated
the presence of a peptide of M, 1217.6, which
was absent in preparations obtained from un-
treated animals.

The nature of the protein fractions occurring
in alcohol-treated animals should reflect either
metabolic changes or post-translational modifica-
tions of normally synthesized proteins, or both.
To express a definite conclusion in this respect is
difficult at present, although some idea can be
obtained from the MS data. The peptide found
in the “low-sulphur” protein trypsin hydrolysate
of alcohol-treated animals was not found in
controls. Whether this reflects the presence a
metabolite-modified protein is difficult to say.

The fact that it was possible to detect three
additional protein fractions in alcohol-treated
animal hair keratin preparations appears to indi-
cate a polytopic effect of alcohol consumption on
hair keratin. Although no proof has been ob-
tained that these additional fractions represent
three different proteins, it seems to be so as the
additional “low-sulphur” fraction may not be
revealed under acidic separations and, on the
other hand, the two “high-sulphur” protein
fractions may not be revealed alkaline conditions
of electrophoresis (both CE and two-dimensional
gel electrophoresis).

From the separation point of view, CZE may
serve as an additional tool in separating keratin
proteins. This paper represents, to our knowl-
edge, the first attempt in this respect. Although
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comparison of carboxymethylated and untreated
proteins (i.e., the results of two-dimensional
electrophoresis and CZE) may be the subject of
discussion because of the structural changes
introduced into the protein molecule by carboxy-
methylation, here we attempted to categorize the
peaks occurring in the CZE separations accord-
ing to a recognized separation procedure.

5. Conclusions

CZE was applied to a category of proteins not
previously investigated by this method. Two
basic categories of alkali-extractable keratins,
namely the “high- and “low-sulphur” fractions,
were easily separated, each of these categories
exhibiting muitiple peaks. Comparison with two-
dimensional electrophoresis revealed lower
selectivity, e.g., in the region of “low-sulphur”
proteins (five zones separated by two-dimension-
al gel electrophoresis while only two peaks were
obtained by CZE). This, however, may be
caused by the fact that in CZE underivatized
extracts were used whereas in the two-dimen-
sional gel separations the samples of proteins
were carboxymethylated. Certainly further in-
vestigations are needed to make CZE generally
applicable to the separation of keratins. On the
other hand, CZE was capable of revealing the
differences in keratin protein profiles caused by
alcohol intake over a period of 7 weeks in
laboratory rat hair. The differences regarding the
number of peaks in which the individual profiles
differed were confirmed by two-dimensional gel
electrophoresis. It can be concluded that CZE
profiling of rat hair keratins is capable of discern-
ing three peaks that occur only in alcohol-con-
suming animals, whereas no such peaks were

obtained for preparations obtained from con-
trols.
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Abstract

The analysis of haemoglobin is routine in medical laboratories for the purpose of assessing blood disorders and
related pathologies. Haemoglobin is structurally diverse and possesses many variant forms, some disease-
producing. With recent improvements in technology, capillary electrophoresis is now being adapted in the clinical
laboratory. This paper describes the analysis of haemoglobin variants using uncoated fused-silica capillaries. The
effects of using different buffer salts at different concentrations with different buffer pH values to separate

haemoglobin variants in these capillaries are described.

1. Introduction

Analysis of haemoglobin (Hb) variants from
patients’ blood samples is of medical importance
and, for this reason, is an essential procedure in
the clinical laboratory. Hb is a heterotetramer
which is formed from the association of two pairs
of identical subunits. The predominant Hb var-
iant in normal adult blood is Hb A1, a heterotet-
rameric protein with two «-chains and two B8-
chains. Hb A2 is also a normal variant present in
smaller amounts. Hb F is a form composed of
two «a- and two y-globin chains and is normally
expressed during foetal development; its pres-
ence is gradually replaced by Hb A usually 6
months after birth. The Hb S and C variants are
isoelectric variants as a result of single amino
acid changes in one of the globin chains (8), and
such changes induce alterations in the structural—
functional relationships of the Hb subunits to
one another, such that at certain blood pH and

* Corresponding author.
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level of blood oxygenation, the Hb tetramer
undergoes an irreversible conformational shift
which manifests itself as a change in the shape of
the red blood cell (the classical sickle shape in
sickle-cell anaemia). Hundreds of Hb variants,
some producing no symptomatic disease, have
been identified by various analytical methods.

The demands for clinical laboratories to pro-
vide accurate analyses with timely results makes
new methodologies which achieve such goals
very welcome. Capillary zone electrophoresis
(CZE) is finding many uses in clinical chemistry
applications [1-6], and there is the potential to
apply CZE in Hb variant analysis also. CZE
offers some important advantages over other
conventional electrophoretic techniques. Besides
requiring very small amounts of sample and
electrolyte, its potential for automation makes
this technique time and labour effective for
clinical laboratories.

Several reports have already appeared in
which normal and pathological states were as-
sessed based on Hb variant analysis using capil-
lary electrophoretic methods. Particular methods

© 1995 Elsevier Science B.V. All rights reserved
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focused on the analysis of intact Hb molecules
[2], globin chains [3] or tryptic digests of haemo-
globin molecules [4]. Hb variant analysis has also
been examined by isoelectric focusing methods
using coated [5] and uncoated capillaries [6]. In
this study we attempted to establish optimum
conditions for Hb variant analysis using CZE
with uncoated capillaries.

2. Experimental

The capillary electrophoresis system was a
BioFocus 3000 (Bio-Rad, Richmond, CA, USA)
equipped with a fused-silica capillary {36 cm (30
cm to the detector) X50 um I.D.]. Sample
injection was by positive pressure [34.45-10" Pa
(5 p.s.i.) for 2 s], with sample loaded at the
anode end of the capillary. The applied potential
was 10 kV for all analyses. All reagents for
preparing electrolytes were of analytical-reagent
grade (Merck, Darmstadt, Germany). A capil-
lary wash solution (Bio-Rad) was used to purge
the capillaries between runs. Preparation of the
capillary for each run involved an automated
purging cycle with capillary wash solution, water
and running electrolyte in that order, for 1 min
each. Detection was at 415 nm using a tungsten
lamp source.

Human Hb samples were prepared from whole
blood collected in EDTA-containing evacuated
tubes. Red blood cells were washed with normal
(0.9%) saline four times. An aliquot of a washed
cell suspension was mixed with four aliquots of
distilled water. Haemolysis was made complete
by freezing in a deep freezer for 10 min. Samples
were centrifuged at ca. 600 g for 10 min. The
supernatant was diluted tenfold in running elec-
trolyte, and the sample was made ready by
filtering it through 0.45-um cellulose ester
(Syrfil-MF; Costar, Cambridge, MA, USA).

As an external reference for haemoglobin
species variants, the Beckman Paragon electro-
phoresis system and Hb variant standard kit
(Beckman Instruments, Brea, CA, USA) was
also used to analyse samples.

3. Results and discussion

The basis for the separation of the Hb variants
using CZE is the charge differences in the globin
polypeptides. The structure of all variants are
such that they possess a net negative charge,
under the conditions of CZE separation, and
thus the inherent electrophoretic mobility of the
Hb species will be directed towards the anode.
However, the use of uncoated fused silica at pH
values in the neutral or alkaline range creates a
significant electro-endoosmotic flow (EOF) di-
rected towards the cathode. The magnitude of
the EOF is such that the net mobility of all Hb
species is towards the cathode. This property
means that Hb species having higher isoelectric
points (p/ values) (i.e., species with less net
negative charge) should be detectable first inas-
much as the electrostatic repulsive forces in the
opposite direction are less than for Hb species
having lower pI values, and they would show a
higher net mobility towards the cathode.

Satisfactory separation of analytes using CZE
is highly dependent on a suitable electrophoresis
buffer—electrolyte. In addition to ensuring over-
all stability of the system, the buffer determines
the migration behaviour of analytes. Several
different buffers have been used for haemoglo-
bin separations in traditional free zone electro-
phoresis applications. Some methods employ a
single weak acid or base to provide the buffering
at the running pH; others consist of a mixture of
weak acids or bases. As the pl values of haemo-
globin species variants are between 7.00 and 7.50
(Hb A1, 7.15; Hb A2, 7.40; Hb F, 7.15; Hb S,
7.25), preparation using buffers with the pH
adjusted above these values becomes necessary.
Tris and borate buffers are commonly selected
because of their buffering capacity ranges be-
tween pH 8.0 and 9.5. Veronal (barbital) buffers
also possess a buffering capacity in this range
and are commonly used in electrophoretic sys-
tems involving the use of commercially available
agarose gels to analyse Hb variants. We tested
Tris, borate and veronal buffers at three differ-
ent concentrations and at different pH values.
Analysis with a Tris—HCI electrolyte was carried
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out at 0.5, 1.0 and 1.5 M, sodium borate was
tested at 20, 30 and 40 mM and veronal (sodium
barbiturate) at 25, 50 and 75 mM. For each of
these concentrations for each of the indicated
salts, three different pH values were tested,
namely pH 8.0, 8.5 and 9.0.

The electropherogram in Fig. 1 illustrates how
the molecular charge difference between the Hb
S and Hb A1 species affects their separation by
CZE. This separation of these variants was also
generally observed under a variety of conditions
in which all permutations for the three different
buffer salts, concentrations and pH were tested.
The Hb A2 species is seen to migrate ahead of
Hb S in Fig. 1. We found that the degree of
separation of Hb S from Hb Al was not sig-
nificantly different for any change in the pH (8.0,
8.5, 9.0) of the salts tested, but there were
certainly changes in migration times, an increase
in pH producing shorter migration times for all
species. The inset in Fig. 1 shows a densitometric
scan of stained haemoglobin variants observed
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Absorbance at 415 nm

0.0060 1

415

-0.0050 T T T T T T T T T T
8.00 9.40 10.80 12.20 33.60 15.00

Migration Time (minutes)
Fig. 1. Electropherogram of a sample from a patient with
sickle-cell disease. Electrolyte, 1.0 M Tris—HCl (pH 8.0).
Other conditions as described under Experimental.

using the Beckman agarose gel electrophoresis
system. Although we did not confirm the identity
of Hb variant species during the CZE analysis of
our samples using certified standards, the aga-
rose gel analysis operates under identical princi-
ples to CZE and the densitometric scan of
stained proteins in the gel compares favourably
with the absorbance changes during CZE in
which detection is specific for the Hb prosthetic
group.

The variant Hb F has no significant charge
difference from Hb Al (only 0.05 pH unit
separates these variants), and this presents the
most difficult challenge to manipulating condi-
tions to separate common variants. Fig. 2 shows
the separation of Hb F and Hb Al from a
patient’s sample using a 50 mM veronal system
buffered at pH 8.5. An observable separation of
these species was achieved for all pH values
tested, but the resolution appeared better at pH
8.0 and 8.5 than at pH 9.0, demonstrating an
effect of pH on this separation. Again, the
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Fig. 2. Electropherogram of a patient’s sample with a signifi-
cant Hb F fraction. Electrolyte, veronal (sodium barbital)
(pH 8.5).
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proportions of the amounts of Hb species pres-
ent in this sample agreed with the agarose gel
determination (inset).

Fig. 3 is an electropherogram of another
patient’s sample in which Hb variants were
separated using 20 mM sodium borate (pH 8.5).
The Hb variants A2, S, F and Al were all
detectable. These particular conditions resolved
these four variants the best, although we did
observe the separation of these variants using
this buffer at other pH values. For selecting
particular buffer salts to be used in such CZE
separations, we found the best concentration for
Tris to be 1.0 M, for veronal 50 mM and for
borate 20 mM.

Variations in the migration times of the species
for replicate analyses were a significant problem
and make routine clinical use difficult, in that
species identification depends on consistent
migration times (much as component identifica-
tion in high-performance liquid chromatography
depends on consistent retention times). We made
attempts to stabilize the EOF, which we believe
is the factor responsible for such irreproducibili-
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Fig. 3. Electropherogram of a patient’s sample containing

significant proportions of variants Hb Al, A2, S and F.
Buffer, sodium borate (pH 8.5).

ty, but we were unable to obtain more optimum
conditions. As the Hb Al variant is usually a
constant in all analyses, its identification can be
made initially and then used as a reference for
identifying other variants. Fig. 4 is an electro-
pherogram of a normal adult blood sample with
Hb A1 present as the major species. There are
other cases in which Hb Al may not be the
major species present, as shown in Fig. 5 (identi-
fication of Hb species in CZE were made by
comparison with separated zones seen in agarose
gel electrophoresis, a routine method in our
laboratory as well as in many others). Such cases
might present some confusion for the analyst.
Nevertheless, the experienced analyst would
know the relative order of migration of the
typical species present in the population, and
variations in routine electropherogram patterns
can be easily discerned. Alternatively, unknown
patients’ samples can be run with internal stan-
dards (e.g., with commercially available Hb
variant standards) to make Hb variant identifica-
tion unambiguous.

Changes to the conditions of buffering (selec-
tion of the ideal salt and therefore of the ideal
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Fig. 4. Electropherogram of a sample obtained from a
healthy adult. Buffer, veronal (pH 8.5).
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Fig. 5. Electropherogram of a sample from a patient with
sickle-cell disease. Buffer, veronal (pH 8.5).

pK,, electrolyte pH and buffer concentration), in
addition to selection of modifying agents which
dynamically coat the capillary walls in order to
alter protein adsorption and to reduce the EOF
to negligible levels, are future considerations for
further work to understand and control the
considerable variations of migration times ob-
served in replicate analyses.
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Abstract

This paper reports the use of four closely related alkylamines as running electrolyte additives in capillary
electrophoresis that permit the control of electroosmotic flow and protein migration behaviour in uncoated
capillaries. At pH 2.5 the direction of the electroosmotic flow was anodic with all additives and at constant ionic
strength its magnitude increased with increasing alkylamine concentration. The observations are in qualitative
agreement with a previous reported theoretical model that correlates the electroosmotic mobility with the charge
density in the Stern region of the electric double layer, arising from the adsorption of the additive, and the charge

density at the capillary wall due to dissociation of silanols.

1. Introduction

The electric double layer at the interfacial
region between the inner wall of the capillary
tube and the electrolyte solution gives rise to two
fundamental phenomena in capillary electropho-
resis: the electroosmotic flow, which is the flow
of the electrolyte solution along the capillary
tube generated by the electric field applied
tangentially to the electric double layer, and thc
attraction of charged analytes by the oppositely
charged groups or ions that form the immobil-
ized part of the electric double layer.

When the capillaries are made of fused silica,
the inner wall is negatively charged in the pH
range where the silanol groups are dissociated.
Under these conditions the electroosmotic flow is
directed toward the cathode and positively
charged analytes, such as basic proteins, can
interact strongly with the capillary wall, leading

* Corresponding author.

to poor efficiency, low resolution and irrepro-
ducibility of the retention times.

Many different approaches to control the
electroosmotic flow in capillary electrophoresis
have been addressed. These include chemical
coating of the capillary wall [1-4], extremes of
electrolyte pH [5,6], the application of applied
radial voltage to the capillary wall [7,8] and the
addition to the running electrolyte solution of
organic solvents [9], surfactants [10], neutral
salts [11] or other additives. Several of these
additives have been reported to attenuate pro-
tein—capillary wall interactions [12—-18] and a few
of them also to reverse the direction of the
electroosmotic flow [15-18].

Reversal of the direction of the electroosmotic
flow in fused-silica capillaries occurs when
specific adsorption of counter ions in the im-
mobilized region of the double layer, the so
called Stern layer, takes place. In this case, the
potential at the plane of shear between the Stern
layer and the diffuse layer, ¢, which can be

0021-9673/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved
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approximated to the zeta potential, {, becomes
positive and the electroosmotic flow is directed
towards the anode.

Alkylamines are generally believed to interact
strongly with silanol groups [19] and their effec-
tiveness at masking silanophilic activity in both
HPLC [20,21] and capillary electrophoresis [17~
18,22] has been reported.

In this work, the effect of cationic additives on
the control of the electroosmotic flow and on
protein migration behaviour in bare fused-silica
capillaries was further investigated by using four
closely related alkylamines, differing in the num-
ber of ethanol groups replacing the ethyl groups
in the molecule of triethylamine. The investiga-
tion was performed at pH 2.5 in order to have all
alkylamines full protonated and therefore behav-
ing as monovalent cations of similar chemical
composition and with gradual differences in their
molecular size and hydrophobicity.

2. Experimental
2.1. Samples and chemicals

Cytochrome ¢ (from horse heart), lysozyme
{from chicken egg white), ribonuclease A (from
bovine pancreas) and «a-chymotrypsinogen A
(from bovine pancreas) were supplied by Sigma
(St. Louis, MO, USA) and 5-(hydroxymethyl-2-
furaldehyde by Aldrich (Milwaukee, WI, USA).
Triethylamine, N,N-diethylethanolamine, N-
ethyldiethanolamine and triethanolamine were
purchased from Fluka (Buchs, Switzerland) and
were used without further purification. Analyti-
cal-reagent-grade phosphoric acid, hydrochloric
acid, sodium hydroxide, sodium chloride and
HPLC-grade water and methanol were obtained
from Carlo Erba (Milan, Italy).

2.2. Apparatus

All experiments were performed using a P/
ACE Model 2100 capillary electrophoresis unit,
operated under System Gold Version 7.11 con-
trol, data acquisition and analysis software
(Beckman, Fullerton, CA, USA). A fused-silica

capillary (Quadrex, New Haven, CT, USA) of
0.075 mm I.D. and 0.375 mm O.D. and with a
total length of 37 cm (30 cm to the detector) was
mounted in the cartridge. The capillary tube
temperature was maintained at 25+ 1°C by
means of a fluorocarbon liquid continuously circu-
lating through the cartridge. A deuterium light
source with either a 214- or 280-nm bandpass
filter was used. The samples were injected by ap-
plying 0.5 p.s.i. (1 p.s.i. =6894.76 Pa) pressure
for 15, and the approximate sample volume of 9 nl
was calculated according to the literature [23].

2.3. Electrophoresis

All experiments were carried out without any
chemical coating of the inner wall of the fused-
silica capillaries. Prior to use, the untreated
capillary was flushed successively with 0.5 M
sodium hydroxide (30 min), water (10 min) and
0.1 M hydrochloric acid (30 min), followed by a
second treatment with sodium hydroxide (0.5 M
for 30 min) and water (10 min), and then rinsed
with the running electrolyte.

The running electrolyte was renewed after five
or six runs, and before each run the capillary was
rinsed with the running electrolyte for 3 min. For
storage the capillary was rinsed with water for 10
min and then dried by flushing nitrogen for 10
min.

The capillary tube was flushed with 0.5 M
sodium hydroxide (3 min) and water (3 min)
each time a running electrolyte of new composi-
tion was used. All experiments were carried out
by applying a constant voltage of 10 kV. Protein
solutions of 1.0-3.0 mg/ml were prepared in
HPLC-grade water.

2.4. Electroosmotic mobility measurements

The electroosmotic mobility was determined
by measuring the migration time of 5-(hydroxy-
methyl)-2-furaldehyde, used as an inert tracer,
detected at 280 nm at the anodic end of the
capillary, on reversing the polarity. The inert
tracer was dissolved in methanol-water (1:10,
v/v) at a concentration of 1.0 mg/ml. All mea-
surements of electroosmotic mobility were made
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in triplicate. Running electrolytes at various
additive concentration and constant ionic
strength were made by adding the appropriate
amount of sodium chloride to the electrolyte
solution, containing 50 mM phosphate buifer
(pH 2.5), for compensation of the changes in the
additive concentration. All solutions were fil-
tered through a Type HA 0.22-um membrane
filter (Millipore, Bedford, MA, USA) and de-
gassed by sonication before use.

3. Results and discussion

The dependence of the electroosmotic mo-
bility on the concentration in the running elec-
trolyte of cationic species which adsorb at the in-
terfacial region between the capillary wall and
the electrolyte solution was investigated by
using four closely related tertiary alkylamines,
namely triethylamine (TEA), N,N-diethyl-
ethanolamine (DEEOHA), N-ethyldiethanol-
amine (EDEHOA) and triethanolamine
(TEOHA). At pH 2.5 the direction of the
electroosmotic flow, measured with 5-(hydroxy-
methyl)-2-furaldehyde as a neutral marker, was
anodic with all additives and at constant ionic
strength (123 mM) its magnitude increased with
increasing the alkylamine concentration.

In a previous paper [18] we presented a
theoretical model that correlates the electro-
osmotic mobility with the charge density in the
Stern region of the electric double layer, arising
from the adsorption of counter ions, and the
charge density at the capillary wall, due to
dissociation of silanols. According to this model,
we can express the dependence of the electro-
osmotic mobility on the concentration of the
cationic additive in the running electrolyte under
otherwise identical conditions as

C zey, + @
4 ) 20556 exP( kT )
Moo = Kn C zeys + @
14355 exP( kT )
y
- (1] (1)
K

where « is the reciprocal of the Debye length, n
is the viscosity of the electrolyte solution, e is the
elementary charge, z is the valence of the ad-
sorbing ion, k is the Boltzman constant, T is the
absolute temperature, n, is the number of ac-
cessible sites in the Stern layer, ¢ is the po-
tential at the Stern plane, @ allows for any
specific adsorption potential, y is the sum of the
ionized and protonated surface silanol groups,
[H'] is the bulk electrolyte hydrogen ion con-
centration and K, is the silanol dissociation
constant.

Eq. 1 suggests that at constant ionic strength
and pH the electroosmotic mobility would de-
pend mainly on the surface density of adsorbed
counter ions in the Stern region of the double
layer, which should follow a Langmuirian-type
adsorption model. The good agreement between
the theoretical prediction of Eq. 1 and the
experimental trends in the data is illustrated in
Fig. 1 by plots of the electroosmotic mobility
against the concentration of the additive in the
running electrolyte. These curves, the slopes of
which decrease with increasing additive concen-
tration, are Langmuirian or quasi-Langmuirian
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Fig. 1. Dependence of the electroosmotic mobility on the
concentration of additive in the running electrolyte at con-
stant ionic strength (123 mM) and pH (2.5). Capillary, fused
silica, 0.075 mm 1.D. x 370 mm total length (300 mm to the
detector); applied voltage, 10 kV; temperature, 25°C; neutral
marker, 5-(hydroxymethyl)-2-furaldehyde; detection wave-
length, 280 nm at the cathodic end. Additives: O = tri-
ethylamine; A = N,N-diethylethanolamine; V = N-ethyldi-
ethanolamine, € = triethanolamine.
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Table 1

Molecular volumes of alkylamines calculated by the Chem-X
1990 Molecular Modelling Program

Additive Molecular volume
(A9
Triethylamine 98.5
N,N-Diethylethanolamine 104.9
N-Ethyldiethanolamine 111.1
Triethanolamine 117.3

in shape [22]. The differences in the slopes of the
four plots in Fig. 1 can be accounted for by
differences in either the specific adsorption
energy (@) or the molecular size of the addi-
tives, or both.

The four additives are closely related tertiary
alkylamines differing only in the number of
hydroxyl functions, which vary from one to three
according to the number of ethanol groups which
replace the ethyl groups in TEA. The replace-
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ment of one, two or three ethyl groups by a
corresponding number of ethanol groups is ex-
pected to lead to alkylamines with proportionally
lower hydrophobic character and larger molecu-
lar size. Three-dimensional molecular modelling
of the four alkylamines was performed with the
Chem-X 1990 Molecular Modelling Program
(Chemical Design, Oxford, UK) in order to
estimate their relative molecular size by the
theoretical molecular volume calculated for a
single molecule over its Van der Waals surface
[24] and the results are reported in Table 1.
The electroosmotic mobilities obtained with
the four alkylamines at different concentrations
were plotted against the number of hydroxyl
groups present in each additive (Fig. 2A) and
against the molecular volumes calculated by the
Chem-X 1990 Molecular Modelling Program
(Fig. 2B). In both cases the plots obtained were
almost linear, with negative slopes. These ob-
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Fig.2. Dependence of the electroosmotic mobility at different additive concentrations on (A) the number of hydroxyl groups present in
each additive and (B) their molecular volumes calculated by the Chem-X Molecular Modelling Program. Additive concentrations (from
line 1 to 6): 10, 20, 40, 60, 80 and 120 mM; ionic strength, 123 mM; symbols and other conditions as in Fig. 1.
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servations suggest that in addition to the contri-
bution arising from the specific adsorption
energy (&), which is expected to vary with the
different content of hydroxyl groups of the four
additives, the electroosmotic mobility may de-
pend on the molecular size of the adsorbing
counter ions in such a way that the number of
accessible sites (n,) in the Stern layer can be
occupied by a limited number of counter ions,
which will be larger for additives of smaller
molecular size.

The beneficial effect of controlling the electro-
osmotic flow by the addition of the four
alkylamines to the running electrolyte on the
migration behaviour of four basic proteins was
also investigated. All experiments were per-
formed under the same conditions as employed
to study the effect of these additives on the
electroosmotic flow, except that proteins were
detected at the cathodic end of the capillary
tube.

The four basic proteins cytochrome c¢ (Cyt),
lysozyme (Lys), ribonuclease A (RNase) and
a-chymotrypsinogen A (Chy) have isoelectric
points ranging from 9 to 11 and therefore at pH
2.5 they are positively charged and moved to-
wards the cathode. In the absence of the
alkylamines in the running electrolyte, the four
basic proteins comprising the mixture test were
resolved in a very narrow separation space and
migrated with poorly reproducible migration
times as fairly symmetric peaks. The poorly
reproducible migration times may arise either
from protein—capillary wall interactions, which
would affect the electroosmotic mobility and
consequently the migration times, or from the
difficulty of maintaining a constant electroosmot-
ic flow in bare fused-silica capillaries, as evi-
denced by Cohen and Grushka [25], or both.
The narrow separation space is a consequence of
full protonation of proteins, which diminishes
charge differences between species.

In the presence of the additives, the four basic
proteins moved towards the cathode against the
electroosmotic flow, which travelled in the oppo-
site direction. Consequently, the apparent
mobility of proteins, which is the resultant of the
oppositely directed vectors of the protein elec-
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Fig. 3. Electropherograms of standard basic proteins ob-
tained with N,N-diethylethanolamine as the additive at pH
2.5, constant ionic strength (123 mM) and concentrations of
(A) 4, (B) 10, (C) 20, (D) 40, (E) 60, (F) 80 and (G) 120
mM. Migration order of proteins as in Fig. 4. Experimental
conditions as in Fig. 1, except detection at 214 nm.
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Proteins: 1 = cytochrome c; 2 =lysozyme; 3 =ribonuclease A; 4 = a-chymotrypsinogen A. Other conditions as in Fig. 3.
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trophoretic mobility and of the electroosmotic
mobility, varied on changing the additive and for
all of them decreased with increasing additive
concentration in the running electrolyte. Thus,
as shown in Fig. 3 for DEEOHA, an increase in
the additive concentration led to an increase in
the protein migration times and in the separation
space. However, the electrophoretic mobility of
proteins was independent from the additive type
and concentration, as it varied within 3.0% when
measured with each of the four additives over
the whole investigated concentration range, and
within 5.5% when measured with either additive
over the same concentration range. For this the
absence of interactions between the investigated
proteins and the additives can be inferred.

The effect of using different additives on the
separation of a model mixture of the four basic
proteins, under otherwise identical conditions, is
depicted in Fig. 4. All separations were carried
out in the same capillary tube at an applied
voltage of 10kV and with running electrolytes
containing the different additives at the same
concentration (60 mM), ionic strength (123.5
mM) and pH (2.5). The values of the measured
current were 160 =5 uA.

Comparison of the four electropherograms
shows that the separation of the four basic
proteins was improved and the speed of analysis
was decreased by using the additive which gener-
ated the highest counter electroosmotic flow,
i.e., TEA.

The effectiveness of the four alkylamines in
preventing protein—capillary wall interactions
was investigated by multiple injections (n = 5) of
this protein mixture into the same capillary using
the above running electrolytes and experimental
conditions. No washing of the capillary was
performed between runs in order to detect
irreversible protein adsorption that would affect
the electroosmotic flow and consequently the
migration times. Under these conditions, the
reproducibility of the protein migration times
obtained with all additives was better than 2.0%
(R.S.D.). These results indicate that the four
alkylamines are effective in preventing capillary
wall interactions, as can also be inferred from
the absence of peak tailing in the electrophero-
grams displayed in Fig. 4.

4. Conclusions

We have further investigated the effect of
cationic additives on the electroosmotic flow in
bare fused-silica capillaries. Our experimental
results showed that the dependence of the anodic
electroosmotic flow on the concentration of
alkylamines in the electrolyte solution main-
tained at pH 2.5 and constant ionic strength is
described by a Langmuirian-type relationship.

At any given additive concentration, the mag-
nitude of the electroosmotic flow increases ac-
cording to the order of increasing basicity and
decreasing molecular size. This indicates that the
observed differences in the electroosmotic flow
may reflect differences in the adsorbability of the
four closely related alkylamines, which is
believed to depend on their specific adsorption
energy (@) and molecular size [26]. Further, in
addition to controlling the electroosmotic flow,
the four alkylamines were shown to be effective
at preventing protein—capillary wall interactions
without affecting the electrophoretic mobilities
of these biopolymers.
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Abstract

A new mutein of interleukin-6, called A22-IL-6 Cys 3,4, characterized by the deletion of the first 22 amino acids
at the N-terminal end and by the substitution of the first two cysteines (Cys™ and Cys*) with serine residues, was
produced in Escherichia coli and was found to maintain the structural and functional properties of the human
native form. A partially purified preparation still showed in isoelectric focusing a minor acidic component (p/ 6.10)
and a more basic component (p/ 6.70), the native form having a pI of 6.56. This preparation was further
fractionated in a multi-compartment electrolyser with isoelectric membranes, which allowed the collection of the
more alkaline species for characterization. Mass spectra of the p/ 6.70 form gave an additional mass of 32 atomic
mass units (amu), suggesting the addition of two oxygen atoms (a potential oxidation of two methionine residues to
sulphoxide). However, the five methionine residues in this higher p/ form were identified after enzymatic
hydrolysis and peptide mapping and were found to be in a reduced state. In addition, the p/ 6.70 form was quickly
converted into the native form by mild reductive treatment. On digestion and fingerprinting, the peptide from
residues 50 to 65 of the pl 6.70 species (containing the only two cysteine residues of the molecule) exhibited a more
hydrophobic behaviour in reversed-phase high-performance liquid chromatography and retained a mass increase of
32 amu. These experimental findings more likely suggest the addition of an extra sulphur atom to the only
disulphide bridge to give an unusual protein trisulphide molecule.

changes in the covalent structure of recombinant
proteins which depend on the operative con-
ditions are, for example, deamidation of gluta-

1. Introduction

In the production of recombinant proteins,

structural variations of the final product can arise
at genetic and/or post-translational level or can
be induced by process conditions; common
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L.I.T.A., via Fratelli Cervi 93, 1-20090 Segrata (Milan),
Italy.

0021-9673/95/$09.50
SSDI 0021-9673(95)00108-5

mine and asparagine side-chains, scrambling of
disulphide bonds, generation of ragged ends by
partial proteolysis or oxidation of sensitive res-
idues [1,2]. Recently, a new post-translational
modification consisting in a trisulphide cross-link
(with an additional sulphur atom inserted into
the Cys, disulphide bond) was independently
discovered by two research groups as a side-

© 1995 Elsevier Science B.V. All rights reserved
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product of recombinant human growth hormone
biosynthesized in Escherichia coli [3,4].

The identification of process-related modifica-
tions of recombinant proteins is an important
issue for the characterization and validation of
the final preparations. In addition, by knowing
the chemico-physical nature of the induced
modification it is possible to study a specific
purification process which eventually results in
the elimination of unwanted heterogeneous
forms.

Interleukin-6 (IL-6) is a pleiotropic cytokine
which can act on a wide variety of tissues.
Depending on the nature of the target cells, IL-6
can exert growth promotion, growth inhibition,
differentiation and induction of specific gene
expression [5]. The full length form of human
IL-6 consists of 185 amino acid residues starting
with alanine at position 1 and contains four
cysteine residues at positions 45, 51, 74 and 84
[6]. In certain cell types, IL-6 is also produced as
a 184 amino acid protein with proline instead of
alanine as the first amino acid [7].

Investigations of the relationship between the
structure and biological function of IL-6-related
proteins have demonstrated that the first 28
amino acids of mature human IL-6 are dispens-
able for biological activity [8] and that cysteine
residues 45 and 51 could be substituted by serine
residues without any impairment of the activity
[9]. Bacterial expression of IL-6 derived muteins
with N-terminal truncation and differential re-
tention of the two disulfide bonds has recently
been described [10]. Based on these previous
results, we have studied the production of an
IL-6 mutein characterized by the deletion of the
first 22 amino acids at the N-terminal end and by
the substitution of the first two cysteine (Cys™
and Cys™) residues with serine residues, while
the other two cysteine residues (Cys*> and Cys®*)
were retained and gave a disulphide bridge (see
Fig. 7: primary structure).

This new mutein, which is called A22-IL-6 Cys
3,4 and is under investigation for therapeutic
application, was expressed in a recombinant
strain of E. coli and was found to maintain the
structural and functional properties of the human
full length IL-6 [11]. In this paper, we demon-

strate some unique structural modifications of a
minor, higher p/ component detected in partially
purified preparations of A22-IL-6 Cys 3,4, sug-
gesting the formation of a novel protein deriva-
tive with a trisulphide bridge.

2. Experimental

2.1. Equipment and chemical for
electrophoresis

All analytical immobilized pH gradient (IPG)
experiments were performed in a Multiphor II
electrophoresis unit equipment with a Macro-
drive 5 power supply and Multitemp thermo-
static unit (Pharmacia Biotech, Uppsala,
Sweden). Acrylamide, N,N’-methylenebisacryl-
amide, ammonium peroxodisulphate and
N,N,N’,N’-tetramethylethylenediamine were
obtained from Bio-Rad (Hercules, CA, USA).
The Immobiline species used, pK 3.6, 4.6, 7.0
and 8.5, were from Pharmacia Biotech. HEPES
[N-(2-hydroxyethyl)piperazine - N’ -2 - ethanesul-
phonic acid] and vr-histidine (free base) were
supplied by Sigma (St. Louis, MO, USA).

2.2. Preparation of analytical immobilized pH
gradients

The gels were of 240 X 110 X 0.5 mm size. An
IPG pH of 5.0-8.0 was set in a 5%T, 4%C
polyacrylamide matrix [12]. After preparing the
two limiting, acidic and basic mixtures, they
were titrated (with weak acids and bases) to pH
values close to neutrality, to ensure uniform
polymerization and efficient monomer conver-
sion throughout the pH gradient. On gel washing
(4 x 30 min) in distilled water, all added titrants
(and also catalysts and ungrafted monomers)
were efficiently removed. The gels were then
washed for 30 min in 20% glycerol, dried in air
and reswollen in different additives.

2.3. Optimizing the additive concentrations

The use of dry gels allows the formation of an
additive gradient at right-angles to the pH gra-
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dient. This is of particular value when optimizing
the additive concentrations in preliminary ex-
periments. By applying and focusing the sample
along the additive gradient, the optimum addi-
tive concentration can be determined in a single
experiment.

Place the dry gel with its supporting film on a
glass plate. Apply the U-frame (reswelling cas-
sette for dry gels) on top of the gel. Clamp the
glass plates together. A linear concentration
gradient additive is formed by using a gradient
mixer. Place 7.3 ml of rehydrating solution into
each chamber of the gradient former and allow
the gradient to flow from the top of the vertically
standing cassette under gravity. The gels are
rehydrated overnight. The protein samples
(about 50 wg in 50 wl) are applied in surface
wells both close to the anode and to the cathode.
The electric focusing conditions are as follows: 1
h at 500 V, followed by 5000 V (maximum
setting: 1 mA, 5 W) for 14 h at 10°C. Staining is
carried out with Coomassie Brilliant Blue R-250
in copper sulphate solution [13].

2.4. Preparative IPGs in a liquid vein

Preparative runs were performed in a multi-
compartment apparatus equipped with isolectric
membranes (IsoPrime from Hoefer Sci., San
Francisco, CA, USA) supported by glass-fibre
filters [14,15]. After determining the p/ values of
the IL-6 isoforms in different additive solutions
in analytical IPG pH 5-8 gels, eight isoelectric
membranes were made with the following p/
values: 5.50, 5.95, 6.47, 6.53, 6.57, 6.65, 6.92
and 7.35. The first and last membrane, being
adjacent to anolyte and catholyte compartments,
respectively, were made in a 10%T, 4%C ma-
trix, whereas the other six were polymerized as
5%T, 4%C polyacrylamide matrices. The mem-
branes had a diameter of 4.7 cm and a thickness
of about 1 mm. After casting, the membranes
were incubated 20 min in 100 mM ascorbic acid
(pH 4.5) so as to eliminate potentially harmful
N-oxides [16]. After washing and equilibrating
the membranes in 20% glycerol, the multi-com-
partment apparatus was assembled and the pro-
tein (10 mg per 6.5 ml) was loaded into chamber

3. In order to avoid sample dilution, no reser-
voirs were connected to the chamber, so that the
sample volume was limited to 6.45 ml per
chamber [17]. After an initial, low-voltage run
(maximum setting: 500 V, 1 mA, 1.5 W for 1 h)
to eliminate salt in the sample, purification was
continued at 3000 V, 3 mA, 1.5 W maximum for
6-16 h. The anolyte was 52 mM HEPES (pH
5.3, conductivity 1.5 - 107> S m™"). The support-
ing solution in all chambers was 20% glycerol
(pH 5.3, conductivity 5-107* S m™'). No circu-
lating coolant was utilized and Joule heat was
dissipated in air in the cold room.

2.5. Preparation of 1L-6 mutein

A22-1L-6 Cys 3,4 was expressed as cytoplasmic
inclusion bodies by fermentation of a recombi-
nant E. coli strain. Insoluble proteins recovered
after mechanical cell breakage were dissolved in
6 M guanidine hydrochloride and refolded by
tenfold dilution in pH 8 buffer solution. The
presence of IL-6-related contaminants was
studied using a preparation of A22-IL-6 Cys 3,4
partially purified starting from the refolded solu-
tion treated with 1.4 M ammonium sulphate and
separated by column chromatography on phenyl-
Sepharose (Pharmacia Biotech).

2.6. Reversed-phase high-performance liquid
chromatography (RP-HPLC)

RP-HPLC was performed using a Vydac C,
column (250 X 4.6 mm 1.D.; particle size 5 um)
at a flow-rate of 1 ml min~'. Mobile phase A was
0.1% trifluoroacetic acid (TFA) (Pierce, Rock-
ford, IL, USA) in water and mobile phase B was
0.07% TFA in 80% acetonitrile (Carlo Erba,
Milan, Italy). Elution was performed with a 30-
min gradient from 40 to 100% B and monitored
with a UV detector at 220 nm.

2.7. Sodium dodecyl sulphate polyacrylamide
gel electrophoresis (SDS-PAGE) and
immunoblotting

Discontinuous SDS-PAGE in 15% separating
gel was performed according to Laemmli [18].
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Samples were boiled in 2% SDS-0.025 M Tris
(pH 6.8) with or without 5% pB-mercap-
toethanol. Gels were stained with Coomassie
Brilliant Blue or silver stain. Immunoblotting
was carried out according to the procedure of
Towbin et al. [19] with some modifications.
Following SDS-PAGE the proteins were elec-
trotransferred to polyvinylidene difluoride mem-
branes (Millipore) using a Multiphor semi-dry
blotting apparatus (Pharmacia Biotech) accord-
ing to the manufacturer’s instructions. After
blocking, overnight, the non-specific sites with
5% skim milk in Tris-buffered saline, immuno-
staining was performed by incubation for 1 h at
room temperature with the primary antibody
anti-human IL-6 (1 ug mi™") followed by incu-
bation with the secondary antibody goat anti-
rabbit IgG horseradish peroxidase conjugate
(Bio-Rad, Richmond, CA, USA) diluted 1:1500.
Detection was performed by enhanced chemi-
luminescence (Amersham International, Amers-
ham, UK) according to the manufacturer’s in-
structions.

2.8. Chemical modification of partially purified
A22-1L-6 Cys 3,4

The oxidation was performed with 4% H,O,
for 1 h at room temperature and pH 7.4. The
reduction was performed with 10, 5, 1 or 0.5 mM
dithiothreitol (DTT) at pH 7.4 for 5 min at room
temperature. The reaction (oxidation or reduc-
tion) was stopped by removing the reagent
solution by gel filtration on disposable NAPS
columns (Pharmacia Biotech) equilibrated with
10 mM Tris—acetate (pH 7.4).

2.9. Peptide mapping and sequencing

Approximately 20 ug of protein were digested
with 0.4 ug of sequencing grade endoproteinase-
Lys C (Boehringer, Mannheim, Germany) by
overnight incubation at 37°C in 1 M urea-0.1 M
Tris (pH 8) buffer. The resulting peptidic frag-
ments were separated by RP-HPLC on a Cy,
Vydac column; mobile components phase A
(0.1% trifluoroacetic acid) and B (95%
acetonitrile-0.07% trifluoroacetic acid) were

used with linear gradient elution from 5 to 75%
B in 60 min at a flow-rate of 1 ml min~". Eluted
peaks were collected manually and submitted to
N-terminal sequence analysis using a Model
477A pulsed-liquid phase sequencer with a
Model 120A on-line analyser (Applied Biosys-
tems, Foster City, CA, USA) for the detection
of phenylthiohydantoin amino acids; standard
manufacturer’s programmes were used with
minor modifications.

2.10. Electrospray mass spectrometry (ES-MS)

Samples collected after separation by RP-
HPLC were injected at a flow-rate of 2 w1 min ™"
into a Hewlett-Packard Model 5989A single
quadrupole mass spectrometer equipped with a
Hewlett-Packard Model 59987A electrospray in-
terface. Mass spectra were recorded in the
positive-ion mode.

2.11. Bioassay

The biological activity of IL-6-related proteins
was assayed using a proliferation test with mu-
rine hybridoma IL6-dependent cell line 7TD1
and employing spectrophotometric detection
with the vital dye 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (Sigma) as de-
scribed [20].

3. Results

A new recombinant mutein of interleukin-6,
A22-1L-6 Cys 3,4, was expressed in E. coli as
insoluble aggregate inclusion bodies which were
separated from soluble host proteins by cell
breakage and centrifugation. The soluble and
biologically active molecule was then obtained
through a cycle of dissolution in chaotropic agent
and dilution in renaturating buffer. Two simple
purification steps consisting in ammonium sul-
phate precipitation of most of the contaminating
proteins and hydrophobic interaction chromatog-
raphy of the supernatant solution gave a product
with a purity of about 90% when assessed by
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Fig. 1. Electrophoresis of truncated IL-6 muteins. 15% SDS-
PAGE of partially purified A22-IL-6 Cys 3,4 (lane 1) and
A22-1L-6 Cys 3.4 forms purified with the multi-compartment
electrolyser: acidic form (lane 2). major form (lane 3) and
basic form (lane 4). Standard protein markers (lane Std) are
reported with their mass values shown on the left. Gel A was
stained with Coomassie Brilliant Blue, gel B with silver stain;
immunoblotting was performed on gel C using polyclonal
anti-human IL-6 antibodies and chemiluminescence detec-
tion.

SDS-PAGE (Fig. 1, lane 1) and RP-HPLC
analysis (Fig. 2).

However, IPG-isoelectric focusing (IEF)
showed the presence of two minor product-re-
lated proteins with more basic (p/ =6.70) and
more acidic (pI = 6.10) properties than the main
component A22-IL-6 Cys 3.4 (p/=6.56). In
order to obtain some chemical evidence on the
composition of the minor components with dif-
ferent pl values, it was necessary to set up a
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Fig. 2. RP-HPLC of a partially purified preparation of A22-
[L-6 Cys 3.4. The sample was applied to a Vydac C, column
and eluted with a linear gradient from 32 to 80% of
acetonitrile. The chromatographic purity of the preparation
was 88%. as calculated from peak areas.

high-resolution preparative IEF technique. The
[soPrime equipment, allowing for the prepara-
tive purification of protein isoforms in between
sets of isoelectric membranes, was adopted for
this task. However, as proteins at their p/ values
have minimum solubility, it was necessary to
explore the solubilizing power of different non-
denaturing agents added to the solvent. Accord-
ing to Hjertén [21], compounds such as ethylene
glycol and propylene glycol can have a beneficial
influence in preventing protein aggregation and
precipitation. According to Timasheff and
Arakawa [22], glycerol also appears to be a
protein-stabilizing agent, as it seems to be ex-
cluded from protein surfaces by solvophobic
effects. We therefore explored a number of such
solubilizers, compatible with a focusing process,
by running a continuous sample streak against a
concentration gradient of such additives.

As shown in Fig. 3, A22-IL-6 Cys 3.4 is
compatible with up to about 50% additive.
Above this level, two phenomena occur. If the
sample has been applied at the cathodic gel side,
it still moves to the p/ position. However, the
protein seems to shift its p/ to a more alkaline
value (possibly by partial unfolding) and the
zone is blurred, indicating sample precipitation
in the proximity of the p/ region. The second
phenomenon, which occurs on anodic sample
application, is massive precipitation of the pro-
tein and denaturation directly at the application
site, just around and above the 50% (v/v)
ethylene glycol concentration threshold.

A similar phenomenon occurs in a propylene
glycol concentration gradient: on anodic sample
application, above 45-50% additive concentra-
tion, protein denaturation and precipitation at
the deposition site take place (Fig. 4B). In
contrast, A22-1L-6 Cys 3.4 seems to be compat-
ible with up to 70% (v/v) glycerol level in the
solvent (Fig. 4C). Dimethyl sulphoxide shows a
similar behaviour to ethylene glycol and pro-
pylene glycol (Fig. 4A): on anodic application,
A22-IL-6 Cys 3.4 begins to change its p/ and
starts to precipitate at the deposition site, al-
though the phenomenon is much less pro-
nounced than in the case of the two glycols.

Based on the above information, preparative
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Fig. 3. Effect of ethylene glycol as solubilizer of A22-IL-6 Cys 3.4 isoforms at their pI values. IPG pH 5.0-8.0 linear gradient,
reswollen in an ethylene glycol gradient (from 0 to 70%) perpendicular to the pH gradient. Both gels are made as 5%T, 4%C
matrices. Sixteen samples (50 ug per sample) were applied along the acidic gel side (A) or along the basic gel side (B) and
focused to the steady state (run at 5000 V for a total of 70 000 V h). Staining with Coomassie Brilliant Blue R-250 in the presence

of Cu®".

runs in the IsoPrime electrolyser were conducted
in presence of 20% glycerol as a solubilizing
agent. Fig. 5 shows the results of such a prepara-
tive run. The main component (pl/ 6.56) was
trapped in chamber 3, between two membranes
having pIs of 6.53 (anodic) and 6.57 (cathodic).
The p/ 6.10 isoform was collected in chamber 2
(between a p/ 5.95 and a p/ 6.47 membrane) and
the p/ 6.70 in chamber 4 (between the pl 6.65
and p/ 6.92 membranes). When analysed by

SDS-PAGE (Fig. 1) both of these two minor
components exhibited the same relative molecu-
lar mass (M,) as the major A22-IL-6 Cys 3,4
form and were recognized by the same antibody,
suggesting that they are modified A22-IL-6 Cys
3,4 species. Moreover, both minor components
were eluted with virtually the same retention
time in RP-HPLC (see Table 1). It can also be
appreciated (Fig. 1, lane 1) that endogenous
contaminants not related to IL-6 and having a
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Fig. 4. Effect of different solubilizers on A22-IL-6 Cys 3,4 isoforms at their p/ values. IPG pH 5.0-8.0 linear gradient, reswollen
in an (A) dimethyl sulphoxide. (B) propylene glycol or (C) glycerol gradient (from 0 to 70%) perpendicular to the pH gradient.
All gels are made as 5% T. 4%C matrices. Sixteen samples (50 g per sample) were applied along the acidic gel side and focused
to the steady state (run at 5000 V for a total of 70 000 V h). Staining with Coomassie Brilliant Blue R- 250 in the presence of Cu’'.
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Fig. 5. Analytical IPG-IEF of isoforms of A22-IL-6 Cys 3.4 as recovered from the IsoPrime purification process. Analytical gel:
IPG pH 5-8 linear gradient, in a 5%T. 4%C matrix, reswollen in 20% glycerol. All samples were applied in surface well
(cathodic load) as 70-ul droplets (with variable amounts of proteins, from 10 to 50 ug). Focusing at 10°C, 5000 V (after an initial
period of 1 h at 500 V) for 12 h. The cathode is uppermost. Staining with Coomassie Brilliant Blue R-250 in the presence of Cu’®".
Control = unfractionated, starting material: 1 = content of chamber 2 (p/ 6.10 isoform); 2 = content of chamber 3 (p/ 6.56, major
component); 3 = content of chamber 4 (basic isoform, with p/ 6.70).

lower M. were efficiently removed in the Iso-
Prime run.

The biological activity of the three A22-IL-6
Cys 3.4 forms was determined by measuring
their ability to induce proliferation of the IL-6-
dependent 7TD1 cells. The results showed the
same high specific activity for A22-IL-6 Cys 3,4

and the acidic form, while the activity of the
basic form was about 75% lower (Table 1).

It has been widely reported that acidic deriva-
tives of proteins can be formed by deamidation
of the side-chain of glutamine or asparagine, as a
spontaneous slow reaction or induced by en-
vironmental conditions [23]; however, the occur-

Table 1

Characterization of A22-1L-6 Cys 3.4 and its derivatives separated by preparative immobilized pH gradient isoelectric focusing

(IPG-IEF)

Sample RP-HPLC retention time IPG-IEF, Mass spectrometry, Bioassay relative potency
(min) pl M, (%)

Starting preparation 23.2 - 18 695 100

Acidic form 23.1 6.10 n.d’ 100

Main form 23.9 6.56 18 695 100

Basic form 23.7 6.70 18727 (+32) 25

The three A22-IL-6 Cys 3.4 forms with different p/. purified with the multi-compartment electrolyser, showed the same retention
time in RP-HPLC. The more basic form showed a lower in vitro biological activity than the other forms (EC,, for the starting
material was about 10 pg ml™"). The relative molecular mass (M,) of the main form matched the calculated value of 18 696. while
the basic form showed a 32 amu increase.

“Not determined.
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rence of a protein derivative with more basic
properties is much less documented.

For this reason, we focused our interest on the
elucidation of the modification of the basic form.
Determination of relative molecular mass by ES-
MS analysis of the major component prepared
by IPG-IEF gave an M, value of 18695, which
corresponds to the calculated value of 18 696 for
A22-1L-6 Cys 3.4, while the basic form gave a
shift of +32 atomic mass units (amu), suggesting
the addition of two oxygen atoms. These data, at
first, seemed compatible with the oxidation of
one methionine residue to methionine sulphone
or alternatively with the oxidation of two res-
idues to methionine sulphoxide, which is a co-
valent modification likely to occur during the
production of recombinant proteins [24,25].

Peptide fragments of A22-IL-6 Cys 3.4 con-
taining the five methionine residues of the mole-
cule were therefore identified by sequence analy-
sis after endoproteinase-Lys-C digestion and
peptide mapping; the same was done on a
sample of A22-IL-6 Cys 3.4 extensively oxidized
in vitro by incubation with H,O,. As reported in
Table 2, the peptide fragments containing the
oxidized methionine residues were eluted with a
slightly shorter retention time owing to the
decrease in hydrophobicity induced by the for-
mation of methionine sulphoxide. However,

Table 2
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Fig. 6. Comparison of peptide mapping of A22-1L-6 Cys 3,4
and its more basic form. Partial elution profile (25-35 min)
from a C,, HPLC column of endoproteinase-Lys-C digestion
products of A22-1L-6 Cys 3.4 (A) and of the higher p/ 6.70
isoform (B). At time 32.0 min [as indicated by the arrow in
(B)] is shown the peak which is not present in native A22-IL-
6-Cys 3.4 or in in vitro oxidized A22-1L-6 Cys 3.4 digest.

enzymatic digestion and peptide mapping of the
basic form only showed the presence of the five
peptides containing non-oxidized methionine res-
idues (Table 2), ruling out the possibility that the
32 amu increase of this form was due to
methionine oxidation.

Interestingly, the only difference between the
peptide mapping of A22-IL-6 Cys 3.4 and its
more basic form was a shift in the RP-HPLC

Identification of oxidized methionine residues (Met-SO) in A22-IL-6 Cys 3.4 after in vitro treatment with H,O, and in the basic

form separated by preparative IPG

Peptide RP-HPLC retention A22-1L-6 Cys 3.4"
time (min)
Control H.O, treated Basic isoform

46-49 (Met™) 4.9 + ke -
26-33 (Met™) 5.9 + B +
151-163 (Met'*-SO) 33.0 - + =
151-163 (Met'*) 36.8 + - +
130-150 (Met'*-SO) 37.6 - + -
130-150 (Met'*") 42.0 + - +
66-69 (Met™-SO) 47.0 - + B
66-69 (Met™) 47.5 + - +

'+ and — indicate the detection or not, respectively, of the corresponding peak in peptide mapping.
" After H,O, treatment peptides containing Met™-SO and Met**-SO are not detectable because they are eluted in the

flow-through.



144 J. Breton et al. | J. Chromatogr. A 709 (1995) 135-146

1 SERIDKQIRY ILDGISALRK ETSNKSNMSE SSKEALAENN
41 LNLPKMAEKD FOSGENE! TCLVKIITGL LEFEVYLEYL
81 QNRFESSEEQ ARAVQMSTKYV LIQFLQKKAK NLDAITTPDP
121  TTNASLLTKL QAQNQWLQDM  TTHLILRSFK EFLQSSLRAL

161 RQM

Fig. 7. Primary structure of A22-IL-6 Cys 3,4. The amino
acid sequence is reported as one-letter codes. The location of
the single disulphide bond between cysteine 52 and 62 is
shown. Underlined residues, from amino acid residues 50—
65, represent the modified site found in the more basic form
of A22-IL-6 Cys 3.4.
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Fig. 8. Mass spectrometry of peptide 50-65. Overlay mass
spectra of peptide 50-65 from A22-IL-6 Cys 3.4 showing a
peak at (m+2H)’" =888, corresponding to 1774 amu and
from the higher pI derivative (p/ 6.70) showing a peak shift
to (m+2H)>" =904, corresponding to 1806 amu.

elution profile of the peak corresponding to the
peptidic fragment from residue 50 to 65 (Fig. 6),
with the peptide of pl 6.70 species exhibiting a
more hydrophobic behaviour. The sequence of
the peptide 50-65 is as follows: H,N-D-G-X-F-
Q-S-G-F-N-E-E-T-X-L-V-K-OH (where X repre-
sents a cysteine residue which is not detectable
by direct sequencing) and in A22-IL-6 Cys 3,4 a
disulphide bond links the two cysteine residues
present in positions 52 and 62 (Fig. 7, primary
sequence).

Sequence analysis of the peptide 50-65 de-
rived from A22-IL-6 Cys 3,4 and its corre-
sponding shifted peptide from the more basic
form confirmed the sequence identity. ES-MS
analysis gave a single signal at m/z 888 and 904
for the peptidic fragment 50-65 from A22-IL-6
Cys 3,4 and from the more basic form, respec-
tively (Fig. 8); these peaks can be assigned to a
doubly charged molecule (m+2H)*" corre-
sponding to 1774 amu for peptide 50-65 from
A22-IL-6 Cys 3,4 (whose calculated mass is 1775
amu) and to 1806 (+32 amu) for the corre-
sponding peptide 50-65 from the higher p/
(6.70) form.

Inspection of the amino acid sequence of
peptide 50-65 and the fact that the more basic p/
6.70 form of A22-IL-6 Cys 3,4 can be easily
transformed into the main p/ 6.56 form by mild

pI 1 2 3 4 5

Fig. 9. Reduction of A-IL6 Cys 3.4 more basic form. Ana-
lytical IPG pH 6.2-7.1 linear gradient of partially purified
A22-1L-6 Cys 3.4 not incubated (lane 1), and incubated for 5
min with 0.5 mM (lane 2), 1 mM (lane 3), 5 mM (lane 4) and
10 mM dithiothreitol (lane 5). Isoelectric points are indicated
on the left. The more basic form p/ 6.70 was reduced with 5
mM dithiothreitol.
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reductive treatment (Fig. 9) strongly suggest a
modification on the Cys, cross-link.

4. Discussion

Expanding commercial applications of genetic
engineering techniques in the 1980s have led to
the manufacture of a large number of protein
products in recombinant systems. The product-
ion process of recombinant proteins can expose
them to conditions which potentially are able to
induce conformational alterations or covalent
modifications of amino acid side-chains.

The identification of minor protein modifica-
tions usually requires the application of different
analytical methodologies with high resolving
power, e.g., SDS-PAGE, RP-HPLC, peptide
mapping and mass spectrometry. Isolectric focus-
ing techniques are increasingly being used for
these analyses owing to their capability to detect
even very minor charge heterogeneity of pro-
teins. It has been relatively simple to attribute
lower p/ components to modifications such as
deamidation, glycosylation, sulphation, phos-
phorylation and to all the array of surface charge
modifiers that lower the net surface charge.
However, higher p/ components have gone un-
explained up to the present time. The higher p/
form of the IL-6 mutein described in this paper
displayed a measured mass increase of 32 amu,
which, in principle, could arise from the addition
of two oxygen atoms (32.00) or of a single
sulphur atom (32.07). The peptide fragment 50~
65 isolated from the p/ 6.70 form retained the 32
amu mass increase; the lack of any methionine
residue in this fragment excluded the oxidative
modification of methionine and restricted the
mass modification to the Cyssz—Cys62 bridge.

A vast literature exists on the oxidation of
thiols in aliphatic and aromatic compounds [26].
Whereas in protein chemistry we usually deal
with only three oxidation states of cysteine (free
thiol, disulphide and, in extreme cases, cysteic
acid), in reality thiols are oxidized by a variety of
reagents to a whole series of intermediate oxida-
tion products, depending on the specific reaction
conditions. Perhaps the best known oxidation

pathway for thiols is via molecular oxygen. The
ease of oxidation of thiols on exposure to air is
well known, as is the sensitivity of this reaction
to catalysts, such as metal ions, UV radiation and
other initiators of radical reactions. It is also
reported that auto-oxidation is accelerated by
bases. In the case of cysteine, between the two
oxidation states Cys, and cysteic acid, except for
the very labile sulphenic acid, a number of stable
intermediates exist: mono-, di-, tri- and tetra-
sulphone intermediate products have been re-
ported [27].

Following this reasoning, we could speculate
that the mass increase observed in the p/ 6.70
form could be due to the addition of two oxygen
atoms to give a cysteine sulphone derivative.
However, the peptide 50-65 isolated from the p/
6.70 form exhibited a more hydrophobic be-
haviour than the unmodified peptide 50-65,
which is not compatible with the formation of a
more oxygenated form. Recently, Canova-Davis
[3] and Jespersen et al. [4] described a novel
post-translational modification of proteins, iden-
tified in recombinant growth hormone prepara-
tions, characterized by a 32 amu increase due to
the addition of a sulphur atom to a Cy—-S-S-Cy
bridge (where Cy represents cysteine minus an
SH group) to give the trisulphide Cy—-S-S-S-
Cy. The trisulphide proteins or peptide frag-
ments are, as expected, more hydrophobic than
the corresponding unmodified molecules and are
easily reverted to the Cy—S—-S—Cy form by mild
reductive treatment [4]. Our experimental results
and the above literature data allow us to propose
a trisulphide modification of the single Cys’*-
Cys®” bridge for the more basic A22-1L-6 Cys 3,4
form isolated as a minor contaminant of A22-1L-
6 Cys 3,4 mutein produced in E. coli. We have
excluded the possibility of an artefactual modi-
fication of cysteine residues due to the IPG
technique on the grounds that the isolated bands
do not redistribute on re-focusing, as is evident
from the analytical gels in Fig. 5 (cf., the track of
the pJ 6.56 and 6.70 components).

The mechanism of trisulphide formation in
proteins is unknown, although it has been sug-
gested [4] that disulphide bridges of proteins
produced in E. coli as inclusion bodies and
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recovered by cell disruption could be exposed to
and cleaved by HS™ ions in a disulphide ex-
change reaction forming a hydrogen disulphide
derivative of one cysteine, which could then
react with the other free cysteine to form a
trisulphide bond. Trisulphide derivatives of both
the growth hormone reported previously [3,4]
and A22-IL-6 Cys 3,4, reported here, have only
been identified in recombinant proteins ex-
pressed as cytoplasmic inclusion bodies in E.
coli. We do not know at present if such an
increment in p/ values, in the case of a modified
disulphide bridge to trisulphide, can be a general
mechanism valid also for other proteins, but
certainly it is a novel finding worth considering
when confronted with higher pl isoforms in
recombinant proteins.
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Abstract

Using fused-silica optical fibres for fluorescence light collection and bandpass filters for sclection of emission
wavelengths, a capillary electrophoresis detection cell of a conventional, tunable UV-Vis absorbance detector was
adapted for simultaneous fluorescence (at selected emission wavelength) and absorbance (at selected excitation
wavelength) detection. Detector performance is demonstrated with the monitoring of underivatized fluorescent
compounds in body fluids by micellar electrokinetic capillary chromatography with direct sample injection.
Compared with UV absorption detection, fluorescence detection is shown to provide increased selectivity and for
selected compounds also up to tenfold higher sensitivity. Examples studied include screening for urinary indole
derivatives (tryptophan, 5-hydroxytryptophan, tyrosine, 3-indoxyl sulfate and 5-hydroxyindole-3-acetic acid) and
catecholamine metabolites (homovanillic acid and vanillylmandelic acid) and the monitoring of naproxen in serum,

quinidine in serum and urine and of salicylate and its metabolites in serum and urine.

1. Introduction

Laser-based fluorescence has produced spec-
tacular results for solute detection in capillary
electrophoresis (CE) [1,2], with detection limits
of model compounds in the yoctomole (107*
mol) range [2]. Lasers suffer from a number of
inherent limitations, including the availability of
excitation wavelengths and high cost. The non-
laser-based fluorescence detectors constructed
for CE, such as those (in order of decreasing
performance) using xenon arc [3} (detection limit

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00115-8

10" mol), mercury—xenon arc [4] (107" mot),
pulsed xenon [5], deuterium [6] and tungsten [6]
lamps, provide much poorer sensitivity but allow
for wavelength selection over a wide range.
Using such incoherent excitation sources, solute
monitoring by simultaneous absorption and fluo-
rescence detection has been described [5], but no
detector of this kind is currently available.
Fluorescence detection in CE of low-molecu-
lar-mass compounds in body fluids has been
shown to provide improved selectivity and often
also sensitivity when compared with absorption
detection. Examples discussed in the literature
include the determination of urinary porphyrins
[7] and thiols in blood [8], the assessment of

© 1995 Elsevier Science B.V. All rights reserved
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metabolic disorders via the determination of
urinary cysteine and homocysteine, taurine in
biopsy samples of the myocardium and
gluthathione in red blood cell lysates [9] and the
monitoring of serum levels of methotrexate [10],
anthracyclines [11], naproxen [12] and retinol
- [13]. It is interesting that in work dealing with
endogenous compounds, mostly non-laser-based
fluorescence detection was applied via adapta-
tion of HPLC fluorescence detectors to CE,
whereas drug monitoring was effected via the use
of laser-induced fluorescence detection.

The laboratory in Berne has specialized in
applying CE and micellar electrokinetic capillary
chromatography (MECC) to the determination
of drugs and metabolites in body fluids {14-20].
In view of the high potential of using fluores-
cence detection for drug monitoring and clinical
analysis, the construction of an inexpensive,
versatile, non-laser-based fluorescence detector
for CE was undertaken. The cell of a conven-
tional, tunable UV-Vis absorbance detector was
adapted for simultaneous fluorescence and ab-
sorbance detection. The modification im-
plemented is similar to that described by Albin
et al. [6], using optical fibres for fluorescence
light collection, optical bandpass filters for selec-
tion of emission wavelengths and a photomulti-
plier module for emission light detection. In this
set-up, the detector can be employed (i) for
simultaneous fluorescence and absorption detec-
tion where the wavelengths for excitation of
fluorescence and absorption detection are identi-
cal, or (ii) for multi- or single wavelength ab-
sorption detection, for which the detector was
originally designed. In both operational modes,
computerized data acquisition, handling and
storage are employed. Fluorescence detector
performance is demonstrated with the monitor-
ing of endogenous low-molecular-mass com-
pounds, such as urinary indole derivatives and
catecholamine metabolites. Further, combined
fluorescence and absorption detection is shown
to be an interesting approach for the monitoring
of drugs in body fluids, including naproxen in
serum, quinidine in serum and urine and salicyl-
ate and its metabolites in serum and urine.

2. Experimental

2.1. Chemicals, origin of samples and routine
methods of analysis

All chemicals were of analytical-reagent or
research grade. The drugs naproxen, salicylate
and quinidine were of European Pharmacopoeia
quality. Salicyluric acid, tyrosine (Tyr), trypto-
phan (Trp), 5-hydroxytryptophan (5SHTrp), 5-
hydroxyindole-3-acetic acid (SHIAA), homo-
vanillic acid (HVA), vanillylmandelic acid
(VMA) and 3-indoxyl sulfate (3IXS) were ob-
tained from Sigma (St. Louis, MO, USA). Our
own serum and urine were employed as blank
matrices. Sera from patients were collected in
our routine drug assay laboratory where they
were received for drug monitoring. Salicylate
and quinidine in serum were determined by
automated fluorescence polarization immuno-
assays (FPIA) on a TDx analyser (Abbott Lab-
oratories, Irving, TX, USA). The immunoassays
were performed according to the manufacturer’s
instructions using their reagent Kkits. Patients’
0-24-h urine samples with increased concentra-
tions of 5-HIAA, HVA or VMA were obtained
from the routine clinical laboratory of the Uni-
versity Hospital (Berne, Switzerland), where
they were analysed by HPLC. All samples were
stored at —20°C until further analysis.

2.2. Electrophoretic instrumentation and
running conditions

The instrument with multi-wavelength detec-
tion employed in this work has been described
previously [14-17]. If not stated otherwise, it
featured a 75 pm I.D. fused-silica capillary of
about 50 (70) cm effective (total) length (Prod-
uct TSP/075/375, Polymicro Technologies,
Phoenix, AZ, USA), together with a UVIS 206
PHD fast-scanning multi-wavelength detector
and a No. 9550-0155 on-column capillary detec-
tor cell (both from Linear Instruments, Reno,
NV, USA). The detector allows the selection of
wavelengths between 190 and 800 nm (in 1-nm
increments; with a deuterium and a tungsten
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lamp covering the wavelength ranges 190-365
and 366—800 nm, respectively). For all experi-
ments, the 206 PHD detector was controlled by a
Mandax AT 286 computer system (Panatronic,
Zirich, Switzerland) and running the 206 detec-
tor software package version 2.0 (Linear Instru-
ments) with windows 286 version 2.1 (Microsotft,
Redmond, WA, USA). Multi-wavelength data
were read, evaluated and stored as described
previously [14-17].

Modifications for simultaneous absorbance
and fluorescence detection were made in-house.
A schematic representation of the assembly is
presented in Fig. 1. The body of the detector cell
was machined so that two 370 pum O.D. fused-
silica optical fibres (Polymicro Technologies)
could be mounted at right-angles (as shown in
Fig. 1) or at 30° to the capillary axis (right-angles
to the optical axis of the excitation light beam in
both instances). For positioning of the two fibres
in close proximity to the capillary and ball lens,
the same sleeve and ferrule mounting (inset in

separation
capillary

Fig. 1) as for the fixation of the capillary was
employed. The ends of the fibres were polished
with successively finer grades of wet silicon
carbide paper followed by slurries of alumina on
microcloth. The optical assembly was cleansed
using methanol. The two fibres were united and
interfaced to an interchangeable filter holder
which was mounted as closely as possible to an
HC120-05 photosensor module (Hamamatsu,
Bridgewater, NJ, USA). Bandpass (interference)
filters for 340, 366, 405, 450 and 520 nm (half-
bandwidth 10 = 2 nm; transmission >30%) were
purchased from Balzers (Balzers, Liechtenstein).
The output signal of the photomultiplier module
was interfaced directly to the data acquisition
system. Fluorescence and absorption (at the
excitation wavelength) data were registered
simultaneously with a two-channel PC Integra-
tion Pack (version 3.0; Kontron, Ziirich, Switzer-
land), which features automatic range switching
and a dynamic sampling rate allowing sampling
every 10 ms for rapidly changing signals. Data

excitation
light

Fig. 1. Schematic representation of the detection cell for simultaneous absorption and fluorescence detection. The inset depicts
an exploded view of the sleeve and ferrule mounting for the optical fibres and the separation capillary (adapted from the capillary
detector cell manual of Linear Instruments). DC = detector cell body; C = cover plate with photodiode assembly for absorption
light detection; FOF = fused-silica optical fibre; F = bandpass or edge filter; PMM = photomultiplier module for fluorescence light

detection; SF = sleeve and ferrule mounting.
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storage and computations were executed on a
Mandax AT 286 computer. For simultaneous
fluorescence and absorption detection, the 206
PHD detector was used in the high-sensitivity
monochrome mode.

If not stated otherwise, a constant voltage of
20 kV (90 nA) was applied and the cathode was
on the detector side. Sample application was
effected manually through dipping the anodic
capillary end into the sample vial and lifting it by
ca. 34 cm for a specified time interval. Con-
ditioning between runs was achieved by rinsing
the capillary with buffer for 10 min. A buffer
composed of 75 mM sodium dodecyl suifate
(SDS), 6 mM Na,B,0, and 10 mM Na,HPO,
(pH=9.2) was employed. All standard drug
solutions were prepared in buffer or methanol at
concentrations of 5-100 wg/ml. Blank and pa-
tients’ samples were spiked by addition of known
aliquots of these standard solutions to the plain
body fluids.

3. Results and discussion

As described above, the detector cell con-
structed uses two optical fibres for fluorescence
light collection (Fig. 1). First, employing Trp as
a model compound, the performance of the
mountings of these fibres at 30° angles was
compared with that provided with fixation at
right-angles. With excitation at 220 nm and
emission monitored at 340 nm, fluorescence
monitoring at 30° was determined to provide
lower sensitivity compared with emission light
collection at right-angles, the difference being
attributed to difficulties in the alignment of the
collection fibres. With the 90° mounting, the
sensitivity was found to be about equal to that
obtained by UV absorption detection at the
excitation wavelength. Thus, for all the data
discussed below, the mounting of the optical
fibres at right-angles was employed. The relative
magnitudes of the absorption and fluorescence
signals are not only dependent on how the
emission light is collected, but are mainly depen-
dent on the solute, its chemical environment,
and the optical specifications, including the

wavelengths selected for excitation and emission.
For example, with fluorescein as the sample, the
fluorescence response at 520 nm was determined
to be much larger than the absorption signal at
220 nm. Therefore, with fluorescence detection
as described here, the detection limit can be
improved compared with that obtained by UV
absorption detection. Under the experimental
conditions investigated, the absorbance and fluo-
rescence detection limits (S/N = 3) for fluores-
cein were determined to be about 6.0 and 0.4
pg/ml, respectively.

As reported previously, CE techniques are
attractive methods which permit monitoring of
endogenous and exogenous compounds by direct
injection of body fluids [15,17-20]. Resolution,
however, can be hampered owing to the pres-
ence of a large number of endogenous low-
molecular-mass components and peak assign-
ment can be difficult when solutes are monitored
by UV absorption. This is particularly the case
with urine samples. The data presented in Fig.
2A represent an electropherogram obtained after
direct injection of a tenfold diluted urine of a
healthy individual and absorption detection at
220 nm. Corresponding fluorescence data with
an emission band filter of 340 nm are depicted in
Fig. 2B and those with the same urine spiked
with SHIAA, HVA and VMA are presented in
Fig. 2C. All peaks, including those of Tyr, Trp,
SHTrp and 3IXS, were not only assigned based
on their fluorescence, but also on matching
multi-wavelength absorption spectra obtained by
using the same detector in the fast scanning
mode (data not shown).

Indoles, including Trp, SHTrp, SHIAA and
3IXS, which are heterocyclic amine compounds,
and catecholamine metabolites, such as HVA
and VMA, are present in cells and extracellular
fluids of living organisms. Determination of such
compounds in urine is clinically important and is
typically performed by HPLC or GC [21,22]. For
example, monitoring of SHIAA in 0-24-h urine
is employed for screening for carcinoid tumours,
the normal excretion being <70 pwmol per 24 h.
The MECC data presented in Fig. 3A were
obtained by injection of a tenfold diluted pa-
tient’s urine, the SHIAA concentration of which
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Fig. 2. MECC electropherograms of (A) tenfold diluted
urine from a healthy individual obtained via absorption
measurement at 220 nm, (B) the simultaneously collected
fluorescence data with an emission filter of 340 nm and (C)
the fluorescence data obtained with the same tenfold diluted
urine but spiked with SHIAA (5.4 ug/ml), HVA (74 pg/ml)
and VMA (31 pg/ml). Sample injection time and applied
voltage, 5 s and 20 kV, respectively.

was determined to be 332 uM using HPLC (data
from the routine clinical laboratory). The urine
volume collected was 760 ml and the excretion
was calculated to be 252 umol per 24 h. Com-
parison of the data in Fig. 3A with those in Fig.
2 reveals the presence of a much enlarged
SHIAA peak in the former case, indicating that
elevated, pathological concentrations of SHIAA
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Fig. 3. MECC fluorescence (excitation at 220 nm and emis-
sion at 340 nm) data for (A) a tenfold diluted patient’s urine
with a pathological SHIAA level and (B) an undiluted
patient’s urine with elevated concentrations of HVA and
VMA. Sample injection times, 5 and 2 s, respectively. Other
conditions as in Fig. 2.

can easily be monitored by MECC with direct
injection of plain or diluted urine and on-column
fluorescence detection.

HVA and VMA are catabolic products of
catecholamines that are excreted in elevated
amounts (>34 and >46 pumol per 24 h, respec-
tively) in the urine of patients with various
diseases, including neuroplastoma and hepatic
encephalopathy [21-23]. The MECC data de-
picted in Fig. 3B were obtained by injection of
an undiluted patient’s urine with elevated excre-
tion of HVA and VMA. The presence of both
HVA and VMA could be determined unambigu-
ously by MECC and fluorescence detection (Fig.
3B). Compared with the data reported by Issaq
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et al. [23], the fluorescence detector described
here appears to have higher sensitivity than the
UV detector employed by them. These few data
suggest that MECC with fluorescence detection
could be used for the simultaneous monitoring of
pathological urinary levels of Trp, SHTrp,
SHIAA, HVA and VMA, and thus for the
diagnosis of diseases. Further, with extraction
prior to application to the capillary, many more
basic neurotransmitters and their acidic metabo-
lites could be detected [21,22].

To complement our previous efforts in moni-
toring drugs by MECC with UV absorption
detection and direct sample injection [18-20],
the potential of employing simultaneous fluores-
cence and absorption detection for drug analysis
was investigated. Using naproxen, salicylate and
_ quinidine as model drugs, electropherograms of
a serum blank and the serum blank spiked with

J. Caslavska et al. | J. Chromatogr. A 709 (1995) 147-156

the three drugs are presented in Fig. 4A and B,
respectively. The fluorescence data for the serum
blank reveal a sharp peak produced by Trp.
Hence this compound can be used as an endog-
enous marker substance. Further, the response
originating from the proteins could easily be
allocated. However, the compounds producing
the two sharp peaks marked ? could not be
identified. As can be seen from the data in Fig.
4B, all three drugs were found to produce
satisfactory peaks when injected within plain
serum. For naproxen, the fluorescence response
with a 366-nm emission filter was found to be
much stronger than that obtained with absorp-
tion detection at 220 nm. The opposite was true
for salicylate, whereas for quinidine the peak
height of the fluorescence signal was slightly
larger than that of the UV absorption response
observed at the excitation wavelength. With
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Fig. 4. MECC data for (A) serum blank and (B) serum blank spiked with naproxen (5 wg/ml), salicylate (75 wg/ml) and
quinidine (13 wg/ml). The upper graphs represent UV absorption data measured at the excitation wavelength of 220 nm and the
lower graphs are the fluorescence data obtained with a 366-nm bandpass filter. Injection time and applied voltage, 2 s and 20 kV,

respectively.
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direct serum injection, the latter drug was found
almost to co-elute with another compound, this
being clearly seen in the absorbance data (upper
graph of Fig. 4B). However, this unknown
endogenous substance appears not to fluoresce
and quinidine can easily be determined via
evaluation of the fluorescence data. Hence
simultaneous gathering of UV absorption and
fluorescence data appears to be advantageous for
drug monitoring and will be further emphasized
with the analysis of patients’ samples discussed
below.

The MECC data shown in Fig. 5 were ob-
tained via direct injection of serum from a
patient undergoing naproxen pharmacotherapy.
Using MECC with on-column absorption detec-
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Fig. 5. MECC data for serum from a patient under naproxen
pharmacotherapy. The upper graphs represent UV absorp-
tion data measured at the excitation wavelength of 220 nm
and the lower graphs are the fluorescence data obtained with
a 340-nm bandpass filter. Other conditions as in Fig. 4.

tion, the naproxen serum level was determined
to be 9.4 pwg/ml [19]. As expected, fluorescence
detection provides a higher response than that
obtained with absorption measurement at the
excitation wavelength of 220 nm. Thus, with the
simple fluorescence detector sub-pug/ml serum
levels of naproxen (detection limit ca. 0.2 ug/
ml) can be recognized, the concentration limit
being about one order of magnitude lower than
that observed with UV absorption detection [19].
However, using laser-induced fluorescence de-
tection and drug extraction, an even lower detec-
tion limit was reported [12].

The data presented in Fig. 6A were obtained
with a directly injected serum sample from a
patient under quinidine pharmacotherapy. Using
FPIA, the quinidine serum level in that sample
was determined to be 10.7 uM (3.5 ng/ml), this
being within the therapeutic range (6—15 uM) of
this drug. As suggested according to the absorp-
tion data obtained with serum blank spiked with
quinidine (Fig. 4B), this drug is co-eluting with
matrix compounds (upper graph of Fig. 6A).
However, using fluorescence detection with exci-
tation and emission at 220 and 366 nm, respec-
tively (lower graph of Fig. 6A), quinidine could
readily be detected (for blank data refer to Fig.
4A). The MECC detection limit (S/N = 3) was
determined to be 4.6 uM (1.5 png/ml), hence
MECC with direct serum injection and on-col-
umn fluorescence detection permits the determi-
nation of quinidine serum levels of pharmaco-
logical interest.

The electropherograms depicted in Fig. 6B
were registered when analysing a twofold diluted
urine which was collected 8-16 h after adminis-
tration of 200 mg of quinidine sulfate (one tablet
of Kinidin-Duriles; Astra  Pharmaceutica,
Dietikon, Switzerland). With urine, hardly any
endogenous compounds elute after about 10 min
{see Fig. 2A (complete blank data not shown)
and to data reported in Refs. [17] and [24]}.
Hence urinary quinidine can be monitored by
both UV absorption and fluorescence detection.
Further, owing to the fluorescence and an appar-
ent similarity of the UV absorption spectrum
with that of quinidine (data not shown), the peak
eluting after about 14.3 min (peak marked with
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Fig. 6. MECC data obtained for (A) a patient’s serum sample and (B) a twofold diluted urine from a test subject who had
ingested quinidine. The upper graphs represent UV absorption data measured at the excitation wavelength of 220 nm and the
lower graphs are the fluorescence data obtained with a 366-nm bandpass filter. Other conditions as in Fig. 4.

an asterisk in Fig. 6B) could be the response of
2-hydroxyquinidine, a metabolite of quinidine
found in urine. Owing to the lack of a standard
of this compound, however, this assumption
could not be verified.

Although the fluorescence signal of salicylate
is smaller than that obtained with absorption
detection effected at the excitation wavelength of
220 nm (see Fig. 4B with fluorescence measured
at 366 nm), it can be employed effectively for
monitoring of this compound. MECC data ob-
tained with a urine and a serum sample from a
patient under suspected salicylate intoxication
are presented in Fig. 7A and B, respectively.
MECC data with multi-wavelength absorption
data of these samples have been discussed previ-
ously (see Fig. 5 in Ref. [17]), the salicylate
concentrations in urine and serum being of the

order of 3 mM each. MECC data for tenfold
diluted urine (Fig. 7A) and directly injected
serum (Fig. 7B) are depicted. Both UV absorp-
tion data (at the excitation wavelength of 220
nm) and the fluorescence data with an emission
wavelength of 450 nm [the use of this filter
provided a slightly higher response than those
employing 366-nm (Fig. 4B) and 405-nm (data
not shown) filters] reveal the presence of salicyl-
ate in both samples. As discussed before [17],
comparison of the urine and serum data (par-
ticularly for fluorescence data, lower graphs)
reveals the presence of similar salicylate con-
centrations in these two body fluids. Moreover,
fluorescence monitoring shows the presence of
molecules of similar structure, including metabo-
lites of drugs. For example, with the aid of the
urinary fluorescence data, the presence of the
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Fig. 7. MECC data obtained for (A) tenfold diluted urine and (B) serum from a patient with salicylate intoxication. The upper
graphs represent UV absorption data measured at the excitation wavelength of 220 nm and the lower graphs are the fluorescence
data obtained with a 450-nm bandpass filter. Other conditions as in Fig. 4.

major metabolite of salicylate, salicyluric acid
and other salicylate metabolites could be sus-
pected. Not surprisingly, using spectral analysis
of the UV absorption data and rerunning the
urine spiked with salicyluric acid allowed the
positive identification of its peak which elutes at
13.6 min. Further, according to the UV spectrum
and the fluorescence signal of the peaks eluting
at 8.7 and 8.9 min, these peaks were assigned to
the glucuronic acid conjugates of salicylate
(marked with an asterisk in the lower graph of
Fig. 7A) and salicyluric acid, respectively. In the
case of the serum data (Fig. 7B), the small peak
eluting at about 14.8 min could be assigned to
salicyluric acid. Hence simultaneous monitoring
of UV absorption and fluorescence provides
valuable information both for drug monitoring
and for the determination of metabolites.

4. Conclusions

Using direct injection of body fluids and look-
ing at solutes with native fluorescence, moni-
toring of fluorescence with the simple detector
assembly described is shown to provide increased
selectivity and for selected compounds also up to
tenfold higher sensitivity compared with UV
absorption detection. Further, simultaneous UV
absorbance (at the excitation wavelength) and
fluorescence detection in MECC is shown to be
attractive for screening and profiling of body
fluids for disease diagnosis and/or confirmation,
for therapeutic and diagnostic drug monitoring
(including evaluations of intoxications) and for
the assessment of drug metabolism. The detector
employed allows the selection of excitation
wavelengths between 195 and 800 nm (in 1-nm
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increments), permits emission wavelength selec-
tion with a bandpass or a long-pass (edge) filter,
and provides fluorescence and absorption data
with the same time axis.

Acknowledgements

The authors acknowledge the skilful technical
assistance provided by Mr. O. Aeby. This work
was sponsored by the Swiss National Science
Foundation.

References

[1] E. Gassmann, J.E. Kuo and R.N. Zare, Science, 230
(1985) 813.

[2] D.Y. Chen, H.P. Swerdlow, H.R. Harke, J.Z. Zhang
and N.J. Dovichi, J. Chromatogr., 559 (1991) 237.

[3] E. Arriaga, D.Y. Chen, X.L. Cheng and N.J. Dovichi,
J. Chromatogr. A, 652 (1993) 347.

[4] D.J. Rose and J.W. Jorgenson, J. Chromatogr., 447
(1988) 117.

(5] R.G. Brownlee and S.W. Compton, Am. Biotechnol.
Lab., October (1988) 10.

[6] M. Albin, R. Weinberger, E. Sapp and S. Moring, Anal.
Chem., 63 (1991) 417.

[7] R. Weinberger, E. Sapp and S. Moring, J. Chromatogr.,
516 (1990) 271.

[8] B. Lin Ling, W.R.G. Baeyens and C. Dewaele, Anal.
Chim. Acta, 255 (1991) 283.

[9] E. Jellum, A.K. Thorsrud and E. Time, J. Chroma-
togr., 559 (1991) 455.

[10] M.C. Roach, P. Gozel and R.N. Zare, J. Chromatogr.,
426 (1988) 129.

[11] N.J. Reinhoud, U.R. Tjaden, H. Irth and J. van der
Greef, J. Chromatogr., 574 (1992) 327.

[12] H. Soini, MV. Novotny and M.-L. Riekkola, J. Mi-
crocol. Sep., 4 (1992) 313.

[13] Y. Ma, Z. Wu, H.C. Furr, C. Lammi-Keefe and N.E.
Craft, J. Chromatogr., 616 (1993) 31.

[14] W. Thormann, P. Meier, C. Marcolli and F. Binder, J.
Chromatogr., 545 (1991) 445.

[15] W. Thormann, A. Minger, S. Molteni, J. Caslavska and
P. Gebauer, J. Chromatogr., 593 (1992) 275.

{16] P. Wernly and W. Thormann, Anal. Chem., 63 (1991)
2878.

[17] J. Caslavska, S. Lienhard and W. Thormann, J. Chro-
matogr., 638 (1993) 335.

{18] H. Wolfisberg, A. Schmutz, R. Stotzer and W. Thor-
mann, J. Chromatogr. A, 652 (1993) 407.

[19] A. Schmutz and W. Thormann, Electrophoresis, 15
(1994) 1295.

[20] A. Schmutz and W. Thormann, Ther. Drug Monit., 15
(1993) 310.

[21] PM.M. van Haard and S. Pavel, J. Chromatogr., 429
(1988) 59.

[22] Z. Yi and P.R. Brown, Biomed. Chromatogr., 5 (1991)
101.

[23] H.J. Issaq, K. Delviks, G.M. Janini and G.M. Muschik,
J. Liq. Chromatogr., 15 (1992) 3193.

[24] J. Caslavska, E. Hufschmid, R. Theurillat, C. De-
siderio, H. Wolfisberg and W. Thormann, J. Chroma-
togr. B, 656 (1994) 219.



Journal of Chromatography A, 709 (1995) 157-162

JOURNAL OF
CHROMATOGRAPHY A

Chiral separation of deprenyl and its major metabolites using
cyclodextrin-modified capillary zone electrophoresis

Eva Szok6*, K. Magyar

Department of Pharmacodynamics, Semmelweis University of Medicine, Nagyvdrad tér 4, 1089 Budapest, Hungary

Abstract

A capillary electrophoretic method for the enantiomer resolution of deprenyl and its main alkaline metabolites
amphetamine, methamphetamine and propargylamphetamine is described. An acidic separation buffer with a
suitable chiral complexing agent, heptakis-(2,6-di-O-methyl)-8-cyclodextrin, was used and the optimum separation
conditions were determined by changing the concentration of the chiral selector, the applied electric field and the

concentration of methanol.

1. Introduction

It is well known, that many drugs display
enantioselectivity in their pharmacological activi-
ty and metabolism. Using the optical isomer
having the therapeutic effect is highly required to
avoid unnecessary burdening of the body with
the xenobiotic. Since a great number of drugs
consist of enantiomers, chiral separation of these
appears to be important.

Selegiline [R-(—)-deprenyl] has been used in
the treatment of Parkinson’s disease. This drug is
the antipode of a chiral compound having the
higher pharmacological efficacy {1]. Two of its
main metabolites are amphetamine and metham-
phetamine [2,3]. These compounds have strong
psychostimulant effects, the S$-( + )-enantiomers
being more active [4]. It is an issue of debate if
the metabolites of deprenyl significantly contrib-
ute to its pharmacological effects [5,6]. Also, it
has still to be proved that the more efficacious
enantiomers of the metabolites are not formed in
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the body. This necessitates a chiral separation
method of these compounds.

As indicated by the many papers published in
this field, there is a growing interest in the
application of capillary electrophoresis (CE) for
enantiomer separations. The chiral selectors are
usually applied as buffer additives, the most
often used being cyclodextrin (CD) derivatives
(uncharged, charged, polymers) [7-10], crown
ethers [11], bile salts [12], other optically active
detergents [13] or biopolymers [14]. Advantages
offered by capillary electrophoresis are direct
chiral resolution, high efficiency of the sepa-
ration, speed, and low cost.

A micellar electrokinetic capillary chromato-
graphic method for the separation of enantio-
mers of amphetamine, methamphetamine and
other phenylethylamine compounds has been
developed by Lurie [15]. Successful use of
cyclodextrin derivatives for the chiral resolution
of phenylethylamines has also been demonstra-
ted [7]. In the present study we elaborated a
cyclodextrin-modified CE method for the sepa-
ration of deprenyl and its main metabolites.

© 1995 Elsevier Science B.V. All rights reserved



158 E. Sz6ké, K. Magyar | J. Chromatogr. A 709 (1995) 157-162

2. Experimental
2.1. Apparatus

A Crystal 300 (ATI Unicam, Cambridge, UK)
capillary electrophoresis system equipped with a
variable-wavelength UV absorbance detector set
at 190 nm was used. CE separations were per-
formed in a 70 cm X 75 wm L.D. uncoated fused-
silica capillary; the length to the detection win-
dow was 55 cm. Samples were introduced by
electrokinetic injection. Axxiom 727 software
was used for data collection.

2.2. Chemicals

Tris~phosphate pH 2.8 (20 mM) containing
0.1% or 0.5% hydroxypropylmethylcellulose
(HPMC) was used as running buffer. Tris and
phosphoric acid were purchased from Reanal
(Budapest, Hungary), and hydroxypropyl-
methylcellulose from Sigma (St. Louis, MO,
USA). The chiral selectors B-cyclodextrin and
heptakis-(2,6-di-O-methyl)-B-cyclodextrin  (DI-
MEB) were obtained from Cyclolab (Budapest,
Hungary).

The sample mixture contained S-(+)- and
R-(—)-deprenyl, S-(+)- and R-(—)-metham-
phetamine, R-(—)-amphetamine, and R-(-—)-
propargylamphetamine. Only one of the an-
tipodes of the two latter compounds were avail-
able. These test compounds were kindly pro-

CH2""CH'—‘ CH3
]

vided by Chinoin Pharmaceutical and Chemical
Works (Budapest, Hungary). The chemical
structure of deprenyl and the metabolites are
shown in Fig. 1.

3. Results and discussion

Achiral separation of deprenyl and its three
metabolites was achieved using low pH back-
ground electrolyte (Fig. 2.). All of the com-
ponents are ionized at this pH and their migra-

tion is in the direction of the electroosmotic flow.

Application of HPMC in the separation buffer
improved the resolution of the sample compo-
nents and the reproducibility of migration times
as well.

3.1. Use of chiral additives

For the separation of the enantiomer pairs, the
dimethyl substituted derivative of B-cyclodextrin
is suitable. The unsubstituted B-cyclodextrin
does not fit the chiral resolution of these com-
pounds even in its saturating concentration. Both
the deeper hydrophobic cavity of DIMEB and its
different capability of hydrogen bond formation
[16] may contribute to the different complex
formation constants of the enantiomer pairs
necessary to achieve their chiral resolution.

Application of DIMEB in the buffer increased
the migration time of each sample component.

HaC —N— CHy—C=CH [

deprenyl

|

CHp—CH~CHg
|
HgC—NH

methamphetamine

NH—CHy—C=CH

propargylamphetamine

- Qon—cl;H——CHa
NH2

amphetamine

Fig. 1. Chemical structures of deprenyl and its metabolites.
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Fig. 2. Achiral separation of mixture of racemic deprenyl
and its metabolites. Capillary: uncoated fused-silica 70 cm X
75 um LD. (55 cm to detector). Buffer: 20 mM Tris-
phosphate—0.1% HPMC pH 2.8. Sample: 1= (—)-amphet-
amine; 2 = ( * )-methamphetamine; 3 = (% )-deprenyl; 4=
( — )-propargylamphetamine; 107° M each. Injection 3 kV, 12
s. Constant voltage 21 kV; current 32 pA.
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18-
16-
14-
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This indicated the inclusion complex formation
of the analytes with the chiral additive. The
complexes formed have lower electrophoretic
mobilities than the uncomplexed analytes. The
increased migration time results primarily from
the complex formation, whilst the slightly in-
creased viscosity of the buffer and the slightly
decreased electroosmotic flow do not significant-
ly contribute. Fig. 3. shows the migration times
of the sample components in the presence of
3-24 mM DIMEB. The non-linear change ob-
served is characteristic of this kind of separa-
tions, just as the existence of a concentration
optimum of the chiral selector for each analyte
[17,18]. The decline in resolution when using the
chiral selector above its optimum concentration
has not been really explained so far. Inversion of
the migration order of the enantiomers was
found and different separation mechanisms at
low and high concentrations of the chiral selector
have been suggested by Schmitt and Engelhardt
[19]. Non-specific hydrophobic interactions [20]
and dimerization of CDs [21] have also been
discussed as a reason for the loss in resolution at
very high concentrations of the CD derivatives.

AW N -

8 T T
0 10

concentration of DIMEB (mM)

Fig. 3. Plot of migration time vs. concentration of DIMEB in the separation buffer: 1= (+ )-deprenyl; 2= (—)-deprenyl;

3= (+ )-methamphetamine; 4 = ( — )-methamphetamine.
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Table 1
Effect of heptakis-(2,6-di-O-methyl)-B-cyclodextrin (DIMEB) concentration on separation selectivity and resolution of enantio-
mer pairs
Concentration Selectivity® Resolution”
of DIMEB (mM)
MA® D¢ MA D
3 1.007 1.010 0.8 0.9
6 1.014 1.015 2.4 2.9
9 1.014 1.014 2.0 22
12 1.014 1.010 2.2 2.4
15 1.010 1.008 1.2 0.7
24 1.008 1.007 04 0.3

Selectlvxty M, /1,, where y, , are the electrophoretic mobilities.

® Resolution = 2 - (£, —t,)/(w, +w,), ¢, , are the migration time, and w, , are the peak widths of the enantiomers, respectively.

Methamphetamme
¢ Deprenyl.

The dependence of the selectivity and res-
olution of enantiomer pairs on the concentration
of the chiral selector is listed in Table 1. For
both compounds the (+ )-isomers have lower

absorbance (190 nm)

U

10 15
time(min)

Fig. 4. Chiral separation of the mixture of racemic metham-
phetamine and deprenyl. Separation buffer as in Fig. 2,
containing 6 mM DIMEB. Sample: 1= (—)-amphetamine;
2 = (— )-methamphetamine; 3 = ( + )methamphetamine; 4 =
(—)-deprenyl; 5= (+ )-deprenyl; 10™° M each. Injection 3
kV, 12 s. Constant voltage 21 KV; current 32 pA.

electrophoretic mobility, indicating that their
inclusion complex formation constants are higher
compared to those of the (- )-isomers. The
optimum concentration of the chiral selector for
the separation of both enantiomer pairs of de-
prenyl and methamphetamine was found to be
between 6 mM and 12 mM in 20 mM Tris—
phosphate, pH 2.8 buffer containing 0.1%
HPMC.

3.2. Effect of the electric field

The effect of the electric field on the sepa-
ration of the enantiomers was considerable. We
obtained the best chiral resolution when the
separation was performed at 300 V/cm. At a low
field strength (100 V/cm) the chiral resolution
was totally lost, due to the increased sample
diffusion during the long migration time and to
the decreased separation efficiency. At a high
field strength (400 V/cm) the resolution also
decreased, probably because of the effect of heat
generated in the capillary. The formation con-
stants of CD-analyte complexes are sensitive to
temperature change [22]. With increasing tem-
perature they become smaller and the separation
selectivity decreases significantly [23-25].

Separation of the sample mixture with the
optimum concentration of the chiral selector and
field strength is shown in Fig 4. Although the
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separation conditions are suitable for the en-
antiomer resolution of racemic deprenyl and
methamphetamine, co-migration of S-( + )-de-
prenyl with R-(— )-propargylamphetamine was
observed.

3.3. Effect of methanol

Addition of methanol to the separation buffer
significantly improved the resolution of deprenyl
and propargylamphetamine. This can be ex-
plained by the beneficial effect of reduced elec-
troosmotic flow on the resolution of sample

1 2
C
3 4 6
5
I
— L 1
B
E
f=
o
2]
P
Ut
2
<]
2 A
[y
Bl L
15 20 25
time (min)

Fig. 5. Effect of methano! [(A) 10%, (B) 15%, (C) 20%]
added to the separation buffer on the resolution of the
sample components. Sample: 1= (- )-amphetamine; 2=
(—)-methamphetamine; 3 = ( + )methamphetamine; 4=
(—)-deprenyl; 5=(+ )-deprenyl; 6=(—)-propargylam-
phetamine; 107> M each. Separation buffer as in Fig. 2,
containing 12 mM DIMEB and various concentrations of
methanol.

components migrating in the direction of the
flow and by the differential change in the effec-
tive electrophoretic mobility of sample compo-
nents of different hydrophobicity. However, the
enantiomer resolution of methamphetamine and
deprenyl slightly decreased as the methanol
content of the separation buffer increased. Or-
ganic solvents usually reduce the hydrophobic
interactions, and they may interact with the
hydrophobic cavity of the cyclodextrins [26]. The
presence of methanol can influence the complex
formation of the analytes with DIMEB, which
may also change the difference between the
complex formation constants of the enantiomer
pairs or the optimum concentration of the chiral
additive. The effect of various methanol con-
centrations on the resolution of the sample
components is shown in Fig. 5.

4. Conclusions

The chiral selector heptakis-(2,6-di-O-methyl)-
B-cyclodextrin is thought to be an appropriate
choice for the separation of optical isomers of
deprenyl and its major metabolites by capillary
electrophoresis. The use of methanol as an
additive in the separation buffer was necessary to
achieve the resolution of S-( + )-deprenyl and
R-(—)-propargylamphetamine, although its
presence slightly decreased the resolution of the
enantiomer pairs of the two racemic compounds.
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Abstract

An empirical expression was derived for the actual mobility, u, valid in an extended range of ionic strength, 7,
between 0.001 and 0.1 mol/1, using a three-parameter exponential fit for the ratio of actual and absolute mobilities
(1 at I =0), which consists of two variables: jonic strength of the buffer and charge number, z, of the solute. The
charge numbers of the solute anions (21 aromatic sulfonates) ranged between 1 and 6, and the ionic strength was
varied in the range mentioned using a sodium acetate buffer. The mobilities were determined at 25.0°C in a coated
capillary with suppressed electroosmotic flow. The resulting fitting equation, valid under these conditions, is
}L/}L0=6Xp(—0.77\/§). The difference between measured mobilities and mobilities calculated from a tenfold
higher or lower ionic strength, using this equation, is within 5% for all experiments. For multivalent ions, u values

can be derived from u, with comparable accuracy.

1. Introduction

The effective mobility, p.s, of the separands is
the physico-chemical property of key importance
in capillary electrophoresis (CE). It is given by
M. = Mo fa (for monovalent ions), where p, is
the absolute mobility (at infinite dilution), « is
the degree of dissociation and f is a correction
factor counting for the deviation from ideality.
The actual mobility, w, is that of the fully
protonated or deprotonated ion at ionic strength
1.

The ionic strength includes contributions from
all ionic species in solution, including H" and
OH ", and with increased contribution of multi-
valent jons: =1 c,z;, where ¢, is the equilib-

1]
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rium concentration of species i and z, the charge.
The effective mobility depends on the pH and
the ionic strength of the background electrolyte.
Whereas its dependence on the pH through « is
well defined, the influence of the ionic strength
on the correction factor, f, is still under discus-
sion, at least for those concentrations between
0.001 and 0.1 mol/l, which are commonly used
in capillary zone electrophoresis (CZE).

Long before CE was introduced, a number of
workers published papers on ionic strength and
temperature dependence of molar conductivity
and transport numbers; readers are referred to
standard works on the subject [1]. Data were
obtained from conductivity and other measure-
ments under different conditions. In general,
these models include V1. Their validity is limited
to ionic strengths of up to 0.001 moi/l, without

© 1995 Elsevier Science B.V. All rights reserved
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additional data on the sample components. A
number of corrections were introduced to in-
crease the concentration range, requiring addi-
tional sample-specific data, such as ionic radii.
These data are, in general, difficult to obtain.
A further complication is that all of these
models refer to the molar conductivity of elec-
trolytes, dissolved at different concentrations,
rather than to mobilities of individual ionic
species, dissolved in a background electrolyte.
Concerning CE, in most cases some infor-
mation will be available on the electrophoretic
mobility of the solutes in a certain operational
system, either from the values of absolute mo-
bilities from the literature, or obtained by mea-
surements with CE at a certain buffer composi-
tion. In order to optimize a separation, it will
certainly be useful to have some idea of how the
mobility will change if the pH or the ionic
strength of the background electrolyte is altered.
The effect of pH in selectivity tuning is fairly
elementary from theory of isotachophoresis [2,3]
and has been treated in a number of textbooks
on capillary electrophoresis [4,5] and in previous
publications [6,7]. The effect of ionic strength on
mobility and selectivity in capillary electropho-
resis is mentioned in the same textbooks. It is,
however, still a matter of discussion, which is
reflected by the number of contradictory contri-
butions published on the subject. In some of
them, the “overall” mobility (including elec-
troosmosis) is measured as a function of buffer
concentration [8,9]. An exponential decrease
with increasing ionic strength was found, attribu-
ted mainly to a change in electroosmosis.
Another publication [10] gives the mobility as
being proportional to 1/VI. In a computational
study [11], the data taken from a textbook on the
subject [1] are summarized in stating that the
mobility (rather than the molar conductivity) is a
non-linear function of —VI for 1:1 electrolytes.
In a more recent study [12], mobilities of a
number of monovalent components were deter-
mined in a series of buffers with a limited range
of ionic strength and the results were fitted to a
linear model. Finally, in a publication on compu-
tational simulation of migration and dispersion in
zone electrophoresis [13,14], a straightforward

empirical model for the ionic strength depen-
dence of mobilities was introduced:

w/uy = exp(—0.5z""*VI) 1)

The idea behind the necessity for such an empiri-
cal relationship was that a 10% predictability for
certain experimental conditions is preferred over
a 1% accuracy in a concentration range where
zone clectrophoretic experiments are commonly
not carried out (<0.001 mol/l).

In dealing with these kinds of models pre-
sented in the literature [1], one has to be careful
in applying them to other systems [10-13]. In
addition, the conductivity and mobility data in
the literature refer to ionic strengths originating
from the ions themselves, not from a buffer with
a relatively high concentration (even if ion pair-
ing and complexation can be excluded). Finally,
literature data are mostly from inorganic anions
and metal ions, which often have rotational
symmetry and a high charge density. From the
practical point of view, the larger, organic ions
with a lower charge density are more interesting
for CE. This is another reason why the present
study was undertaken. For simplicity, strong
acids were chosen as reference compounds in
order to avoid effects caused by incomplete
protolysis: the separands used are fully disso-
ciated at the operating pH. A choice was made
for p/p, as an exponential function, because it
makes it possible to obtain u, by extrapolating
In w to I=0. In addition, a linearized function
(see the VI models above) at higher concen-
tration always leads to an exponential deviation:
a linear function is only a special case of the
expansion series of an exponential function.

2. Experimental
2.1. Apparatus

The instrument used for the measurements
was a P/ACE System 2100 (using System Gold
6.01) (Beckman, Palo Alto, CA, USA) equipped
with a UV absorbance detector at 214 nm. The
separation capillary was made from fused silica,
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75 pm L.D. and 363 pm O.D. (Supelco, Belle-
fonte, PA, USA). The total length was 0.269 m
and the effective length (the distance from the
injector to the detector) was 0.202 m. The
capillary was thermostated at 25.0°C. The
operating voltage was chosen between 2000 and
5000 V, depending on the ionic strength of the
background electrolyte. Injection of the sample
was carried out by pressure for 1 s.

2.2. Reagents

Chemicals used for the preparation of the
buffer solutions were analytical-reagent grade
acetic acid and sodium hydroxide (Merck, Darm-
stadt, Germany). A number of different dyes
with 1-6 sulfonic acid groups were used as model
components (see Table 1). The azo dyes were
prepared [16] by coupling the diazotized 1-naph-
thylamine sulfonic acid to the 2-naphtholsulfonic
acid. All other components were obtained from
commercial sources (Aldrich, Steinheim, Ger-
many; Fluka, Buchs, Switzerland; Merck) in the
highest available purity.

2.3. Procedures

The analytes were first titrated in order to
verify that the sulfonic acid groups are fully
dissociated at the working pH and that no other
protolysis is likely to occur in the background
electrolyte system used.

The background electrolyte was prepared by
adding acetic acid and sodium hydroxide (at a
molar concentration ratio of 2:1), resulting in
buffers with ionic strengths of 0.1, 0.05, 0.01,
0.005 and 0.001 mol/l and a pH of about 4.75
(which was not further adjusted). This back-
ground electrolyte was chosen because complex-
ation or ion pairing between sample and buffer
ions was least likely, an obvious requirement for
the present investigation. For the same reason,
no additives were used.

In order to prevent systematic errors in migra-
tion time due to stacking, the sample compo-
nents were dissolved in background electrolyte.
The sample concentration was as low as possible
in order to prevent concentration overload.

The mobility was calculated from the migra-
tion time r, using the equation p =L, L, /Vt,,
where L, is the length of the capillary to the
detector, L, the total length and V the voltage.
The quality of the determination of the migra-
tion times was determined with two anions
(iodide and 2,4,5-trichlorobenzenesulfonate) as
external reference compounds. The migration
times of these standards were constant during
the measurements in each particular buffer sys-
tem to within about 0.2%.

The voltage was chosen in such a way that the
temperature rise due to heat development inside
the capillary was only 0.1°C or less. This tem-
perature rise was calculated using the previously
mentioned simulation program {13]. The coating
procedure described by Hjertén [15] was ap-
plied.

3. Results and discussion

Some examples of the dependence of the
actual mobility on the ionic strength for ions of
different charge are shown in Fig. 1. It can be
seen that the mobility decreases with increasing /
in all cases. The slope of the graphs (especially at
low I) is, however, strongly dependent on the
charge number; it becomes increasingly steeper
with increasing charge number. This leads to the
fact that, within the range of measurement, the
mobilities of the more highly charged species are
reduced nearly by a factor of 2. The monovalent
ions behave differently, however: between 0.001
and 0.01 mol/l the mobility remains nearly
constant and is finally reduced at 0.1 mol/l by
only about 20%. This unexpectedly deviant
behaviour of the monovalent solutes will also be
reflected in subsequent graphical representa-
tions.

3.1. Determination of model parameters

The basic approach to describe the depen-
dence of the actual mobility, u, on the ionic
strength, I, and on the charge number, z, is the
following three-parameter fitting equation:
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Fig. 1. Dependence of the measured actual mobility, x, on
the square root of the ionic strength, I, used for the
determination of the absolute mobility, u,, by extrapolating
a second-order polynomial fit of u to I=0. I is given in
mol/l and the mobilities are given in 10™° m*/V-s. Examples
of six components with different charge numbers are shown:
A=1AN2; O=2NA36; A=3IN; O=4IN; V=5AZ11;
& =6AZ13. See Table 1 for component codes.

M= pof = py exp(—az"I") (2)

As the value of the constant ¢ is expected to be
close to 0.5, In . was plotted vs. VI for each
individual component to obtain p, using a sec-
ond-order polynomial fit. The u, values deter-
mined in this way are listed in Table 1. The
correlation coefficients are always 0.990 or bet-
ter.
Conversion of the model Eq. 2 leads to

In[—In(p/pg)] = In(az®) + cIn 1 3)

All values of u/u, were subsequently calculated.
The slope of the plot of In[—1n(w/p,)] vs. In I for
each individual solute gives ¢. The correlation
coefficients were 0.997 or better. Some examples
of these plots are shown in Fig. 2. The lines
corresponding to different charge numbers z are

4

-In(-In(p/po))

-In(h)

Fig. 2. Examples of the determination of ¢ using components
with different charge numbers, according to Eq. 3. See text
and the caption of Fig. 1 for further details.

approximately parallel, but they have different
intercepts, which are equal to In(az®).

The values of ¢ obtained in this way are shown
in Fig. 3. It can be seen that the three mono-
valent solutes are clearly outliers with ¢ values of
about 0.3, in contrast to all other compounds.
This deviating behaviour of the monovalent ions
(which was mentioned above) is not fully under-
stood. Nevertheless, for the calculation of the
parameters, the data from the monovalent sol-
utes were further excluded. An overall average
value of 0.52 for ¢ is determined, with a standard
deviation o, of 0.04 and a 95% confidence
interval of 0.02. This value of c is close to that
corresponding to the square-root equation, men-
tioned in the literature [1,13]. Based on the
value for ¢, the model equation can be converted
into

In[~In(p/py)/ 1%} =1na + bin z 4)
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Fig. 3. Value of ¢ from all components (n=21) versus
charge number z. @ = Outliers.

A plot of In[—In(u/pe)/1°**] vs. In z is given

in Fig. 4. After removing only two obvious
outliers, the correlation coefficient is fair (0.78).
The slope of the plot in Fig. 4 is b =0.49 with a
standard deviation o, of 0.04. The intercept is
Ina, from which a=0.85 is obtained with a
standard deviation o, of 0.13. The overall equa-
tion, valid for ionic strengths between 0.001 and
0.1 mol/l and charge numbers from 2 to 6, thus
becomes

w/py = exp(—0.85z"*1°°%) (5)

Simplification of the fitting equation

As both parameters ¢ and b are relatively
close to 0.5, a further simplification of Eq. 5
seems reasonable:

plpy = exp(—dVazl) (6)

In order to evaluate the effect of this simplifica-
tion on the predictive value of the model, d was
determined from all experiments with multival-
ent ions. The average value of d was 0.77 and

2
S 0 g 8
= °
o o
=
B 5
v/
c
v
c e
-2 | U RV |

-0.50 0.00 0.50 1.00 1.50 2.00

In(z)

Fig. 4. Determination of b and a (from the slope and the
intercept, respectively, according to Eq. 5) for all ionic
strengths and all multivalent ions (O). Monovalent ions (<)
and some outliers (@) were omitted from the linear curve fit.

the standard deviation o, was 0.11. This is not
surprising because both ¢ and b in the model of
Eq. 2 do not deviate significantly from 0.5, as
seen from their respective standard deviations.
In addition, the relative standard deviation of d
in Eq. 6 is not larger than that of a in Eq. 5. In
view of its inherent simplicity, preference should
therefore be given to the model of Eq. 6, which
now becomes

wip, = exp(—0.77VzI) (7)

3.2. Evaluation of the model

Two different approaches were applied to
evaluate the model by calculating w values for
different ionic strengths and charge numbers
from Eq. 7 and to compare the results with the
measured data: (i) from the values of the abso-
lute mobilities, w, (Table 1) and (ii) from one
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actual mobility determined at a particular ionic
strength. Both approaches are of practical inter-
est, because in practice either the absolute
mobility can be found in the literature, or a
single experiment in a particular buffer gives a
certain mobility value.

The mobilities calculated in these ways were
compared with the data measured at the same
ionic strength.

Approximation of u from u,

For this approximation, u, values determined
with the five-point second-order polynomial fit of
all experiments were used (Table 1). From this
value, actual mobilities u were calculated for
each component at all ionic strengths. The agree-
ment between measured and calculated mobility
was excellent, as shown in Fig. 5. The linear
correlation coefficient of the line in Fig. 5 is high
(0.996). Differences are of the order of a few

Table 1
Model components investigated

Code — Name

1AN2 27.7 Anthraquinone-2-sulfonic acid
INA2 33.7 2-Naphthalenesulfonic acid

1TO4 34.6 4-Toluenesulfonic acid

2AN15 48.1 Anthraquinone-1,5-disulfonic acid
2AN26 49.5 Anthraquinone-2,6-disulfonic acid
2NA1S5 55.6 Naphthalene-1,5-disulfonic acid
2NA26 54.9 Naphthalene-2,6-disulfonic acid
2NA36 51.7 Naphthalene-3,6-disulfonic acid
2BE13 63.1 Benzene-1,3-disulfonic acid

3IN 61.3 Indigo-5,5’,7-trisulfonic acid
3NA136 67.5 Naphthalene-1,3,6-trisulfonic acid
3AZ05 54.6 AZ0O-4,3',6'-trisulfonic acid
3AZ06 55.2 AZO-3,6,6'-trisulfonic acid
3AZ07 56.3 AZ0-3,6,8-trisulfonic acid

3AZ08 54.8 AZO-3',6',8'-trisulfonic acid

4IN 74.7 Indigo-5,5’,7,7'-tetrasulfonic acid
4AZ09 67.1 AZ0-3,6,8,6"-tretrasulfonic acid
4AZ10 68.0 .AZ0-3,6,3',6'-tetrasulfonic acid
5AZ11 76.5 AZ0O-3,6,8,3',6'-pentasulfonic acid
SAZ12 77.3 AZ0-3,6,3',6",8'-pentasulfonic acid
6AZ13 78.9 AZ0-3,6,8,3',6',8-hexasulfonic acid

The first digit of the code is the charge number z. The
absolute mobility u, (in sodium acetate buffer) determined at
25°C by extrapolation to 7 =0 (see text for further details) is
given in 107° m’/V-s. AZO = (2-hydroxy-1-naph-
thylazo)naphthalene.

70

50 T y

u calculated from yo

J CC=0.996

20 : ) ) '
20 30 40 50 60 70

g measured

Fig. 5. Correlation between the measured actual mobility
and the actual mobility calculated from u,, using the model
described in the text. In this case u, was obtained with a
five-point second-order polynomal fitted to the square-root
model from all ions and all ionic strengths (n = 100). There is
one outlier (+). The mobilities are given in 10™° m?/V-s.

percent. With the purpose of quantifying the
predictability of the model, the results are pre-
sented in a different way.

In Fig. 6, the relative difference between
measured and calculated mobility is shown
plotted against the charge number. What we
observe is a random error of 5% or less for
charge numbers z =2-6. A systematic deviation
(the average of the values is about 5%) and a
slightly larger scatter is observed only for mono-
valent ions, which is not surprising for the
reasons mentioned above.

As mentioned in the Introduction, it is not
advisable to derive u from u, values obtained
from conductivity measurements and literature
transport numbers: the predictive value of mo-
bilities in buffers obtained in this way is inher-
ently doubtful. Although calculation of w, is not
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Fig. 6. Relative difference between measured and calculated
actual mobility (see caption of Fig. 5) as a function of charge
number z, using Eq. 5. The mean relative difference is 0.8%;
there is one outlier (+).

necessary in order to calculate the mobility at
one ionic strength from experiments at another
ionic strength in the same buffer system, w, may
be useful in comparing results in different lab-
oratories using the same buffer at different ionic
strengths. For each condition, only a single
experiment is needed. Further electrophoretic
behaviour in the chosen buffer can then be
predicted using the Henderson—Hasselbach
equation and Eq. 7 for the effects of pH and
ionic strength, respectively.

Approximation of w from a different ionic
strength

The model can also be used to calculate the
mobility at a certain ionic strength from that
obtained experimentally at another ionic
strength. Obviously, one has to be careful not to
go beyond the valid ionic strength range. The
form of Eq. 5 makes it possible to do so without

the need to know pu, because w/p, is written
explicitly. The mobility calculated from a tenfold
higher ionic strength is plotted against the mea-
sured mobility in Fig. 7. The correlation is fairly
satisfactory  (correlation  coefficient = 0.995).
Comparable or even better results are obtained
if u is calculated from a 2-5-fold lower ionic
strength. Here also the relative differences are of
the order of a few percent. The deviation is
random, not systematic, and the relationship
seems valid for charge numbers 2-6.

Comparison with a former approach

When comparing the model Eq. 7 with the
previously published model [13,14] (Eq. 1), the
following differences can be seen. The square
root of I was a good estimate, even at the ionic
strengths used in the present investigation. The
effect of the charge number was previously

70
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40

: CC=0.995

20 : ! : :
20 30 40 50 60 70

p calculated from 1 decade higher |

g measured

Fig. 7. Correlation between measured actual mobility and
actual mobility calculated from experimental data at a tenfold
higher ionic strength (n = 100), using the model of Eq. 7.
Mobilities are given in 107° m®/V-s units. There is one
outlier (+).
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overestimated, although for low charge numbers
it was compensated for by the lower value of a.
Previous experimental verification [14] of Eq. 1
was satisfactory, however, probably because
these experiments were limited to charge num-
bers 1-3 and an ionic strength of ca. 0.01 mol/l.

4. Conclusions

An empirical model was developed that makes
it possible to calculate mobilities of strong,
multivalent ions with charge numbers between 2
and 6 in the ionic strength range 0.001-0.1 mol/l
either from a single experiment or from the
absolute mobility. Calculation of mobilities with-
in one decade of ionic strength in the range
mentioned can be carried out with an error of
5% or less, for charge numbers 2-6. Extrapola-
tion from zero ionic strength is also possible,
leading to a comparable accuracy, at least for all
multivalent ions. Further experiments will have
to show if the present model is also valid for
other components and weak solutes.
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Abstract

An operational electrolyte system using EDTA as a chelating agent was developed for the bidirectional
isotachophoresis (ITP) of metal ions. The anolyte used was 20 mM HCl buffered by adding B-alanine at pH 3.6.
The catholyte was 20 mM ammonia solution buffered by acetic acid at pH 4.8 and containing EDTA in the range
0—1 mM. In relation to the concentration of EDTA, the isotachophoretic separation behaviour of eighteen metal
cations containing equimolar EDTA was studied by using with particle-induced X-ray emission (PIXE). They were
Na*, Li*, Ba**, Sr**, Mg®", Ca>*, Mn", La>*, Ce’", Co®", Zn*", Gd’’, Pb’*, Y?*, Ni**, Cu®", Lu’" and
Fe>* in increasing order of chelate stability constants. When a catholyte containing 0.1 mM EDTA was used, Na”,
Li*, Ba’*, Sr’*, Mg?*, Ca®" and Mn®>" were completely recovered as cations and La**, Ce**, Co**, Zn*", Gd’",
Pb>*, Y?>", Ni®*, Cu®* and Lu’" were completely recovered as chelate anions. The recovery was incomplete for a
test mixture without adding EDTA, even when the EDTA concentration in the catholyte was 1 mM. Absolute
mobilities of several chelates were obtained and the concentration and pH of isotachophoretic zones were

simulated to clarify the decomposition during migration.

isotachophoretically to form stacked zones. That
is, isotachophoresis can in principle be bidirec-
tional [3].

We have reported that an operational elec-

1. Introduction

When conventional operational systems for
isotachophoresis (ITP) [1,2] are used, anions or

cations migrate isotachophoretically to form
stacked zones. That is, isotachophoretic regula-
tion of separand concentration is restricted to
separands of the same charges as the leading ion.
However, when an appropriate electrolyte sys-
tem with dual leading ions and dual terminating
ions is used, both anions and cations migrate

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00110-7

trolyte system for bidirectional isotachophoresis
(BITP) could be constructed simply by combin-
ing a leading electrolyte for anions and that for
cations [4]. Considering the limitation of the pH
difference between the combined leading elec-
trolytes, we have described fifteen bidirectional
electrolyte systems covering the pH range 3-10
[5]-

BITP is an effective method for the analysis
and fractionation of both anions and cations in a
sample. When both components are to be ana-

© 1995 Elsevier Science B.V. All rights reserved
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lysed, the use of a bidirectional operational
electrolyte system may considerably shorten the
analysis time, although a dual detector system is
necessary. Even if such a system is not available,
it is very convenient that an electrolyte system
can be applied for the analysis of both anions
and cations. Moreover, a new separation system
may be developed by utilizing BITP.

We have been studying the isotachophoretic
separation behaviour of metal cations, including
rare earth ions. Recently we reported the selec-
tive analysis of alkali ions and alkaline earth
metal ions from a test mixture of twenty metal
cations using tartaric acid as the complexing
agent [6]. The strongly interacting ions contained
in the test mixture presumably formed complex-
es with low effective mobility or non-ionic ones,
as they could not be detected as isotachophoretic
zones. If mobile anions were formed using an
appropriate complex-forming agent, BITP could
be applied for the analysis of such a complex
mixture.

In this paper, we describe the selective sepa-
ration of metal ions by means of BITP utilizing
EDTA as a chelate-forming agent. The role of
EDTA is to reverse the ionic charges of strongly
interacting cations into anions. Taking into ac-
count previous studies {7,8] on the ITP analysis
of EDTA chelates by using unidirectional elec-
trolyte systems, the dependence of the recovery
of chelate anions on pH and EDTA concen-
tration was studied for eighteen metal cations by
means of ITP with particle-induced X-ray emis-
sion (PIXE) [6]. The cations are Na®, Li*,
Ba“, Sr2+, Mg2+, Caz+, Mn“, La3+, Ce3+,
C02+, Zn”, Gd3+, Pb2+,Y3+, Ni2+, Cu2+, Lu3+
and Fe’” in increasing order of stability con-
stants. The purpose was to clarify how the
stability constants should differ for BITP of the
metal cations.

The stability of the chelate zone is important
from the viewpoint of recovery. The concen-
trations of the chelate and the free metal ions in
the isotachophoretic zone are simulated to de-
scribe the stability of the chelate zone. As no
mobilities of chelate anions have previously been
reported, they were determined by ITP.

2. Theoretical

2.1. Operational electrolyte system for BITP
using EDTA

The operational electrolyte system in BITP
consists of a leading electrolyte for anions
(anolyte) and that for cations (catholyte). The
pH buffer in the anolyte plays the role of the
terminating cations, and that in the catholyte
plays the role of the terminating anions.

Fig. 1 illustrates the electrolyte  system for
BITP filled in a separation capillary. The anolyte
is 20 mM HCI buffered by adding B-alanine at
pH 3.6 and the catholyte is 20 mM ammonia
solution buffered by adding acetic acid at pH
4.8. The catholyte contains the complexing agent
EDTA in the range 0—-1 mM. In this system,
B-alanine and acetic acid are simultaneously
cationic and anionic terminators, respectively.

In previous studies on the ITP separation of
EDTA chelates, no EDTA was added to the
catholyte [7,8]. As shown later, the addition of
EDTA was necessary to obtain complete re-
covery at pH 3.6.

As in conventional unidirectional ITP, the
effective mobility of the terminators should not

a) Before migration y2~=gpTA?"
+
NH, a2+ B-ala®
© AcO” 2 - ®
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Fig. 1. Schematic diagrams of bidirectional isotachophoresis
utilizing EDTA as a chelating agent. The anolyte (anionic
leading electrolyte) is HCl buffered by B-alanine and the
catholyte (cationic leading electrolyte) is ammonia solution
buffered by acetic acid (electrolyte system No. 2 in Table 2).



T. Hirokawa et al. | J. Chromatogr. A 709 (1995) 171-180 173

be too small or too large. Otherwise, ITP is
impossible or the effective mobility range of
analysable samples become very narrow. There-
fore, the pH difference of the electrolyte is not
arbitrary [4] and preferably is in the range 0.5 <
pH. — pH, < 1.5, where pH_ is the pH of the
catholyte and pH, is that of the anolyte.

2.2. Stability of isotachophoretic zone of
EDTA chelates

Let us consider Ba>" and Mn’" as the sample,
as shown in Fig. 1a and b. The chelate stability
constants with EDTA*” at zero ionic strength
were 9.62 and 15.63, respectively. Under the pH
conditions used in this study, EDTA may exist as
divalent anions, EDTA’” (hereafter abbreviated
as H,Y?"). Then the chelate-forming reaction
with metal cations M"" that actually occurs in
the isotachophoretic zone can be written as

M™ +H,Y?" =MY® ™7 +2H"

As the conditional stability constants of EDTA
chelates are much smaller than the stability
constants, weakly interacting Ba®* will be de-
tected as cations forming a steady-state zone, as
shown in Fig. 1b. On the other hand, strongly
interacting Mn’" is detected as a chelate anion.
Accordingly, the recovery as the chelate anion is
closely related to the pH of the anolyte (pH,)
and the concentration of EDTA contained in the
catholyte.

The other important factor affecting the re-
covery is the migration order, as discussed in
detail by Gebauer et al. [8]. H,Y?>™ from the

catholyte overtakes the MnY?®™ zone, because
H,Y®™ has a larger effective mobility than that
of MnY?~. This migration order for H,Y*>~ and
the chelate of metal ions may be reversed,
depending on the central metal ion. For exam-
ple, the effective mobility of PbY’~ is slightly
larger than that of HZYZ' as shown in Fig. lc.
Obviously, from the concentration regulation in
isotachophoresis, the concentration of EDTA is
much higher in the EDTA zone than that in the
catholyte. In the case of PbY’", if the chelate
decomposes to release free metal ions, they will
return to its original zone forming the chelate
zone again reacting with HZYZ_. It should be
noted the effective mobility of a monovalent
chelate anion, e.g., LaY ", is always smaller than
that of H,Y?~ and therefore such an effect is not
expected.

Since H,Y’™ is fed continuousty from the
catholyte, the EDTA zone between the
boundaries b, and by (Fig. 1) cannot reach the
steady state, that is, the zone length increases
with time. Accordingly, the boundaries b; and b,
moves with a smaller velocity than the iso-
tachophoretic velocity. On the other hand, the
boundaries b,, b, and bs show purely iso-
tachophoretic behaviour.

3. Experimental

3.1. Samples

Table 1 lists the eighteen metal ions and the
values of the stability constants (ionic strength =

Table 1

Chelate stability constants of metal cations

MY - Log K MY® 9 Log K MY® - log K
NaY’~ 3.46 MnY?~ 15.63 PbY*” 19.70
LiY?*” 4.61 LaY~ 17.28 YY™ 19.90
BaY?~ 9.62 CeY~ 17.76 NiY*” 20.34
Sry?” 10.50 CoY?” 18.02 CuYy?” 20.52
MgY*” 10.65 ZnY*" 18.26 Luy~ 21.62
CaY?*” 12.43 Gdy~ 19.17 FeY~ 26.82
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0). The values were obtained by applying an
ionic strength correction to the reported values
at ionic strength=0.1 [9]. An equimolar test
mixture was prepared from 20 mM stock solu-
tions of the chlorides obtained from Tokyo Kasei
(Tokyo, Japan). The concentration of the com-
ponent was 1 mM. The pH of the sample
solution was adjusted to 4.8 by adding acetic
acid. The pH of the sample solution was kept
constant just before starting migration, because
the sample is injected into the catholyte and the
pH was adjusted to 4.8.

A test mixture of the eighteen metal cations
containing an equimolar amount of EDTA was
also prepared by mixing the above test mixture
and 20 mM EDTA solution. The pH of the
EDTA solution was adjusted to 4.8 by adding
ammonia solution. The component concentra-
tion was 0.5 mM.

Small amounts of cationic dyes (toluidine blue
and astrazon pink) and an anionic dye
[4,5-dihydroxy-3- (p-sulfophenylazo)-2,7-naph-
thalene-disulfonic acid (SPADNS)] were co-mi-
grated to monitor the migration process and
determine the timing of fractionation.

3.2. Operational electrolyte system

Table 2 summarizes the electrolyte systems
used. The anolyte was 20 mM HCI and chloride
was the leading ion for anions. The pH of the
anolyte (pH,) was adjusted to 3-6 by using
appropriate buffers as shown in Table 1. The
catholyte was 20 mM aqueous ammonia solution
containing EDTA as the complexing agent, and
ammonium was the leading ion for cations. The
concentration of EDTA was varied as 0.1, 0.25,
0.5 and 1.0 mM. The pH of the catholyte (pH.)
was adjusted to 4.8 by adding acetic acid. The
electrolytes used contained 0.1 mass-% of hy-
droxypropy! cellulose (HPC) (Tokyo Kasei) to
suppress electroosmotic flow. The viscosity of a 2
mass-% HPC solution was 1000-4000 cP at 20°C.

All reagents were purchased from Tokyo
Kasei. pH measurements were carried using a
Horiba (Tokyo, Japan) Model F-7 AD digital
pH meter.

Table 2
Operational electrolyte system used in isotachophoresis

Anolytes 20 mM HCI
pH buffers (1) Triglycine (pH 3.1)
(2) B-Alanine (pH 3.6)
(3) e-Aminocaproic acid (pH 4.4)
(4) Histidine (pH 6.0)
Catholytes 20 mM ammonia solution
pH buffers (1) Acetic acid (pH 4.8)

(2) Caproicacid (pH 4.8)
(3) MOPS (pH 6.0)
Chelating agent EDTA, 0.1-1.0 mM

Operational electrolyte system for BITP

System Anolyte Catholyte EDTA

No. concentration
(mM)

1 1 1

2 2 1

3 3 2

4 4 3

5 2 1 0.1

6 2 1 0.25

7 2 1 0.5

8 2 1 1.0

3.3. Isotachophoretic apparatus used for Ry
measurement

The detector used for Ry measurement was a
high-frequency contactless conductivity detector
(HFCCD) [10]. The separation unit of the ap-
paratus used was that of a Labeco (Spiska Nova
Ves, Slovakia) ZKI-001 instrument. The sepa-
ration column used consisted of a preseparation
capillary (10 em X 0.5 mm I.D.) and a main
capillary (20 cm X 0.25 mm I.D.). The migration
current when detecting zones was 50 wA, which
was supplied by a high-voltage power supply for
a Shimadzu (Kyoto, Japan) IP-2A instrument.
Measurements were carried out at 25°C in a
temperature-controlled room.

The qualitative index Ry, is defined as the ratio
of the potential gradient (E Vcm™') of a sample
zone (Eg) to that of a leading zone (E,) [11].
When a conductivity detector is used, it is equal
to the ratio of specific resistance (p) of each
zone. It is also equal to the ratio of the effective



T. Hirokawa et al. | J. Chromatogr. A 709 (1995) 171-180 175

mobility () of leading ion to that of sample ion
in its zone from the equality of the velocity of
migrating zones (v = mE):

R = E5/E| = pslp, = my/mg

As the output signal of the HFCCD shows a
non-linear response to the specific resistance
[10], the signal obtained was converted into
specific resistance using a fourth-order polyno-
mial expression of output voltage. Picric acid was
used as the internal standard to correct the slight
drift of HFCCD signals. The simulated R value
was 2.64 at pH, =3.6.

3.4. Micro-preparative isotachophoretic analyser

Fig. 2 shows a schematic diagram of the
capillary-type micro-preparative analyser modi-
fied for BITP. The design and the method of
fractionation have already been reported in
detail for the unidirectional version [12]. The
separated sample zones were fractionated from a
nozzle by applying a counter-flow of the anolyte
and the catholyte. Two syringe pumps were used
for the purpose.

Fig. 2b shows the injection compartment of
the analyser. The compartment was made of two
blocks of acrylic resin. A semipermeable mem-
brane was inserted between two blocks to pre-
vent hydrodynamic flow in the separation tube.

The separation column used consisted of a
PTFE precolumn (46 cm X 1 mm L.D. for anions,
63 cm X 1 mm 1.D. for cations) and a PTFE main
column (20 cm X 0.5 mm 1.D.). The total volume
of the column was 0.40 cm” for anions and 0.53
cm® for cations. The quantity of electric charge
integrated until the first sample zone was 1.1 C.

One drop (ca. 5 ul) comprised one fraction,
which contained ca. 5 nmol of component. The
amount depends on the velocity of the counter-
flow and migration current. In the present ex-
periments, the former was ca. 30 ul min ' and
the latter was 150 pA.

3.5. PIXE analysis

For PIXE spectral measurements, a Van de
Graaff accelerator was used (Model AN-2500;

a)

:[ﬂ: Sample ]:D]:
PGD ing P
— ac How e cc

GD

SP1 SP2

b) Injection block

[~

M

Fig. 2. (a) Schematic diagram of preparative ITP equipment.
PGD = potential gradient detector; INJ =sample injection
valve; AC = anolyte compartment; CC = catholyte compart-
ment; HV= high-voltage power supply; SP1 and SP2=
syringe pumps making counter flow of anolyte and catholyte;
AS = automated sampler. (b) Injection compartment. M =
semipermeable membrane.

Nisshin High Voltage, Tokyo, Japan). The
energy of the H® beam was 2 MeV, the beam
current was ca. 50 nA and the integrated charge
was 10 wC. The detector used was a high-purity
Ge detector (an Ortec Model GLP-10180) and
the multi-channel analyser was a Laboratory
Equipment, (Tokyo, Japan) Model AMS-1000.
Owing to the limitations of the X-ray detection
system used, light elements below atomic num-
ber 14 (Si) could not be detected.

A Nuclepore filter (thickness 5 um and pore
size 0.1 um) was used as the target backing
material, which was mounted on an aluminium
flame. The separated zones were fractionated
dropwise on the Nuclepore filter. After drying in



176 ' T. Hirokawa et al. | J. Chromatogr. A 709 (1995) 171-180

a desiccator, the fractions were used as PIXE
targets. A typical single run took ca. 200 s to
obtain a PIXE spectrum of a fraction. The
spectra obtained were analysed by using the
spectrum deconvolution software PIXS [13].

4. Results and discussion
4.1. Mobility of EDTA chelates

First, absolute mobilities of EDTA and several
EDTA chelates were determined by the best-
fitting procedure for the observed and simulated
Ry using the least-squares method [14].

Table 3 gives the evaluated absolute mobilities
of several chelate anions, R values obtained by
using electrolyte system No. 2 (pH, 3.6) and the

stability constants. The mobility of HZYZ_ was .

obtained using three Ry values (2.12, 1.96 and
1.86) obtained by using electrolyte systems Nos.
2, 3 and 4 in Table 2, respectively. It was
assumed that the mobility of the ionic com-
ponent of EDTA increased linearly with increas-
ing charge.

Obviously from Table 3, the mobilities of
divalent anions are twice those of the mono-
valent anions. However, the difference in the
mobilities among the monovalent or divalent
ions is very small. This is natural because the
mobility of these chelates is mostly determined
by the bulky ligand, suggesting that only a
limited number of chelate anions can be sepa-
rated at once.

Table 3

4.2. Migration behaviour of EDTA chelates

The isotachophoretic separation behaviour of
EDTA chelates was studied by Yoshida et al. [7]
for fourteen metal ions, Mg®>", Ca’*, Ba’",
Mn2+, C02+, Ni2+’ Cu2+, Zn2+, Cd2+, Hg2+,
Pb>*, Bi**, Fe’* and La’*. They concluded that
an anolyte (leading electrolyte for anions) of low
pH should be avoided in order to obtain good
recoveries and the use of specific buffering
counter ions was effective for obtaining better
separability.

First, the migration behaviour of EDTA che-
lates was observed using electrolyte systems
containing no EDTA. Fig. 3 shows a typical
isotachopherogram of LaY ™~ and PbY>~ obtained
by using electrolyte system No. 2 (pH, 3.6) and
calibration lines obtained by using various elec-
trolyte systems in the pH range 3.1-6. The
stability constants of LaY~ and PbY’~ were log
K =17.3 and 19.7, respectively. As shown in Fig.
3b, the calibration line at pH, = 3.6 did not pass
through the origin: 5 nmol of LaY ™ decomposed
during migration with integrated charge 0.33C.

Fig. 3c shows the calibration lines of LaY™
obtained at various pH,, confirming that the
LaY™ chelate decomposed at low pH, releasing
La*" and H,Y*", and the rate of decomposition
was large at low pH. On the other hand, the
decomposition of PbY>~ and LuY~ (log K=
21.6) could not be detected even at pH 3.6.

As discussed by Gebauer et al. [8] for NTA-
metal complexes, such decomposition was due to
the small conditional complex stability constants
at low pH, where the chelate was labile depend-

Absolute mobilities of EDTA chelates obtained by isotachophoretic method

MY - R. my MY® ™9 R: m,
CeY~ 4.20 20.5 AlY~ 3.62 235
LaY~ 4.19 20.6 CaY?” 2.28 42.3°
YY™ 4.04 21.3 NiY?” 2.31 41.5
LuY~ 4.02 21.4 PbY?” 2.18 43.6
FeY~ 3.70 23.1 H,Y*" 2.26 44.0

The pK, values of the EDTA used were 2.11, 3.01, 6.84 and 11.84 at zero ionic strength. These values were obtained by
applying an ionic strength correction to the reported values of 2.0, 2.67, 6.27 and 11.0 at ionic strength 0.1.

® Obtained at pH, =6.
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Fig. 3. (a) Isotachopherogram of LaY~ and PbY’™ (Y=
EDTA) obtained at pH, = 3.6; (b) calibration lines obtained
at pH, = 3.6; (c) calibration lines obtained by using various
electrolyte systems in the pH, range 3.1-6. The injected
sample amount was 1.2 ul (12 nmol of metal ions). Oper-
ational electrolyte systems as in Table 1. Migration current =
50 nA. Quantity of integrated charge = 0.28 C.

Table 4

ing on the stability constants. In this case, LaY
gradually decomposed to release La’® and
H,Y’>™ and the released H,Y’” formed the
isotachophoretic zone next to the chelate zone as
shown in Figs. 1 and 3a. On the other hand,
La’* migrates towards the cathode to form an
isotachophoretic zone when a bidirectional elec-
trolyte system is used.

The rate of chelate decomposition must be
closely related to the conditional stability con-
stants of the chelate and therefore free metal
ions in the zone. Using the absolute mobilities
evaluated for the chelate ions, the iso-
tachophoretic chelate zones were simulated.
Table 4 shows the total concentration of LaY ,
LuY~ and PbY’™ in the isotachophoretic zones
and the concentration of free metal ions at pH,
3.6. In the LaY~ zone, the free metal ion
concentration was only 0.6% of that of the
chelate. In spite of this low concentration of free
ions, the decomposition could not be neglected.
On the other hand, the free metal ion contents
of the LuY ™ and PbY’~ zones were 0.004% and
0.06%, respectively.

4.3. Difference of the stability constants
necessary for bidirectional isotachophoretic
separation

According to preliminary experiments, MnY?~
(log K=15.63) mostly decomposed to form
Mn°* zone when pH, was 3.1 and there was no

Simulated concentration of some chelates and free metal ions in the isotachophoretic zones

MY© 9 Log K* pH Log K'° Concentration (mM)
Chelate Free metal
LaY™ 17.28 3.91 -1.36 9.90 0.059
LuY~™ 21.62 3.89 2.99 10.4 0.00042
PbY*" 19.70 3.74 1.07 7.40 0.0046

*Log K =[MY" ™ ]/ (IM"][Y*]).
*Log K' =MY" ™ J[H /([M" " ][H, Y ]).
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EDTA in the catholyte. Therefore, MnY>~ was
selected as the standard chelate to investigate the
difference in the stability constants necessary for
bidirectional separation. Several two-component
mixtures of MnY>~ and (lanthanide)Y~ were
analysed and the recovery was investigated.
Fig. 4a shows migration scheme for MnY>~
and LaY~ releasing Mn>*, La>* and Y*~. Fig.
4b and c show calibration lines obtained for
anions and cations by using a bidirectional elec-
trolyte system. The difference in the stability
constants between LaY~ and MnY>~ was 4 log
K =1.65. Obviously from Fig. 4b and ¢, MnY*~
decomposed to migrate as cations and part of the
LaY™ and CeY~™ also did. When CeY (4 log
K =2.13) was co-migrated with MnY , the re-

a)
pHc =48 pHA =3.1
« NHE [elclcny elcle
4 imn2Yuadt La®* @
AcO™ AcO” Ly | v2 | >
.250 ~r T T — T
I b) Cation 3

200 |

150 Mn?*(logk=15.63)

-
[=]
o

4]
(=]

200 iy B e O LI I o
[ c) Anion
Pry” : A(loQK)=2.55\

GdY™: A(logK)=3.54

—
N
o

Zone passing time/sec.

-

[=]
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AY': AflogK=1.65) ]
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Fig. 4. (a) Migration scheme of MnY>~ and LaY ™ liberating
Mn** and La*", and calibration lines obtained for (b) anions
and (c) cations by using the bidirectional electrolyte system.

covery as CeY ™ was better than that of LaY .
The anionic increased with increase in the stabili-
ty constants, and finally complete recovery was
obtained for GdY™ (4 log K = 3.54).

It was revealed from this experiment that Na™,
Li*, Ba®*, Sr**, Mg?*, Ca®" and Mn®>* (log K
of MnY?™ =15.6) were recovered as cations at
pH 3.1 and the metal ions Gd’* (log K of
GdY™ =19.2), Pb>*, Y*", Ni**, Cu**, Lu** and
Fe®* were recovered as chelate anions, when the
sample contained an equimolar amount of
EDTA but no EDTA was present in the
catholyte. Among the other metal ions, La®*
and Ce’" were detected as both anions and
cations. For CoY?™, NiY’" and ZnY’", no
cationic zones were observed. The zone length of
these chelates could not be observed accurately,
as the step heights overlapped with that of the
H,Y>™ zonme.

4.4. Recovery of metal cations

Finally, the test mixture of the eighteen metal
cations without adding EDTA was analysed by
ITP-PIXE using electrolyte systems Nos. 6—8 in
Table 2. EDTA was present only in the
catholyte. A 10-u1 volume of the sample mixture
(amount of each component=10 nmol) was
separated and fractionated.

Fig. 5 shows the analytical results for ITP
fractions obtained by PIXE. The EDTA con-
centration was 0.25 mM (Fig. 5a) and 0.5 mM
(Fig. 5b). Obviously from Fig. 5, Ba®*, Sr** and
Ca’* were detected as cations and the others
were detected as anions. The recoveries of Ba*",
Sr’* and Ca?' were 100%. As Li*, Na® and
Mg®" could not be detected using the PIXE
detection system used, they are not shown in
Fig. 5. All of these cations can be assigned by
using a conventional isotachophoretic method
using standard samples. The separability of cat-
ions were affected by the EDTA concentration.

Concerning the chelate anions, it was found
that the recovery was not so good in general.
When the EDTA concentration was 0.25 mM,
La, Ce and Mn could not be detected either as
anions or as cations. When the EDTA concen-
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Fig. 5. Analytical results for the fractions of the eighteen
metal cations obtained by PIXE. The concentration of
EDTA in the catholyte was (a) 0.25 and (b) 0.5 mM. The
injected sample amount was 10 1 (10 nmol metal of ions).
Operational electrolyte systems Nos. 5 and 6 in Table 1.
Quantity of integrated charge = 1.1 C.

tration was increased to 0.5 mM, a 50% recovery
was obtained as MnY>~ and a small amount of
CeY ™ was detected. However, La still could not
be detected as the chelate.

In general, the recovery increased when the
EDTA concentration was high, as is obvious for,
e.g., MnY?" and GdY~ in Fig. 5. However,
complete recovery could not be obtained, even
when the EDTA concentration was increased to
1 mM. The addition of EDTA at ca. 1 mM was
not useful, because non- complexmg EDTA dxs—
turbed the migration of NiY*™, CoY?~ , MnY?~
and ZnY*>~ to form a mixed zone, and the zone
length of non-complexing EDTA increased with
increase in the EDTA concentration.

Complete recovery was obtained for the che-
late anions when the sample solution contained
an equimolar amount of EDTA and the
catholyte contained EDTA at a low concen-
tration. When a catholyte containing 0.1 mM
EDTA was used, Na* Ba2+ Sr**, Mg””,
Ca’" and Mn”" (log K of MnY?™ = 15. 63) were
completely recovered as cations, and La’" (log
K of Lay ™ =17.28), Ce’", CO“, n’", Gd’",
Pb>*,Y®*, Ni**, Cu®" and Lu’" were complete—
ly recovered as chelate anions.

1t should be noted that the addition of 0.1 mM
EDTA to the catholyte was sufficient for com-
plete recovery. This is reasonable from the result
of simulation that the concentration of free metal
jons in the isotachophoretic zone is very small, as
shown in Table 4.

Fig. 6 summarizes the recovery of the eighteen
metal ions. The sample components were ar-
ranged in order of increasing stablhty constants.
Weakly interacting ions of Na® to Ca’" were
always recovered as cations and the recovery was
100%. The others were detected as anions and
the recovery was closely dependent on the
EDTA concentration in the catholyte. A 100%
recovery was obtained for the eighteen metal
cations in the presence of an equimolar amount
of EDTA.

It is interesting that the recovery was closely

120
11of Cations Anions
100} w—E—A-m—m—u
90 +
80}
70}
60}
50+
40+
30}
20t

01mM |
chelate

Recovery | %

1mM

A 0.25mM

Na Ul Ba SrMg Ca Mn La C‘e C£o 2n Gd P Y NI Cu Lu Fe
Stability constant——
Fig. 6. Recovery of the eighteen metal cations. Operational

electrolyte systems Nos. 4, 5, 6 and 7 in Table 1. Quantity of
integrated charge = 1.1 C.
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dependent on the migration order, confirming
the previous study by Gebauer et al. [8]: when
the effective mobilities of the chelates were
greater than that of EDTA, such as PbY*™ in
Fig. 3, the observed recovery was much better
than the value estimated from the stability con-
stants. Even when the chelate divalent anions
have similar effective mobilities to the EDTA
anion, the EDTA concentration co-existing with
the chelate was high owing to mixed zone forma-
tion. Consequently, divalent chelates showed
better recoveries than monovalent chelates.

In conclusion, metal cations can be analysed
by bidirectional isotachophoresis using EDTA as
a complex-forming agent. At pH, 3.6, the weak-
ly interacting alkali and alkaline earth metal ions
were detected as cations and the other metal ions
were detected as anions forming chelates. This
separation system will be applied to trace ele-
ment analyses of, e.g., biochemical materials.
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Abstract

The approach of using antisense oligonucleotides as potential drugs is based on hybridization of a short
chemically-modified oligonucleotide with complementary cellular DNA or RNA sequences. A critical question is
the stability of chemically modified antisense oligonucleotides in cellular environments. In a model system,
resistance against various nucleases was evaluated by capillary gel electrophoresis (CGE). For some of the samples,
matrix assisted laser desorption and ionization mass spectrometry (MALDI-MS) was used as an additional
analytical tool to perform stability measurements.

Using CGE, the enzymatic degradation of single nucleotides from the oligomer can be followed after different
incubation times. 10% T polyacrylamide gels give baseline resolution for oligonucleotides ranging between 5 and 30
bases in length. The kinetic influence of a specific nuclease concentration and the antisense oligonucleotide
structure on the cleavage reaction are discussed. Also, a simple desalting method to improve the injection efficiency
and sensitivity of the method are described. Examples of measurements of chemically modified antisense 19-mers

are presented.

1. Introduction

Short segments of single-stranded oligonucleo-
tides, complementary to a specific gene, have
received attention as potential therapeutic agents
in recent years [1,2]. The idea behind these
antisense or anti-gene agents is that they inhibit
a specific gene expression, either in the nucleus
by binding to double-stranded DNA and pre-
mRNA or in the cytoplasm by binding to
mRNA. In this way the production of a specific,
harmful protein can be prevented. The main

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00231-6

problems associated with a therapeutic develop-
ment are the delivery of the antisense agents to
the cells, uptake across the membrane [3,4], and
the in vivo stability against nucleases [5-7]. In
order to overcome these stability and uptake
problems, several DNA analogues with back-
bone, desoxyribose, and base modifications have
been described. One of the earliest backbone
modifications is in the phosphorothioates with
the substitution of a sulfur atom for a non-
bridging oxygen atom in the phosphodiester [8].
Later, the replacement of the complete deoxy-
ribose-phosphate backbone by an amide func-
tional group [9], which renders so-called peptide
nucleic acids (PNA), and mixed phosphodiester—

© 1995 Elsevier Science B.V. All rights reserved
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amid bonds [10] are described. In addition to the
backbone modifications, several ribose modifica-
tions show improved stability under physiological
conditions compared with the phosphodiester
bond.

The intensive research in the field of antisense
oligonucleotides nowadays asks for a fast, reli-
able, highly-efficient analytical technique in
order to perform purity and stability checks of
these type of synthesized compounds.

Capillary gel electrophoresis (CGE) has
proven to be a suitable analytical method with
high resolution for the separation of modified
and unmodified oligonucleotides, as demonstra-
ted by several authors [11-14]. Cohen et al.
[11,12] indicated that HPLC separations were
inferior with respect to resolution compared
CGE separations for the analysis of phosphoro-
thioates and phosphodiesters.

Rose [13] studied the binding of peptide nu-
cleic acids to their complementary oligonucleo-
tide with CGE. He showed that CGE was useful
in resolving the free and bound species which in
turn also allowed the calculation of binding
kinetics and the stoichiometry of binding.

The influence of gel concentration, pH and
buffer additives, was proven to be critical in
obtaining high resolution and gel-to-gel repro-
ducibility for the analysis of phosphorothioates
as investigated by DeDeionisio [14].

This paper describes the use of CGE for the
stability measurements of antisense oligonucleo-
tides. The influence of various endo- and exonu-
cleases on the stability of unmodified and modi-
fied oligonucleotides will be discussed. In order
to get a better insight on the cleavage reactions,
some of the samples were also analyzed at
various incubation times with matrix assisted
laser desorption and ionization mass spec-
trometry (MALDI-MS). This technique allowed
identification by molecular mass of the degrad-
ants formed.

The ultimate goal of analysing cell extracts was
checked by injecting samples with high salt
concentrations. It is well known in CGE (and in
CE in general) that electrokinetic injection of
samples with high conductivity results in a de-
creased amount of sample. This problem can be

partly circumvented by a simple and rapid desalt-
ing procedure.

2. Experimental
2.1. Instrumentation

Capillary gel electrophoresis was carried out
on a Hewlett-Packard * Capillary Electropho-
resis system (Waldbronn, Germany) using poly-
acrylamide gel-filled capillaries (10% T, 0% C),
which were prepared in house according to a
previously published method [15]. Data accglisi-
tion and data analysis were done with HP *PCE
analysis software.

The separations were performed in 75 pum
I.D. capillaries with 32 cm total length (24 cm
effective length), using a separation voltage of
—-10 kV. The capillary was thermostated at
30.0°C and the sample tray at 24°C. The back-
ground electrolyte consisted of 100 mM Tris and
100 mM boric acid at pH 8.4. These conditions
resulted in currents between 3 and 4 uA. Injec-
tion was done electrokinetically at the cathodic
site at 5 kV for 5 s.

Micellar electrokinetic capillary chromatog-
raphy (MEKC) separations were carried out
using a Prince (Lauerlabs, Emmen, Netherlands)
capillary electrophoresis system.

MALDI-MS measurements were recorded on
a LDI-1700 instrument from Linear Scientific
(Reno, NV, USA). The linear time-of-flight mass
spectrometer was calibrated with a peptide stan-
dard mixture for conversion from flight times to
molecular masses. All measurements were car-
ried out in the negative ion mode, using
dihydroxyacetophenone — diammoniumhydrogen-
citrate as a matrix [16].

2.2. Chemicals

p(dT),, and Orange G, which was used as an
internal standard in some of the experiments,
were obtained from Sigma (St. Louis, MO,
USA). The other modified and unmodified oligo-
nucleotides were synthesized in the Central Re-
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search Laboratories of Ciba-Geigy or at ISIS
(Carlsbad, CA, USA). The phosphodiesterase
from Crotalus durissus (snake venom nuclease)
and the endo/exonuclease Nuclease S1 were
purchased from Boehringer (Mannheim, Ger-
many).

Tris(hydroxymethyl)aminomethane (Tris), bo-
ric acid, sodium dodecysulfate (SDS), sodium
dihydrogenphosphate, dihydroxyacetopheonone
and diammonium hydrogencitrate were of ana-
lytical grade and obtained from Fluka (Buchs,
Switzerland).

2.3. Methods

The general procedure for stability measure-
ments of oligonucleotides involved mixing a
small volume of an oligonucleotide solution
(dissolved either in water or in buffer), typically
between 10 and 20 wl, with 1 to 5 ul of a
nuclease solution. Injections into the gel-filled
capillary were performed directly from the incu-
bation vial at regular time intervals.

For the MALDI-MS measurements 1.4 ul
incubation solution (with the same composition
as for the CGE measurements) was mixed with
1.4 wl matrix solution (a mixture of 10 mM
2,6-dihydroxyacetophenone and diammonium
hydrogencitrate in acetonitrile). From this, 0.4
wl was placed onto the probe tip and rapidly
dried with vacuum to avoid separation during the
crystallization process. The complete sample
preparation was typical and is described else-
where [16].

The following procedure, called drop dialysis,
was used for desalting samples of interest. About
10 wl reaction mixture were pipetted on a small
Millipore filter with a pore size of 0.025 um,
which was placed on top of a water surface. The
sample was desalted after approximately 30 min.
The desalted aliquot was then put in a sample
vial and injection was performed in the usual
way.

3. Results and discussion

The mass-to-charge ratio of oligonucleotides
decreases rapidly from 2 to 5 nucleotides and

reaches a plateau above 10 nucleotides. It im-
plies that separations based on a difference in
charge can be carried out in free solution without
a problem in case of oligonucleotides smaller
than 10 bases in length. However, the clectro-
phoretic mobility in free solution is almost con-
stant for oligonucleotides with more than 10
bases. In the size range between ten and thirty
bases, the sieving effect of gels becomes manda-
tory. This can be seen in Fig. 1A and B. Whereas
in the electropherogram in Fig. 1A where the
p(dT),_,, mixture is baseline resolved, the res-
olution for the p(dA),, ,s mixture decreased
considerably. In both examples SDS was used in
order to improve resolution. The addition of
Mg(II) or Zn(II) in millimolar concentrations to
the background electrolyte, as suggested by
Cohen et al. [17], resulted only in small improve-
ments of the p(dA),,_,s separation.

These results clearly demonstrate that the use
of sieving gels (or suitable polymer solutions
[18]) is necessary in order to separate on the
basis of a difference in size, rather than on a
difference in charge.

3.1. Incubation of p(dT),, with snake venom
nuclease

A simple model system has been chosen to
develop and evaluate a CGE protocol to study
precise kinetics of the degradation of a specific
oligonucleotide in various media. It consisted of
phosphodiester p(dT),, as model compound
which reacts with snake venom nuclease. p(dT),,
was chosen for its commercial availability in a
pure form and its well-defined reaction products
[only p(dT)s, smaller than 20 bases in length],
which can be baseline resolved with CGE. The
exonuclease attacks exclusively at the 3'-end of
an oligonucleotide. Immediately after vortex
mixing the p(dT),, solution, dissolved in buffer
and the snake venom nuclease solution, the first
injection was performed. Consecutive injections
were done automatically at regular time inter-
vals. The p(dT),, concentration was 4 107° g/
wl in 40 mM Tris-HCI, 4 mM MgCl,, pH 9.0
buffer. A total reaction volume of about 20 wl
was used.
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Fig. 1. Electropherograms of small desoxynucleotides in the free solution mode. (A) Separation of oligothymidylic acids
p(dT),_,, Background electrolyte: 5 mM Tris, 5 mM NaH,PO,, 50 mM SDS, pH 7.0; Capillary, 55.7 cm x 50 wm L.D., effective
length 44.7 cm; V=20 kV, I =52 pA; detection wavelength 260 nm; T =22°C; injection, 15 mbar, 3 s. Numbers indicate the
number of bases. (B) Separation of polydeoxyadenylic acids p(dA),,_,,. Experimental conditions as in (A).

Fig. 2 shows typical electropherograms ob- decreases due to the lower exonuclease con-
tained during the degradation. It can be seen centration. In Fig. 2A, where the nuclease con-
that going from Fig. 2A to C the reaction rate centration is 4 ng/ul, the reaction was nearly
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completed after 25.8 min incubation. At a con-
centration of approximately four times less snake
venom nuclease, the reaction proceeds at a lower
rate, as shown in Fig. 2B. In this case the
reaction comes to completion after 71 min. In
electropherograms A and B resulting from 1.2
and 1.5 min incubation time in A and B, respec-
tively, baseline resolution between the p(dT),,
peak and its degradants p(dT),,, p(dT),s, etc.
can be observed. The increasing peak at 13.5
min is the single nucleotide p(dT). When p(dT)s
with 2 to 5 bases are also present (at very low
concentrations), these fragments coelute, as seen
by the somewhat broader peak around 13.7 min.

At a nuclease concentration of 0.22 ng/ul the
reaction rates are again slower. The reaction
even stops after approximately two hours and no
further change in the relative peak areas is
observed, as seen in Fig. 2C.

Table 1 summarizes the relative standard de-
viations of the migration times and relative
migration times, £, = ¢, o1y /tm pary, fOT P(AT)5
and some of its degradants. With RSD values
between 0.3 and 0.5% an excellent reproducibil-
ity is observed. This is further improved by
calculating relative migration times, using ¢, of
p(dT) as internal standard. However, it must be
noted that this can only be achieved when the
gel-filled capillary does not show bubble forma-
tion. In our experience, the gels could withstand
between 30 and 50 injections without deteriorat-
ing in performance and/or in reproducibility. In
our separation system, an indication for bubble
formation at the injection side was a current
below 3 pA, which could be confirmed under a
microscope with 80 X magnification. The de-

Table 1

Average migration times and relative standard deviations
(RSD), in migration times and relative migration times of
four degradation products of p(dT),,

t,(min) RSD,r, RSD,¢,
dT 12.80 0.4 -
p(dT),, 14.43 0.3 0.19
p(dT),, 15.95 0.4 0.15
pT) . 16.85 0.4 0.11
p(dT),, 17.44 0.5 0.17

creasing currents were accompanied by shifts in
migration times and a drop in theoretical plates
from ca. 200 000 to below 100 000. The possible
problem with regard to identification of the
oligonucleotide of interest and its degradants can
be easily circumvented by using relative migra-
tion times.

The extinction coefficient € of an oligonucleo-
tide increases strongly with its size. For example,
the e values for the monomer p(dT) and the
20-mer are 8.70-10° and 1.706-10° 1-mol '
cm ™', respectively. € values can be calculated
according to a method described by Puglisi and
Tinoco {19]. An Excel program was used for this
purpose in our lab [20]. The relative concen-
trations of p(dT),, and the degradants were
calculated using computed extinction coefficients
from the peak areas in the electropherograms as
shown in Fig. 2. In Fig. 3, the relative con-
centrations of p(dT) and p(dT),, are plotted
versus the incubation times at various nuclease
concentrations.

In the reaction described above, which can be
expressed as

ky k ky
P(dT)z = p(AT) ;5 = P(AT) 15 — ...~ dT
the exponential decay of p(dT),, is given by

[P(dT)z0] = [P(dT)20]o - e

where [p(dT),,], is the initial concentration and

relative concentration (%)

) T AL
[} 50 100 150 200
time (minutes)

Fig. 3. Kinetic curves on incubation at three different snake
venom nuclease concentrations. For incubation conditions,
see text. Relative concentrations of p(dT),, and dT vs. time
of incubation.
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k, is the reaction constant of the first step. The
subsequent increase and decrease in concentra-
tion of p(dT),, is given by

d 20 —kt -k t
[pdT) 5] = [Iz/(( —)k ) ( %)

For smaller degradants similar equations can
be derived.

The half-life time of each species ¢, ,, =In 2/k,
can be derived from the computed rate con-
stants.

Under these incubation conditions, T = 24°C,
40 mM Tris-HCl, pH 9.0, and the given con-
centrations of the reactants, the half-life times of
p(dT),, were 2.1, 3.3 and 9.3 min, going from
0.4, to 0.95, to 0.22 ng/ul, respectively. It must
be emphasized here that the half-life times have
a strong dependence on the incubation condi-
tions, such as the pH, type of media, the pres-
ence of Mg2+ ions, the temperature and the
concentration of the reactants. For instance,
addition of Mg”" ions at physiological levels
more than doubles the rate of degradation [20].
The degradation patterns found are fully in
accordance with a 3’-end exonuclease activity
and resemble results obtained from HPLC analy-
sis of heterogeneous oligonucleotides as mea-
sured by Bacon et al. [6] and Vichier-Geurre et
al. [21].

The high ionic strength of the sample solution
resulting from buffer ions in the incubation vial
largely reduces the amount of sample injected
onto the gel-filled capillary. This is a well known
phenomenon in CGE [22]. In Fig. 2, the drift
and noise in the baseline are much more pro-
nounced than in the case where an injection was
made from a salt-free incubation vial (results not
shown). In order to get rid of the buffer, and
eventually other salts, a desalting step has to be
used. This desalting step is strongly recom-
mended for measurements in cell extracts where
one has to deal with even higher salt concen-
trations, typically in the order of 100 mM. The
effectiveness of the simple desalting step (see
Experimental) is illustrated in Fig. 4A and B. In
Fig. 4A, the reaction product p(dT) (from Fig.
2B, last electropherogram) was treated after a

few hours according to the above described
procedure and the sample was reinjected. A
strong increase in peak area can be observed in
Fig. 4B. [Before and during the desalting pro-
cedure, the small peaks in the upper electro-
pherogram representing p(dT),_,,, reacted all to
p(dT).] The gain in peak area for the oligo-
nucleotides between 15 and 20 bases in length is
around a factor of 45 (see Fig. 5). Going to
smaller fragment sizes the gain decreases
because the smaller fragments are partly lost
through the pores of the filter. However, even
for the monomers a gain in peak area between 6
and 8 could be easily obtained.

Comparable information on degradation kinet-
ics can be obtained with MALDI-MS. It has
been shown to be a sensitive method with
extremely high resolution for the analysis of both
chemically modified and unmodified oligonucleo-
tides [16,23]. MALDI-MS has the advantage that
it also renders molecular masses of degradants.
However, it is more complicated to perform the
experiments with MALDI than in an automated
CE fashion as described above, since mixing of
the matrix and the sample (ca. 1.4 ul) from the
incubation vial is essential before the sample is
introduced into the vacuum system of the MAL-
DI-time-of-flight mass spectrometer.

Some mass spectra of p(dT),, at different
incubation times are depicted in Fig. 6. The
difference between the peaks equals m/z 304,
corresponding to the cleavage of p(dT) units
from the p(dT)s. Also, peaks for doubly charged
species, (M — H)*~, and dimers, (2M —H) ", are
visible in the mass spectra.

3.2. Incubation of heterogeneous
oligonucleotides with snake venom nuclease

With heterogeneous oligonucleotides the elec-
tropherograms show more irregular patterns,
because both the electrophoretic mobility and
thus the resolution and the peak height not only
depend on the size of the oligonucleotide, but
also on the base sequence {24,25]. This is illus-
trated in Fig. 7, where a 19-mer 5'-TTC TCG
CTG GTG AGT TTC A-3' was mixed with
snake venom nuclease in 40 mM Tris—HCI, 4
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Fig. 4. The influence of sample ionic strength on amount of oligonucleotides injected. (A) Reaction product p(dT), dissolved in
incubation buffer 40 mM Tris—-HCl, 4 mM MgCl,, pH 9.0, (B) Same sample after desalting.

mM MgCl,, pH 9. The results from this 19-mer,
a natural phosphodiester, are shown here and
represent a ‘reference’ oligonucleotide for fur-
ther experiments with chemically modified an-
tisense oligonucleotides (see below); it consists of
the same base sequence and length as the modi-
fied ones.

The small peak, migrating before the four

monomers, and marked with an asterisk, is the
internal standard Orange G. The concentrations
in the incubation vial were 0.005 pg/ul for the
19-mer and 4 ng/ul for the snake venom nu-
clease. In the fourth electropherogram (after 181
min incubation) one can observe the formation
of a more or less stable intermediate. This
intermediate is still present at much higher
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Fig. 6. MALDI-MS spectra of p(dT),, after incubation times
with snake venom nuclease, using 2,6-dihydroxy-
acetophenon—diammonium hydrogencitrate as the matrix.
For incubation conditions, see text.

concentrations than its parent compound and
other degradation products. Probably, the pres-
ence of a certain base composition at the 3'-
terminal residue shows a strong resistance to
3’-exonuclease attack resulting in slow degra-
dation behavior. In the last electropherogram,
resulting from 8.5 h incubation, the four remain-
ing reaction products, p(dC), p(dT), p(dG) and
p(dA) can be distinguished.

As already mentioned for the degradation of
p(dT),, these cleavage reactions can also be
followed in time with MALDI-MS. An example
of a mass spectrum of a 25-mer 5'-TCA CAG
CCT CCA CAC AGA GCC CAT C-3' after 80
min incubation with snake venom nuclease is
shown in Fig. 8A. An advantage of MALDI-MS
is that it also delivers molecular masses of the
reaction products and thus gives more detailed
information on reaction products than CE. The
differences in m/z values between the main
peaks correspond to the loss of one nucleotide
subunit structure every time. The masses of pdC,
pdT, pdA and pdG subunits are 289.2, 304.2,
313.2 and 329.2, respectively. The achieved mass
resolution and molecular mass determination
with MALDI-MS allow determination of the
sequence of an oligonucleotide as can be seen in
Fig. 8A. It must be noted here, that this mass
spectrum was recorded without any further sam-
ple pretreatment. By desalting and by using an
ammonium buffer, the quality and sensitivity can
be easily improved [16]. With MALDI-MS, it
should also be possible to clarify more compli-
cated reaction schemes, e.g., reactions with
nuclease S1 which acts both endo- and exonu-
clcatically.

The physical behavior of digested oligonucleo-
tides does not significantly differ in a time-of-
flight mass spectrometer. However, the resolu-
tion and detection sensitivity decrease with in-
creasing mass. Also, larger molecules need a
higher laser intensity than small molecules.
Therefore, quantitative information can be ob-
tained only in a small mass range. Over broader
mass ranges, peak intensities cannot be directly
compared.

To compare MALDI-MS and CGE, the elec-
tropherogram of this oligonucleotide after 77
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Fig. 7. Electropherograms of the degradation of a 19-mer 5'-TTC TCG CTG GTG AGT TTC A-3' with snake venom nuclease at
increasing incubation times. Experimental conditions as in Fig. 2. The Orange G peak is marked with an asterisk.
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Fig. 8. (A) MALDI-MS spectrum of a 25-mer 5-“-TCA CAG CCT CCA CAC AGA GCC CAT C-3' after 80 min incubation with
snake venom nuclease. The peaks marked with X are doubly charged fragments. (B) Electropherogram of the 25-mer after 77 min

incubation. Experimental conditions as in Fig. 2.

min incubation is depicted in Fig. 8B. Whereas
with MALDI-MS a better resolution between
the peaks can be obtained, the electrophero-
grams also deliver information about the relative

concentrations of the formed monomers. Also,
the quantitative interpretation of the data is
more straightforward and more reliable than for
MALDI-MS.
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3.3. Incubation of a heterogeneous 25-mer with
nuclease S1

The electropherograms look completely differ-
ent when nuclease S1 instead of snake venom
nuclease is used. Nuclease S1 hydrolyzes single-
stranded nucleic acids endo- and exonnucleati-

G.J.M. Bruin et al. | J. Chromatogr. A 709 (1995) 181-195

cally. In the electropherograms in Fig. 9, the
reaction mixture consisted of 5.107° pg/ul 25-
mer 5'-AGT GTC GGA GGT GTG TCT CGG
GTA G-3' (complementary to the string from
Fig. 8) and 3.6 U/ul Nuclease S1 dissolved in
water. The total reaction volume was not more
than 11 ul. Only in the first two electrophero-
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Fig. 9. Electropherograms of 0.005 pg/pl 25-mer 5'-AGT GTC GGA GGT GTG TCT CGG GTA G-3' after incubation with
Nuclease S1. Incubation in water, 3.63 pg/ul Nuclease S1, reaction volume 11 pul.
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grams larger fragments can be observed. Already
in an early stage of the degradation process the
appearance of small fragments, such as the
monomers and dimers, is visible. The last elec-
tropherogram shows a comparable peak distribu-
tion for the four monomers as in the case of
incubation with snake venom nuclease.

3.4. Analysis of modified antisense
oligonucleotides

As shown in the electropherograms above,
oligonucleotides possessing the natural structure
are hardly suitable for therapeutic development,
because of quick degradation by various nu-
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Fig. 10 (continued on p. 194).
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Fig. 10. (A,B) Electropherograms of two chemically modified antisense oligonucleotides after various incubation times.
Incubation with snake venom nuclease. Experimental conditions as in Fig. 2.

cleases present in cell extracts. Numeral structur-
al modifications have been proposed and syn-
thesized to improve the resistance to nuclease
degradation. Some examples of electrophero-
grams of modified oligonucleotides, resulting
from a comparative study, are given here in
order to show the difference in stability from the
natural phosphodiester. The sequence in these

examples is the same as in Fig. 7. The difference
consists of modifications in the base structures
and the substitution of non-bridging oxygen by
sulfur at various, defined positions in the back-
bone of the 19-mer. During the stability mea-
surements of a series of modified oligonucleo-
tides, which could be easily done in overnight
runs, the unmodified phosphodiester was mea-
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sured as well in order to verify reproducible
half-life times with different nuclease and buifer
solutions and capillaries, etc., and test the day-
to-day reproducibility. The electropherograms
are depicted in Fig. 10A and B. As shown, the
oligonucleotide in Fig. 10A was much more
stable than the natural phosphodiester. Whereas
the half-life time of the unmodified oligonucleo-
tide was only three minutes, the modified one
given in Fig. 10A does not show any sign of
degradation with snake venom nuclease after 67
h incubation. The antisense oligonucleotide in
Fig. 10B develops one clearly distinguishable
degradant. Also, the formation of one nucleotide
migrating after the Orange G peak can be
observed in time. The shift in migration time to
lower values in both examples (from the second
to the third electropherogram) is caused by the
somewhat shorter capillary, which was installed
in between those runs.

4. Conclusions

This study has shown that stability measure-
ments of antisense oligonucleotides can be per-
formed with CGE and MALDI-MS. Both meth-
ods have their own advantages and the type of
information is complementary. Excellent repro-
ducibility of migration times can be obtained
with CGE, when care has been taken for a
reproducible production of the gel-filled capil-
laries. In combination with the desalting method
as described above, it is expected that the
analysis of antisense oligonucleotides in cell
extracts will be possible. This is currently under
investigation in our laboratory.
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Abstract

The separation of seven closely related coumarins, i.e., herniarin, coumarin, umbelliferone, aesculetin,
dihydrocoumarin, coumarinic acid and 4-hydroxycoumarin, by capillary electrophoresis was studied using different
buffer systems. The best conditions chosen were applied for the determination of coumarins in extracts from roots

and aerial parts from the plant Chrysanthemum segetum.

1. Introduction

The chemical composition of Chrysanthemum
species is not yet fully elucidated. It was re-
ported that these species contain sesquiterpene
lactones [1], flavonoids [2] and coumarins [3].
Coumarins, which are derivatives of benzopyran,
are widely distributed in plants and essential oils.
They are used as fragrance components in per-
fumes, toothpastes and tobacco products [4].
Moreover, coumarins are pharmacologically ac-
tive and have been used in the treatment of a
diverse range of diseases, such as brucellosis,
burns, rheumatic disease and even cancer [5,6].

A number of techniques have been applied to
the determination of coumarins. Most of the
previous papers have described results of
semiquantitative TLC determinations [3,7-9],
but gas chromatography [10], high-performance
liquid chromatography [6,9,11] and centrifugal
partition chromatography [12] have also been
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applied for the separation and determination of
coumarins in various natural products.

The great diversity of coumarin structures and
their wide range of polarities present special
problems for their simultaneous determination.
This work represents an attempt to determine
coumarins using a modern and fully quantitative
capillary electrophoresis (CE) method. The
structural formulae of the coumarins under in-
vestigation are presented in Fig. 1.

2. Experimental
2.1. Chemicals

Herniarin (7-methoxycoumarin), coumarin, 4-
hydroxycoumarin and dihydrocoumarin were ob-
tained from Aldrich-Europe and umbelliferone
(7-hydroxycoumarin), aesculetin (6,7-dihydroxy-
coumarin) and coumarinic acid were purchased
from Merck (Darmstadt, Germany).

Methanol, chloroform, lead acetate, boric acid
and borax (POCh, Gliwice, Poland) were of
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Fig. 1. Structural formulae of investigated coumarins. 1=
Herniarin ~ (7-methoxycoumarin); 2= coumarin; 3=
umbelliferone (7-hydroxycoumarin); 4 = aesculetin (6,7-
dihydroxycoumarin); 5= dihydrocoumarin; 6 = coumarinic
acid; 7 = 4-hydroxycoumarin.

analytical-reagent grade. Water was purified by
double distillation.

2.2. Plant material

The plant material was collected from the
Gdansk district (Poland) and identified in the
Department of Botany. A voucher specimen is
deposited in the herbarium of the Faculty of
Pharmacy (Medical Academy, Gdainsk, Poland),
International Herbarium Index GDMA.

2.3. Sample preparation

Roots and aerial parts of the plants were
dried, powdered and then extracted with metha-
nol. The extract was concentrated in vacuo and
the concentrate was diluted with an equal vol-
ume of 4% lead acetate solution in water. After
standing overnight, the precipitate that formed
was removed by filtration. The filtrate was con-
centrated in vacuo and extracted with chloro-
form. The chloroform was removed from the
extracts and the residue was dissolved in buffer.

2.4. Capillary electrophoresis

Analyses were performed with a Beckman P/
ACE 2100 System Gold electrophoresis ap-
paratus with UV detection at 280 nm. The
column was a 58 cm X 50 um I.D. uncoated
silica capillary, with a length to the detector of
51 cm. The best overall separation was obtained
with 7-s pneumatic injection using a buffer
solution of 0.2 M boric acid-0.05 M of borax in
water (11:9, v/v) (pH 8.5). The voltage was
maintained at 25 kV, which gave a current of
32.6 mA, and the temperature was set at 25°C.
Under these conditions the analysis time was 10
min and a baseline separation of herniarin,
umbelliferone, esculetin, dihydrocoumarin,
coumarinic acid and 4-hydroxycoumarin was
achieved.

Stock solutions of standards were prepared in
methanol at concentrations of 1 mg/ml. From
these solutions, appropriate injection solutions
were prepared by mixing the required volume
with water.

3. Results and discussion
3.1. Separation of standard mixture

Fig. 2 shows electrophoretic separation of a
standard mixture under the conditions described
under Experimental. As can be seen, herniarin is
not separated from coumarin. Our aim was to
develop a method to separate as many com-
pounds as possible. Hence the final conditions
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Fig. 2. CE separation of standard coumarin mixture. Conditions as under Experimental. Peaks: 1+ 2 = herniarin and coumarin;
3 = umbelliferone; 4 = aesculetin; 5 = dihydrocoumarin; 6 = coumarinic acid; 7 = 4-hydroxycoumarin.

were not necessarily the best for every type of
coumarin mixture, but were selected to provide
the best overall separation of the extracts consid-
ered. For example, at pH 9.33 the migration
time of the last compound (4-hydroxycoumarin)
is shorter (6 min), but a separation between
umbelliferone and coumarinic acid is not
achieved. One of the major advantages of this
CE method is that the entire electrophoresis
process is relatively rapid, comprising a 7-min
analysis time followed by a 3-min wash. In
HPLC, for comparison, the retention time of
herniarin (7-methoxycoumarin) is 25.27 min [11].

3.2. Chemical composition of the extracts

Fig. 3A shows a typical electrophoretic sepa-
ration of an extract obtained from aerial parts of
Chrysanthemum segetum and Fig. 3B shows the
electropherogram of the same extract spiked
with standards. Fig. 4 illustrates a typical electro-
phoretic separation of coumarins from roots
extract. With our method, coumarin cannot be

separated from herniarin (peaks 1 and 2, Fig. 2);
however, most of the plants containing herniarin
do not contain coumarin. Using semi-preparative
CE and by comparison of UV spectra we found
that peak 2 from Chrysanthemum segetum €x-
tracts represents almost pure herniarin.

The mean concentrations (peak areas) of
coumarins found in the aerial part and root
samples together with standard deviations (S.D.)
and relative standard deviations (R.S.D.) are
given in Table 1. The mean concentration values
were obtained from six independent extraction
runs both for aerial parts and roots of the plant
material. The relative standard deviation in each
instance is <6%. Therefore, it can be concluded
that both the extraction procedure and CE
determination are highly reproducible.

As it can be seen in Table 1, 4-hydroxycou-
marin was not found in extracts from Chrysan-
themum segetum. Nevertheless, 4-hydroxycou-
marin is an important intermediate product in
the biochemical transformation of coumarins to
dicoumarol [13]. This transformation is typical of
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Fig. 3. (A) CE separation of an extract obtained from aerial parts of Chrysanthemum segetum L. Peaks: 1= herniarin;
3 = umbelliferone; 4 = aesculetin; 5 = dihydrocoumarin; 6 = coumarinic acid. (B) The same extract spiked with standards.

Conditions as under Experimental.

putrefactive processes. The absence of this com-
pound in the extracts investigated confirms the
freshness of the plant material.

It was found that coumarins are distributed
differently, both quantitatively and qualitatively,
in roots and aerial parts of the plants. The
extracts from roots showed abundant herniarin
(40%), dihydrocoumarin (30%) and umbel-

liferone (5%). Herniarin (26%) is also the major
component of extracts from aerial ‘parts of the
plant, but the second highest is umbelliferone
(18%) and then esculetin (12%), dihydro-
coumarin (11%) and coumarinic acid (4%).
Hence it can be concluded that Chrysanthermum
segetum L. is a herniarin-type species. In the
literature there, no quantitative data concerning
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Fig. 4. CE separation of an extract obtained from roots of Chrysanthemum segetum L. Conditions as under Experimental. Peaks:

1 = herniarin; 3 = umbelliferone; 5 = dihydrocoumarin.

coumarin contents in Chrysanthemum segetum
are available. In only one study [3] it was
mentioned that herniarin and umbelliferone are
the major components of extracts from whole
plant material. From this point of view, our

Table 1
Contents of coumarins in extracts obtained from aerial parts
and roots of Chrysanthemum segetum L (n = 6)

Compound Mean content R.S.D. (%)
+S.D. (%)

Aerial parts
Herniarin 26.5+0.42 1.6
Umbelliferone 19.0+0.36 1.9
Aesculetin 12.1+0.13 1.1
Dihydrocoumarin 11.3+0.08 0.7
Coumaric acid 4.1+ 0.0001 0.002

Roots
Herniarin 39.0+2.2 5.6
Umbelliferone 4.6 =0.02 0.4
Dihydrocoumarin 299+1.2 4.0

conclusions are similar to the results published
previously.

The main advantages in the application of CE
for the determination of coumarins were the
short time of analysis, baseline separation and
the low cost of the reagents used in the mobile
phase.
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Abstract

Two methods are described based on high-performance liquid chromatography and capillary electrophoresis that
provide the selective and sensitive determination of nicotinic acid in human plasma. Moreover, the capillary
electrophoresis system was used for the separation of nicotinic acid, nicotinamide, nicotinamide N-oxide, N’-
methylnicotinamide, 6-hydroxynicontinic acid, nicotinuric acid and barbital (internal standard). The extraction
procedure is simple; no gradient elution or derivatization is required. Both methods can be useful for clinical and

biomedical investigations.

1. Introduction

Nicotinic acid and its derivatives are widely
used in the treatment of hyperlipaemia. In order
to determine its concentration in human plasma,
spectrophotometric [1-3], paper chromatograph-
ic [4], thin-layer chromatographic [5], gas chro-
matographic [6,7] and high-performance liquid
chromatographic (HPLC) [8-13] methods have
been described, but some of these methods are
currently rarely used. The spectrophotometric
method is not specific enough. Generally, planar
chromatographic methods are time consuming
and are not precise enough. In gas chromato-
graphic methods, nicotinic acid must be derivat-

* Corresponding author.

ized to volatile compounds [6,7]. HPLC methods
require either a very long column (50 cm)
packed with an ion-exchange stationary phase [9]
or the use of an ion-pair chromatographic system
[12,13]. Recently, the separation of a standard
mixture of eight acids, including nicontinic acid,
using electroosmotic flow capillary electropho-
resis (CE) was described by Liu and Sheu [14].

The plasma concentration profiles of nicotinic
acid and nicotinuric acid after oral administra-
tion of 500-mg doses of nicotinic acid was re-
ported by Takikawa et al. [9]. The peak con-
centrations (C_, ) of nicotinic acid and
nicotinuric acid were ca. 9.2 and 3.0 pg/ml,
respectively.

The aim of this study was to evaluate two
methods, HPLC and CE, for the determination
of nicotinic acid in human plasma.

0021-9673/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved
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2. Experimental
2.1. Reagents

Nicotinic acid, nicotinamide N-oxide, N'-
methylnicotinamide, 6-hydroxynicotinic acid,
nicotinuric acid, n-dodecylamine and 3-(N-mor-
pholino)propanesulfonic acid (MOPS) were pur-
chased from Sigma (St. Louis, MO, USA).
Nicotinamide was obtained from Koch-Light
Laboratories (Colnbrook, Bucks., UK). Barbi-
tal, anthranilic acid, sodium tetraborate de-
cahydrate, potassium dihydrogenphosphate, so-
dium nitrate, phosphoric acid (85%) and hydro-
chloric acid were obtained from POCh (Gliwice,
Poland). Acetonitrile (Merck, Darmstadt, Ger-
many) was of HPLC grade. Methanol and ace-
tone were purchased from POCh; acetone was
purified by double distillation from above an-
hydrous CaCl,. Water was purified by double
distillation. Mobile phases and buffers were
filtered through a 1.5-um membrane prior to
use. The structures of nicotinic acid metabolites
and the internal standards are shown in Fig. 1.-
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Fig. 1. Structures of nicotinic acid (1), nicotinamide (3),
nicotinuric acid (4), 6-hydroxynicotinic acid (5), nicotin-
amide N-oxide (6), N'-methylnicotinamide (7) and the inter-
nal standards barbital (2) and anthranilic acid (8).

2.2. High-performance liquid chromatography

The method employed is based on two meth-
ods described by others [12,13]. The mobile
phase used was a mixture of acetonitrile and
MOPS buffer (10 mM MOPS, pH 5.4) (25:75,
v/v). n-Dodecylamine was added to the mobile
phase to give a final concentration of 1 mM.

Stock solutions of standards were prepared in
acetonitrile at a concentration of 1 mg/ml. From
these stock solutions, appropriate injection stan-
dard solutions were prepared by mixing the
required volume of the stock solution and the
chromatographic mobile phase. Typically, 20 ul
of these standard solutions were injected.

An ODS-2 column (250 X 4 mm 1.D., particle
size 5 um) was obtained from Knauer (Berlin,
Germany). The liquid chromatograph consisted
of an analytical solvent pump (Knauer A0307), a
UV-Vis spectrophotometer (A0293) and a linear
recorder (Knauer). A Rheodyne Model 7125
injection valve and a 20-ul loop were used for
sample introduction. The UV detector was oper-
ated at 262 nm. The flow-rate was 1 ml/min. The
column temperature (60 + 0.1°C) was controlled
by immersing the column in a stirred constant-
temperature bath containing water used as a
heat-exchange medium. The bath was connected
to a thermostat. Additionally, the bottle con-
taining the mobile phase was thermostated for 1
h before the experiment in order to obtain
proper temperature equilibrium.

2.3. Capillary electrophoresis

A P/ACE 2100 capillary electrophoresis sys-
tem, from Beckman, equipped with a UV detec-
tor operated at 254 nm, was used. The electro-
phoretic analyses were performed using an un-
modified fused-silica capillary (51 cm from injec-
tor to detector, 57 cm total length, 50 um 1.D.).
Samples were injected by a pneumatic system,;
the best overall separation was obtained with a
7-s injection. The voltage was maintained at 25
kV and the temperature was set at 25°C. Solu-
tions of 10 mM sodium tetraborate (pH 9.36) or
acetonitrile—buffer [10 mM potassium dihydro-
genphosphate (pH = 2.50), titrated with phos-
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phoric acid] (1:9, v/v) were used for electro-
phoretic experiments.

Stock solutions of standards were prepared in
acetonitrile at a concentration of 1 mg/ml. From
these solutions, appropriate injection solutions
were prepared by mixing the required volume of
the stock solution with water.

2.4. Sample preparation

The plasma samples (0.5 ml) were spiked with
required amounts of nicotinic acid and also, in
the case of CE, with nicotinamide. After that,
internal standards i.e., 50 ul of anthranilic acid
at a concentration of 100 wg/ml or 10 wul of
barbital at a concentration 1000 pg/ml for
HPLC and CE, respectively, were added. Sub-
sequently, the samples were deproteinized with a
3 ml of acetone—water (2:1, v/v), centrifuged
and evaporated to dryness. The residue was
dissolved in 0.5 ml of 0.1 M concentrated hydro-
chloric acid, mixed with 1 ml of methanol and
evaporated to dryness. Finally, the residue was
dissolved in 200 ul of water or 350 wl of the
HPLC mobile phase.

3. Results and discussion
3.1. Samples

Most of the experiments were performed on
spiked drug-free plasma samples, although lim-
ited numbers of analyses were made using plas-
ma samples from healthy volunteers, after inges-
tion of a 250-mg dose of nicotinic acid. From the
analytical point of view, the results were similar.
This can be easily explained, because the protein
binding of nicotinic acid is very weak [15].

It is well known that the liquid-liquid ex-
traction of nicotinic acid and some of its metabo-
lites from water or plasma is not effective,
because they are very hydrophilic and water
soluble at all pH values [9]. In the described
purification procedure, the plasma sample was
deproteinized with acetone—water and the sam-
ple evaporated without extraction by water-im-
miscible solvent.

3.2. HPLC method

The mechanism of the separation of the acids
on the HPLC column is based on the formation
of ion pairs between nicotinic acid or anthranilic

Table 1
Numerical data for detection linearity in the HPLC method

Concentration of nicotinic acid (x) Peak height (y)
(pg/ml) (mm)
0.2 3
2.0 21
5.0 70
10.0 145
20.0 276
40.0 548
60.0 768

Regression equation: y =7.0 (+8.0)+13.0 (£03)x, r=
0.9989.

Table 2
Numerical data for calibration graph for nicotinic acid in the
HPLC method with anthranilic acid as internal standard

Concentration of nicotinic acid (x) Peak-height ratio ( y)

(pg/ml)

0.5 0.1250
1.0 0.1558
2.0 0.3765
4.0 0.7917
8.0 1.5500
12.0 2.3320

Regression equation: y =0.04 (#+0.02) +0.195 (=0.003)x,
r=10.9997.

Table 3
Intra-assay precision for the HPLC method

Amount added Amount found =S.D* R.S.D.*(%)
(pg/ml) (pg/ml)

0.5 0.479 +0.07 15.2

1.0 1.068 = 0.1 12.1

2.0 2.032+0.1 6.3

4.0 391403 7.3

8.0 8.324+0.2 2.7

12.0 12.611+0.8 6.1
*n=35.



206 P.K. Zarzycki et al. / J. Chromatogr. A 709 (1995) 203-208

acid and n-dodecylamine [12,13]. The detection
limit of authentic samples for the HPLC method
was 0.1 ug/ml and the detection curve was linear
over a wide range of nicotinic acid concentra-
tion, from 0.2 to 60 ug/ml (Table 1). Numerical
data for the calibration graph and its statistics
are given in Table 2. The inter-assay variability
was determined by analysing five replicates at
each concentration in the range 0.5-12 wg/ml
(Table 3). The chromatograms of a drug-free
plasma sample and a plasma sample spiked with
nicotinic acid and internal standard are shown in
Fig. 2. The retention time of nicotinic acid,
under these conditions, is 7.49 min. The sepa-
ration between the nicotinic acid and internal

absorbance

absorbance

absorbance
-—

| I

O 02 0 1 2 0 1 20
time [min] time [min) time [mig]
A B C

Fig. 2. (A) HPLC of drug-free plasma sample. (B) Chro-
matogram of a plasma sample containing nicotinic acid at 4
pg/ml and internal standard at 10 pg/ml. (C) Chromato-
gram of a plasma sample containing nicotinic acid at 8 ug/ml
and internal standard at 10 pwg/ml. Mobile phase:
acetonitrile-10 mM MOPS buffer mM (pH=5.4) (25:75,
v/v), modified by the addition of 1 mM n-dodecylamine.
Column, Knauer ODS-2 (250 x4 mm I.D., particle size 5
pm) at 60°C, flow-rate, 1 ml/min; sample loop, 20 ul; UV
detection at 262 nm. Peaks: 1 = nicotinic acid; 8 = internal
standard (anthranilic acid).

standard peaks is excellent. As can be seen,
these peaks do not interfere with the background
peaks. However, it was not possible to obtain a
satisfactory result with respect to sensitivity and
separation for nicotinic acid metabolites from
plasma using the HPLC method.

3.3. CE method

The separation between nicotinamide, barbital
and nicotinic acid by CE with UV absorbance
detection at 254 nm is shown in Fig. 3A. The
standards were well separated and their migra-
tion times were 2.97, 4.61 and 5.45 min, respec-
tively. Fig. 3B and C show typical electrophero-
grams of a plasma blank and a plasma sample
spiked with nicotinomide, barbital (internal stan-
dard) and nicotinic acid at concentrations of 12,
20 and 12 pg/ml, respectively. Using 10 mM
borax solution as a background electrolyte, the
separation between nicotinic acid, barbital,
nicotinuric acid and 6-hydroxynicotinic acid is
satisfactory. Fig. 4 shows that the nicotinic acid
peak does not interfere with the investigated
metabolites and internal standard peaks. How-
ever, under these conditions no separation is
observed between nicotinamide, nicotinamide N-
oxide and N’-methylnicotinamide.

The detection curve was linear over a wide
range of nicotinic acid concentration, from 1 to
100 pmg/ml (Table 4). Table 5 gives numerical
data for the calibration together with the statisti-
cal evaluation. The inter-assay variability was
determined by analysing five replicates at each
concentration in the range 1-12 pg/ml (Table
6).

Fig. S5 shows an electropherogram of the
investigated compounds using acetonitrile—buffer
[10 mM potassium dihydrogenphosphate (pH
2.50), titrated with phosphoric acid] (1:9, v/v)
as background electrolyte. The separation be-
tween nicotinic acid and its metabolites was
greatly improved in comparison with the sepa-
ration obtained with a borax electrolyte (Fig. 4).
However, the migration order of the investigated
compounds is changed and the migration times
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Fig. 3. (A) Electropherogram of a standard solution containing: (1) nicotinic acid, (2) barbital and (3) nicotinamide. (B)
Electropherogram of drug-free plasma sample. (C) Electropherogram of a plasma containing (1) nicotinic acid at 12 pg/ml, (2)
barbital (internal standard) at 20 pg/ml and (3) nicotinamide at 12 ug/ml. Conditions: applied voltage, 25 kV; 7-s pneumatic
injection, unmodified fused-silica capillary (57 em X 50 pm 1.D.) at 25°C; buffer 10 mM, sodium tetraborate decahydrate (pH

9.36); UV detection at 254 nm.

36,7

absorbance
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Fig. 4. Electropherogram of a standard solution containing
(1) nicotinic acid, (2) barbital and (4) nicotinuric acid at
concentrations of 20 pg/ml and (3) nicotinamide, (5) 6-
hydroxynicotinic acid, (6) nicotinamide N-oxide and (7) N'-
methylnicotinamide at concentrations of 10 pg/ml. Con-
ditions as in Fig. 3.

time [min)

Table 4
Numerical data for detection linearity in the CE method

Concentration of nicotinic acid (x) Peak height (y)
(ng/ml) (mm)
1 8
2 10
5 19
10 32
20 67
40 136
60 206
100 316

Regression equation: y =4.0 (£3.0)+3.18 (x£0.06)x, r=
0.9989.

of nicotinamide N-oxide and 6-hydroxynicotinic
acid are longer (21.08 and 26.99 min, respective-
ly).

In conclusion, it can be stated that both
methods are sensitive, specific and reproducible
enough for therapeutic drug monitoring. The
main advantage in the application of CE for the
determination of nicotinic acid is the low cost of
the reagents used in the mobile phase. More-
over, CE gives the possibility of determining
nicotinic acid and its metabolites simultaneously.
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Table 5
Numerical data for calibration graph for nicotinic acid in the
CE method with barbital as internal standard

Concentration of nicotinic acid (x)
(pg/ml)

Peak-height ratio (y)

0.1110
0.1710
0.2637
0.4075
0.5144
0.6342
0.7270

NOoN AN

1
1

Regression equation: y = 0.053 (+0.009) + 0.057 (+0.001)x,
r=0.9982.

o
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Fig. 5. Electropherogram of a standard solution containing
(1) nicotinic acid, (3) nicotinamide, (4) nicotinuric acid (5)
6-hydroxynicotinic acid, (6) nicotinamide N-oxide and (7)
N'-methylnicotinamide at concentrations of 20 pg/ml. Elec-
trolyte, acetonitrile—buffer [10 mM potassium dihydrogen-
phosphate (pH 2.50), titrated with phosphoric acid]. Other
conditions as in Fig. 3.

Table 6
Intra-assay precision for the CE method.

Amount added Amount found =S.D? R.S.D (%)
(ng/ml) (pg/ml)
1 1.008 = 0.1 11.5
2 2.059+0.2 9.8
4 3.683+0.4 9.9
6 6.203+0.4 7.1
8 8.074 £ 0.7 9.0
10 10.174 0.7 6.8
12 11.799 £ 1.0 8.3
n=35
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Abstract

Phenolic acids such as syringic, p-coumaric, vanillic, caffeic, 3,4-dihydroxybenzoic and gallic acid, which are
present in wines and other alcoholic drinks, were determined by capillary electrophoresis using an uncoated
fused-silica capillary. The optimum conditions for their separation were investigated. Examples of electrophero-
grams of phenolic acids contained in some Italian wines are reported.

1. Introduction

Phenolic acids such as syringic, vanillic, caf-
feic, p-coumaric, gallic and 3,4-dihydroxyben-
zoic acid are present in wines and other alcoholic
drinks [1-3]. Considering the importance of their
determination, we studied the possibility of the
application of capillary electrophoresis. Many
papers have been published on the electropho-
retic determination of organic acids [4-8]. The
determination of organic aliphatic acids in wine
by HPLC and capillary electrophoresis has been
reported [9]. Oxalic, citric, tartaric, malic, suc-
cinic, formic, fumaric and acetic acid have been
determined by indirect detection. The HPLC
analysis of wine has been described [10-12]. This
paper describes the determination of phenolic
acids in wine by capillary electrophoresis using
an uncoated fused-silica capillary.

* Corresponding author.

SSD1I 0021-9673(95)00448-3

2. Experimental
2.1. Instrumentation

Electrophoresis was carried out using a Spec-
traphoresis 1000 instrument (Spectra Physics,
Palo Alto, CA, USA) with rapid scan spectro-
photometric detection. An uncoated fused-silica
capillary (SGE, Melbourne, Australia) of I.D. 50
pm and total length 43 cm was used. The
distance between the anode end of the capillary,
where the sample was injected, and the detector
was 36 cm. Sampling was carried out using the
hydrodynamic method with times ranging be-
tween 2 and 5 s. The volumes of sample solution
injected were about 4.5 and 10.0 nl, respectively.
The operating temperature was 25°C.

2.2. Reagents

All the reagents used were of high purity.
Monobasic phosphate, dibasic phosphate, phos-
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phoric acid and sodium carbonate and hydro-
gencarbonate were supplied by Carlo Erba
(Milan, Italy). Phenolic acid standards were
supplied by Fluka (Buchs, Switzerland). The
solvents used were methanol and diethyl ether,
supplied by Carlo Erba.

2.3. Solutions

Solutions of the acid standards studied were
prepared by dissolving the pure compounds in
water—methanol (1:1) at concentrations of 0.5
mg/ml each. The following buffers were used as
background electrolyte (BGE): phosphate (pH
7.2), hydrogencarbonate (pH 8.3) and carbon-
ate—hydrogencarbonate (pH 9.2 and 10.1). All
solutions were filtered before use. Benzyl alcohol
was used as a marker of electroosmotic flow.

2.4. Operating conditions

Before carrying out analysis, the capillary was
washed for 2 min with 0.1 M NaOH solution and
then for 2 min with distilled water, and finally
conditioned for 4 min with the buffer solution
which was to be used for the analysis. Electro-
osmotic flow was then checked by injecting
benzyl alcohol. The reproducibility in terms of
migration times of the neutral marker was 0.6%
(run-to-run) and 3.0% (day-to-day). After ca. 2
weeks the capillary became less active, as de-
tected by a lower electroosmotic flow. Washing
with NaOH solution was insufficient to restore
the initial activity. Washing with 1 M HCI re-
stored the initial conditions of the electroosmotic
flow and migration times. In order to optimize
the conditions for the separation of the phenolic
acids studied, several tests were carried out by
appropriately varying the pH, ionic strength
(concentration of BGE) and applied potential.
Table 1 summarizes the parameters concerning
the experimental conditions of the tests per-
formed.

For the analysis of real wine samples, it was
necessary to extract the phenolic acids from the
material, as follows. The wine was evaporated
under vacuum to eliminate the ethanol. After
addition of buffer of pH 8.2 to 2 ml of evapo-

Table 1
Experimental parameters

pH V (kV) C (mM)

7.2 10 50
100

15 50

100

8.3 10 20
50

80

15 20

50

80

20 20

50

80

9.1 10 50
80

100

15 50

80

100

20 50

80

10.1 15 50

rated wine, the sample was extracted with di-
ethyl ether (the ether extract was discarded).
After acidification with HCI to pH 1, the wine
was extracted three times with diethyl ether. The
ether extract was evaporated under nitrogen and
the residue was dissolved in 50 pl of water—
methanol (1:1). Electrophoretic analysis was
carried out on this sample. Extraction with
diethyl ether at pH 8 allowed the separation of
the neutral and basic substances present in the
undissociated form. The ionized phenolic sub-
stances remained in the acqueous phase. Later,
after acidification, the phenolic substances were
in undissociated form and were thus extractable
with diethyl ether.

3. Results and discussion

Phenolic acids are weak carboxylic acids. They
are partly dissociated and hence present in
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Fig. 1. Electropherogram of standard acid mixture obtained under optimum conditions: pH=8.3; V=15 kV; BGE
concentration = 50 mM hydrogencarbonate buffer; current =25 uA. Peaks: 1 = syringic acid; 2 = p-coumaric acid; 3 = vanillic
acid; 4 = caffeic acid; 5 = 3,4-dihydroxybenzoic acid; 6 = gallic acid.

anionic form. In an electric field they migrate these conditions the anions move towards the

towards the anode. By carrying out electropho- cathode and it is then possible to detect them.

retic analysis in an uncoated fused-silica capil- Other experimental parameters being equal, the

lary, there is an electroosmotic flow. Under higher the electroosmotic flow the higher is the
pH 8,3 10 kV

2 -1 -1
s

4
nx10 cm

1 +
20 50 80

BGE concentration mM

Fig. 2. Apparent mobility of phenolic acids. Conditions: pH = 8.3; V=10 kV.
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Fig. 3. Apparent mobility of phenolic acids. Conditions: pH = 8.3; V=15 kV.

anion migration velocity [13,14]. Separation tests
on phenolic acids carried out under different
conditions (see Table 1) demonstrated that the
optimum conditions were pH = 8.3 (hydrogen-
carbonate buffer), BGE concentration = 50 mM
and applied potential =15 kV. Only these con-
ditions allowed an electropherogram with six
distinct peaks (Fig. 1). The results obtained
using a longer capillary (76 cm total length) did
not significantly change the separation. Figs. 2—
4) show the variation of the apparent mobility of

the phenolic acids with BGE concentration. As
can be seen, the apparent w decreases as the
BGE concentration rises. This is probably due to
the greater screening of the capillary walls by the
BGE and, as a result, a decrease in electro-
osmotic flow. Fig. 5 shows the variation of the
apparent mobility with pH. The experimental
data show that the apparent mobility decreases
as the pH rises. Since the electroosmotic flow
was not significantly influenced by the hydrogen
ion concentration in the pH range explored (7-

pH 8,3 20kV
4+
:u
>
N
£ 3
Yo
M
1
; 2
3
: 4
56
1 T
20 50 %
BGE concentration mM

Fig. 4. Apparent mobility of phenolic acids. Conditions: pH = 8.3; V=20 kV.
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Fig. 5. Apparent mobility of phenolic acids. Conditions: BGE = 50 mM; V=15 kV.

10), the decrease in the apparent mobility of the
acids was probably due to the greater dissocia-
tion of the molecules studied (with the resulting
“braking” effect of anions with a greater nega-
tive charge).

In order to check the reproducibility of the
experimental data, the relative standard devia-

o .o0100 -

AU

0 .0077 ~

o.oc06a -

©o.0c031 ~

o .o0o008

e

tion (R.S.D.) was calculated for the migration
times of the acids in the mixture. This value
(run-to-run) was always less than 1%. Peak-area
integration was carried out on the electrophero-
grams relative to the phenolic acid standard
mixture. The peak-area reproducibility (run-to-
run) was R.S.D. 1.0-2.2%. Two electrophero-
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Fig. 6. Electropherogram of sample extracted from Corvo wine. Conditions as in Fig. 1.
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Fig. 7. Electropherogram of sample extracted from Chianti wine. Conditions as in Fig. 1.

grams of samples extracted from Italian red
wines are shown: Corvo (Fig. 6) and Chianti
(Fig. 7).
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Abstract

Capillary eclectrophoresis in its free solution mode (FSCE) has been used as a rapid analysis tool for the
quantification of hydroxytriazines during the photodegradation of atrazine under nitrogen and oxygen atmosphers
in the presence or absence of humic substances in aquatic media. Hydroxyatrazine was found to be the main
photodegradation product. The presence of dissolved humic substances influenced the photodegradation pathway
of atrazine by dealkylation reactions. FSCE has been found effective in the separation of the cationic
hydroxytriazines from the anionic humic polyelectrolytes during the analysis without cleanup procedures.

1. Introduction

Atrazine  [2-chloro-4-(ethylamino)-6-(isopro-
pylamino)-s-triazine] is widely used over the
world as a selective herbicide against broad weed
leaves and annual grass. Many studies of atrazine
and other s-triazine pesticides over the last two
decades have provided a good understanding of
their metabolic fate in different matrices under
variable conditions (abiotic and biological degra-
dation in soils or sediments and decay through
the effect of UV radiation in water). s-Triazines
have been found to degrade by dealkylation of
the side chains in surface position 4 and 6 and by
hydrolysis of the substituent in position 2.

One objective of photochemical studies is the
understanding of the environmental relevance of
this abiotic degradation pathway [1]. In more

* Corresponding author.
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SSDI 0021-9673(95)00327-4

recent studies, an additional objective is the
optimisation of UV degradation systems in
combination with reactive OXygen Pprecursors
(O,, H,0,) for decontamination/desinfection of
drinking waters [2]. In both cases humic sub-
stances can have a significant effect on pesticide
decay as a reaction sensitizer or inhibitor [3,4]
during photochemical reactions.

The hydroxy metabolites of s-triazines are
significant natural degradation products in soils
[5] and their occurrence in streams and water
reservoirs [6] may occur after slow release from
soils or after photolysis of s-triazines in surface
waters [7]. Their analysis in environmental ma-
trices is still a challenge; they have to be deriva-
tized for gas chromatography [8] and only a few
quantitative techniques based on LC [9,10],
HPLC [11-15] or enzyme-linked immunosorbent
assay [16,17] are found in the literature.

High-performance capillary electrophoresis
(HPCE) is a recent analytical technique that has
rapidly found application in biomedical sepa-

© 1995 Elsevier Science B.V. All rights reserved
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rations [18] as well as in environmental sciences
[19]. HPCE in its free solution mode (FSCE) has
proven useful in pesticide analysis [20,21] and in
the separation of s-triazine compounds [22,23].

The present paper has two objectives: first, to
examine the photochemical behavior of atrazine
in the presence and absence of humic substances,
under oxygen and nitrogen atmospheres in
aquatic media; second, to show for the first time
the application of FSCE as a rapid analysis tool
for hydroxy-s-triazines in environmental ma-
trices.

2. Materials and methods

Aqueous solutions of atrazine were prepared
at 5 ppm and placed in a cylindrical vessel into
which a Philips HPK 125 W high-pressure mer-
cury vapor lamp, with a cooled Pyrex housing to
block wavelengths shorter than 290 nm, was
inserted. Humic acids were added to some of the
aqueous solutions to a concentration of 5 ppm
just before they were transferred to the reactor.
The pH of the solution was controlled and
eventually adjusted to pH 7.0 to ensure solubility
of humic acids. Nitrogen or oxygen was bubbled
through a sintered glass joined to the bottom of
the vessel to keep the solutions saturated with
gas during photodegradation experiments. The
reaction temperature was kept under these con-
ditions at 20-25°C. The same pesticide solutions
were also irradiated under simulated sunlight
(xenon lamp) in a Heraeus Suntest apparatus at
30-35°C, with and without fulvic acids (5 ppm).
Aliquots of 1 ml were sampled during irradiation
and kept in the refrigerator for future analysis.
Blanks (pesticide solution with and without
humic substances) were analysed to ensure that
pesticide degradation was due to photochemical
processes only.

The disappearance of the pesticide from reac-
tion mixtures and the appearance of the
dealkylated chloro metabolites were monitored
by HPLC (Hewlett-Packard, Munich, Germany;
HPLC Series 1050). Detection was with an UV
filter at 220 nm. A reversed-phase column, 250

mm X 4.6 mm I.D., packed with Hypersil (RP
Cis, 5 pm) was used for analysis. The mobile
phase was acetonitrile—water (50:50) with a flow-
rate of 1.0 ml/min in the isocratic mode.

The qualitative and quantitative analyses of
the hydroxy metabolites employed a Beckman
P/ACE 2100 Series HPCE, assisted by Beckman
Gold Chromatography Software. The fused-silica
non-coated CE column, 57 cm (50 cm to
detector) X 375 um 0.0x75 pm I.D., was ob-
tained from Beckman Instruments (Munich,
Germany). The separation runs were done at
constant temperature (30°C) and voltage (20 kV)
with UV detection at 230 or 214 nm.

Direct sample injection by the hydrodynamic
(pressure) mode was used for all experiments;
injection times were typically 10 to 20 s. Samples
were systematically spiked with standards to
assure identification of the hydroxy metabolites.
A standard curve was prepared for each hydroxy
metabolite for quantitative analysis of their deg-
radation products.

An acetate buffer was used for qualitative and
quantitative measurements since such a buffer at
50 mM and pH 4.65 has been shown to give good
separation of different dealkylated hydroxy me-
tabolites of atrazine [23]. Buffers were made by
mixing one volume glacial acetic acid (0.1 M),
one volume sodium acetate (0.1 M), and two
volumes water.

Pesticide stock solutions were prepared by
dissolving 5.0 mg of pesticide/metabolite in 100
ml of pesticide-grade methanol. If necessary
dilutions were done in water (for standard
curves) and these solutions were immediately
used for CE. All buffers and stock solutions
were kept under refrigeration at 4°C.

For an additional confirmation of the identity
of atrazine and its metabolites thermospray liq-
uid chromatography—mass spectrometry (LC-
TSP-MS) analyses of the reaction solutions ob-
tained after photodegradation in the presence
and absence of humic and fulvic acids were
carried out.

LC-TSP-MS and LC-TSP-MS-MS have been
applied to the determination of polar pesticides
and different metabolites of polar nature formed
during photodegradation and microbial degra-
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dation processes [24-28]. The use of these meth-
ods offers the advantage of the direct analysis of
polar hydroxy metabolites and direct injection of
photodegraded solutions into the LC-MS sys-
tem.

All LC-TSP-MS experiments were performed
using a Finnigan-MAT TSQ 700 triple quad-
rupole MS-MS system (Bremen, Germany)
equipped with a Finnigan-MAT thermospray
interface. Conditions were as follows for all
analyses: vaporizer temperature was 100°C,
source block temperature was kept at 240°C.
Ionisation was done in the filament-on mode
with an electron current of 600 pA and an
electron energy of 600 eV. Multiplier voltage was
set at 1200 V. Spectra were acquired by scanning
from m/z 100 to 500 every 1 s. The instrument
was used in the positive ion mode.

The HPLC pump combined with the mass
spectrometer was a Waters gradient pump 600-
MS (Milford, USA). The eluent consisted of
methanol-water (50:50, v/v) at a flow-rate of 1
ml/min. Injection volume of the samples was 50
wl. Flow injection analysis without chromato-
graphic separation prior to MS analysis was
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performed. Because similar results were ob-
tained for all samples investigated only one mass
spectrum is shown representatively in Fig. 1.

It is well known that LC~TSP-MS spectra of
most pesticides are characterized by the presence
of [M + H]" base peaks. Fragmentation of the
molecules is hardly found. This observation was
also valid for our investigations. As expected the
most intense peak is observed at m/z 216 deriv-
ing from atrazine, corresponding to [M+H]".
Further compound-specific ions were found for
hydroxyatrazine at m/z 198 [M + H] and de-
sethylatrazine at m/z 188 [M+ H]". Ameline
[M = 127] could not be identified unequivocally
because [M+ H]" at m/z 128 was found only
with a very small intensity.

The fragments at m/z 174 and 146 are proba-
bly stemming from atrazine and desethylatrazine
due to a loss of their isopropyl group [M —iso-
C,H,]". In contrast to the ethyl group of these
compounds the elimination of the isopropyl
group is favored and can take place even under
soft ionization conditions [24,29]. The presence
or absence of chlorinated substances can be
verified looking at the typical isotopic ratios (m/z
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Fig. 1. TSP mass spectrum of atrazine treated with O, in the presence of humic acid. The spectrum was obtained after

background subtraction.
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Table 1 .
Elemental analysis and acidity data of HA and FA

C(%) H(%) N(%) O(%) Ash(%) C/N H/C,, 0/C.,
FA 44.71 3.44 2.59 43.26 6 17.26 0.92 0.72
HA 483 4.04 4.44 39.52 3.7 10.88 1.01 0.61

Total acidity FA: 4, 0 meq uiv. g; HA: 2.42 meq uiv. g.

216 and 218 for atrazine, m/z 188 and 190 for
desethylatrazine).

2.1. Chemical source and purity

Chloro- and hydroxy-s-triazines were pur-
chased in greater than 99% purity grade from
Dr. Ehrenstorfer GmbH, Augsburg, Germany
or from Riedel-de Haen (Pestanal grade),
Munich, Germany. All solvents, HCI, glacial
acetic acid and sodium acetate (all analytical-
reagent grade) were obtained from E. Merck,
Darmstadt, Germany.

Humic acids (HA) and fulvic acids (FA) were
extracted and isolated from the Ao horizon (0-
15 cm) of a cultivated brown soil (Scheyern,
Germany) - according to the methods of the
International Humic Substances Society (IHSS)
[30,31]. Elemental analysis and functional group
analysis is given in Table 1. Spectroscopic data
(NMR, Fourier transform IR, pyrolysis—field
tonization mass spectrometry) will be given else-
where.

3. Results and discussion

3.1. Quantitative measurement of
hydroxyatrazine

HPCE in its free zone mode has shown good
potential for the analysis of s-triazinic herbicides
[23]. This recent analytical technique allows
separation of substances as cations on the basis
of their relative electrophoretic mobility at a
chosen buffer pH. Hydroxy-s-triazines are weak-
ly basic compounds protonating at acidic pH
according to Fig. 2 with dissociation constants
between 4.5 and 5.2 [32].

The best buffer (signal-to-noise ratio) was
found to be acetate at pH 4.5. Under those
conditions, the hydroxytriazines were separated
in less than 6 min with good quantitative repro-
ducibility.

The relative standard deviations (R.S.D.s) of
quantitative measurement of hydroxyatrazine in
the current study were 3 and 5% at 230 nm
detection wavelength and 5 and 8% at 214 nm
detection wavelength for the areas and peak
heights, respectively. The R.S.D. of retention
times under these experimental conditions was
less than 0.2% for all hydroxy metabolites
studied.

Standard curves were measured for hydroxy-
atrazine in a range of 5 ppm to 50 ppb with UV
detection at 230 or 214 nm. Peak area was the
quantitative parameter chosen for this study with
detection at 230 nm, which gave the best repro-
ducibility and sensitivity (Fig. 3).

An example of separation with 50 mM acetate
buffer at pH 4.65 is given in Fig. 4a. The five
hydroxytriazines are separated in less than 5 min
and are detected as cations in this buffer. The
electroosmotic flow, corresponding to the speed
of the neutral compounds, is indicated in this
example by the negative peak at 5 min. Anions
migrate after the neutral peak. Humic substances
are known to be polyacids with an average pK,
around 3—-4. At a buffer pH of over 4, they are’
partially present as anions and can be fraction-

OH OH

H+ M
N*\ N — N)\N
! _ .
R1 R2
AL /I\N/ 2 SN A NS
b | I |
H H H H

Fig. 2. Protonation of hydroxy-s-triazines at acidic pH [11].
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Fig. 3. Standard curve found with hydroxyatrazine. y = 0.044021x + 0.005; r’=99.6

ated by FSCE on the basis of their electro-
phoretic mobility (relative charge-to-mass ratio).
Previous studies have shown that HPCE can be a
useful tool in humic substance characterizations
[33] and Fig. 4b shows an electropherogram of
the fulvic and the humic acids used in this study,
using a 50 mM acetate buffer at pH 5.3 (similar
experimental conditions as for the hydroxy-
triazines). In these conditions the electrophero-
grams of humic substances show an average
electrophoretic mobility (AEM) of negatively
charged molecules.

One can see by this example that HPCE in its
free zone mode is a good technique for the
quantitative analysis of hydroxy-s-triazines,
because potentially interferring humic substances
in the sample matrix are separated. Sample
clean-up before analysis to separate background
matrix material (as in HPLC), is minimized thus
avoiding loss of important information.

3.2. Photodegradation kinetics of atrazine

Under oxygen and nitrogen atmospheres, the
disappearance of atrazine follows first-order
kinetics with rate constants of 22.21-107" and
18.32:107° h™', respectively (Table 2). The
oxygen atmosphere does not significantly en-
hance the kinetic rate. When irradiated in the
Heraeus Suntest apparatus, the kinetic order is

also first order; but the calculated half-lives are
double those found with the high-pressure mer-
cury lamp because of lower light intensity.

The addition of humic material to the solu-
tions did not alter kinetic order but accelerated
degradation rates by a factor of 54% under
oxygen and 38% under nitrogen (Fig. Sa).
Humic substances play an important role in
photosensitizing processes via electronic energy
transfer [34] and are precursors for the pro-
duction of oxygen reactive species such as hy-
drated electrons [35], peroxide radicals, singlet
oxygen, hydrogen perodide and OH radicals
[36]. Oxygen is involved in sensitizing reactions
with dissolved humics and thus the degradation
rate is higher in oxygen compared to the experi-
ment with nitrogen. With the Heraeus Suntest
apparatus and dissolved fulvic acids, the atrazine
degradation rate was also increased by a factor
of 33% (Fig. 5b and Table 2).

3.3. Dealkylated and hydroxylated
photoproducts

The analysis of hydroxylated photoproducts
gave good, rapid results with HPCE without
sample pretreatment. Hydroxyatrazine produced
by photosubstitution of chlorinated atrazine is
the major photoproduct formed without humic
substance addition under simulated sunlight and
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Table 2

Kinetic data on photodegradation of atrazine

Lamp Atmosphere Atrazine (5 ppm) solution r, Kx107 (h™h) t,, (h)

Xenon Air Alone 99.2 10.49 66.08
Fulvic acid (5 ppm) 99.4 13.97 49.62

HPK Oxygen Alone 99.8 22.21 31.21
Humic acid (5 ppm) 98.4 34.35 20.18

Nitrogen Alone 99.7 18.32 37.84

Humic acid (5 ppm) 99.5 25.39 27.30

First-order kinetics in all cases. K = Rate constant.

with the high-pressure mercury lamp (up to 70%
of total photoproducts). The proportion of hy-
droxyatrazine compared to total photoproducts
(obtained by difference between atrazine con-
centration and initial concentration) reaches a

maximum value in time before decreasing, prob-
ably due to further photodecomposition
(dealkylation) (Fig. 6a and b).

Hydroxy metabolites have been found as
photosolvolysis products of s-triazinic pesticides

- ® - N2, HA

2+ e
- - ® - 02,HA

o 02

0
]lrradiatllosn timeggours % 30

~———¢—— OH-atrazine

- - @ - QOH-atrazine, FA

2 -~
1.5 + —&—— Atrazine alone
1T - 0 - Atrazine, FA
0.5 1 e o - ®
0 + } 1 + {
0 10 20 30 40 50

Irradiation time, hours

Fig. 5. (a) Atrazine photodecomposition under oxygen and nitrogen atmospheres with Philips HPK lamp; (b) atrazine
photodecomposition with Heraeus Suntest apparatus.
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Fig. 6. (a) Variation of hydroxyatrazine produced by photodecomposition of atrazine under oxygen and nitrogen atmospheres
with Philips HPK lamp; (b) variation of hydroxyatrazine produced by photodecomposition of atrazine in Heraeus Suntest

apparatus.

in many other photochemical studies in aqueous
media [37,38]. Low concentrations of desethylat-
razine were found in the absence of humic
substances. Deisopropylatrazine and ameline (2-
hydroxy-4,6-diamino-s-triazine) were minor deg-
radation products found in trace levels under
those conditions.

Table 3
Measured amount of products after irradiation (ppm)

The addition of dissolved humic material
changed the photochemical degradation pathway
of atrazine in aqueous solution. All quantitative
results are given in Table 3. With humic acids
and in the presence of oxygen, the absolute
amount of hydroxyatrazine produced decreased
43% as shown in Fig. 6a. Under nitrogen con-

o, 0,,HA N,,HA
Atrazine 2.8 21 2.8
Hydroxyatrazine 1.47 0.83 0.98
Desethylatrazine <0.08 0.37 <0.05 0.16
Ameline Traces 0.2 Traces 0.15
Irradiation time (h) 26 25 23
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ditions this decrease was only 20%. Rejto et al.
[39] showed in a dye-sensitized photodegradation
study, that riboflavine sensitizes s-triazine photo-
decomposition under sunlight and oxygen con-
ditions by dealkylation without production of
hydroxymetabolites. In this study desehylat-
razine is the only dealkylated metabolite; its
amount increases in the presence of humics and
may occur by a sensitizing effect. Ameline is
only quantified in the presence of humic sub-
stances; it is produced by the complete dealkyla-
tion of hydroxyatrazine. Khan and Schnitzer [4]
also showed that the presence of fulvic acids
enhances the dealkylation of photochemically
formed hydroxyatrazine to ameline. The hydroxy
intermediates (hydroxydesethylatrazine and hy-
droxydesisopropylatrazine) were not found in
our experiments. Similar results were found by
Khan and Gamble [40] with prometryn. Under
the Heraeus Suntest apparatus, with milder
simulated light conditions as shown by kinetics,
only hydroxyatrazine (80%) is detected by
HPCE. The amount of hydroxyatrazine is also
lower in the presence of fulvic acids (30%),
because as in previously described experiments,
fulvic acids change the photochemical pathway

of atrazine. Desethylatrazine was found under
traces in those photochemical conditions.

At the end of irradiation experiments all
humic solutions were decolorized because of
photooxidation affecting humic substances. The
structural changes of the same humic acids as
under these photochemical conditions have been
studied by means of modern spectroscopic in-
strumentation (NMR, Fourier transform IR, FI-
pyrolysis-MS) and will be reported elsewhere.

4. Conclusion: effect of humic substances on
photodegradation of atrazine

We have shown that the presence of dissolved
humic material alters the photochemical be-
havior of atrazine by accelerating its degroda-
tion. Changes in the degradation pathway of
atrazine by addition of humic material are shown
in Fig. 7. Dehalogenation was found to be the
main degradation process to yield hydroxy-
atrazine (up to 70% of total photoproducts).
Under oxygen-saturated conditions the relative
amount of hydroxyatrazine is lower in the pres-
ence of dissolved humic material because
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Fig. 7. Photochemical degradation pathways of atrazine with and without humic substances.
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dealkylation of the side chain to produce de-
sethylatrazine occurs (by sensitization). Under
nitrogen the same photochemical pathway is
observed. The production by the humics of
reactive oxygen species (H,O, OH, 'O,, hy-
drated electrons) not only accelerates degrada-
tion of atrazine, but also effects photostability of
the photoproducts.

HPCE in its free zone mode is a good tool for
analysis of hydroxy-s-triazines in the presence of
humic material. This analytical technique allows
separation of the pesticides from the matrix
without pretreatment of the samples.
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