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Foreword

The 6th International Symposium on High
Performance Capillary Electrophoresis,
HPCE’94, was held in San Diego, CA, January
31-February 3, 1994. The meeting was the
largest and most successful of the series in all
respects, with over 700 participants from all over
the world in spite of the serious economic
recession; 353 papers were presented and the
newest instruments and supplies were shown by
19 companies.

Although many new developments in CE
stimulated the participants, a clear trend seen in
the previous meetings was extended further in
this symposium: CE has become an indispens-
able tool for solving real analytical problems.
Great interest was shown in method validation in
CE, which is essential for CE to be used as a
routine analytical tool. The advantages of the
micro- and nanoscale analyses by CE will be
accelerated by miniaturization of the CE system
on a glass chip or by applying CE to single-cell
analysis.

SSDI 0021-9673(94)00530-M

The success of the meeting was mainly due to
the many individuals who contributed to the
symposium. I would like to express my sincere
thanks to Tom Gilbert and Shirley Schlessinger
for their expert work in organizing and running
the symposium. Takashi Manabe and Nobuo
Tanaka also were most helpful in running the
symposium. The scientific programme was care-
fully arranged with the advice and assistance of
the Science Advisory Committee: Heinz En-
gelhardt, Frans Everaerts, William Hancock,
Stellan Hjertén, James Jorgenson, Barry Karger
(also as a co-organizer) and Edward Yeung. I
would also like to thank Dr. Zdenek Deyl for his
fine editorial work on this symposium issue.

HPCE95 is to be held in Wiirzburg, Germany,
January 29-February 2, 1995, under the chair-
manship of Professor Heinz Engelhardt, Uni-
versitdt des Saarlandes. We look forward to
another exciting and successful meeting.

Kamigori, Hyogo, Japan Shigeru Terabe
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Terminology and nomenclature in capillary electroseparation
systems

John H. Knox
Department of Chemistry, University of Edinburgh, West Mains Road, Edinburgh EH9 3JJ, UK

Abstract

An outline of the basic theory of capillary electroseparations (CES) is given. This forms the basis for
recommended naming of the various techniques and recommended methods for reporting migration and elution
data. For those techniques where the separation process is primarily based upon electrophoresis [capillary
electrophoresis (CE) and capillary gel electrophoresis (CGE)], the electroosmotic mobility of the electrolyte (if not
zero) and the electrophoretic mobilities of the analytes should be reported. For those techniques where separation
is primarily based upon partitioning between phases that move at different rates [capillary electrochromatography
(CEC) and capillary micellar electrochromatography (CMEC)], the electroosmotic mobility of the electrolyte and
the electromigration mobility of any moving secondary phase should be reported, along with the capacity factors
(k') or effective capacity factors of the analytes. The band dispersion of CES systems should be measured in terms

of the HETP, as in chromatography.

1. Introduction

Capillary electroseparation (CES) methods
are characterized by the fact that they are all
carried out in essentially the same equipment
which consists of the following main compo-
nents:

(a) a fine capillary, usually of quartz, within
which separation occurs (bore 50-200 pm,
length 200-1000 mm);

(b) a high-voltage power supply capable of
delivering 50 kV at 100 pA;

(c) two electrolyte reservoirs into which the
ends of the capillary dip, one connected to the
high-voltage supply and the other earthed;

0021-9673/94/$07.00
SSDI 0021-9673(94)00483-P
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(c) an on-column injection system, usually at
the high-voltage end of the capillary;

(d) an on-column detector quantitating analyte
within a short segment of the capillary (<1 mm),
UV and fluorescence detectors being the com-
monest;

(e) optionally, a means of pressurizing either
or both of the inlet and outlet ends of the
capillary;

(f) suitable electronics for managing the
above, including means of measuring the current
flowing through the capillary;

(g) a suitable Faraday cage to ensure safe
operation of the high-voltage section of the
equipment;

© 1994 Elsevier Science B.V. All rights reserved
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(h) preferably, thermostating of the capillary
by either forced air or liquid.

2. Capillary electroseparation techniques —
names

Currently four distinct CES techniques have
been described, as shown in Table 1. They are
variously carried out in open or packed tubes,
and they can separate both charged and un-
charged species through differences in either
their electrophoretic mobilities or their partition
coefficients between phases that move at differ-
ent rates.

Capillary electrophoresis was originally called
capillary zone electrophoresis [1], which indi-
cated that separated analytes migrated as sepa-
rate independent non-contiguous zones, and
distinguished it from isotachophoresis, but the
word ‘““zone” has now fallen out of use and it is
recommended that the simpler term capillary
electrophoresis (CE) should be universally
adopted. The term capillary gel electrophoresis
concisely describes the process whereby ionic
analytes are separated in a capillary filled with
gel (often polyacrylamide). Although molecules
such as DNA fragments have very similar elec-
trophoretic mobilities in open solution, they
migrate at different rates when their electro-
phoresis is obstructed by the presence of a gel.
The larger species are more seriously obstructed
than the smaller species and so move more

Table 1
Electroseparation techniques

slowly. There seems every reason to retain the
-term capillary gel electrophoresis (CGE).

Capillary liquid chromatography in which the
liquid is driven along the tube by an electric field
‘rather than pressure [2,3] is basically similar to
ordinary liquid chromatography and uses a tube
packed with a conventional HPLC stationary
phase (although the particles may be much
smaller). Analytes are separated primarily
because of their different partition ratios be-
‘tween a mobile phase, the electrolyte, and a
stationary phase borne by the packing material.
As the flow of electrolyte is achieved by elec-
troosmosis (formerly called electroendosmosis),
rather than by application of pressure, the tech-
nique was originally termed capillary electroen-
dosmotic chromatography. However, this name
is unnecessarily complicated and it is recom-
mended that the technique now be called capil-
lary electrochromatography (CEC). The term
electrochromatography has also been used by
Tsuda [4] to describe an HPLC technique in
which pressure is the primary driving force but
an electric field is used to achieve additional
selectivity; it is proposed that this technique
should now be called pressurized electrochroma-
tography.

The elegant technique invented by Terabe and
co-workers [5,6], whereby analytes are par-
titioned between background electrolyte and
micelles in a micellar solution, was originally
called micellar electrokinetic chromatography.
Again, this is unnecessarily lengthy and the

Technique Open tube Packed tube
Electrophoresis CE CGE
Chromatography CMEC CEC

Electrophoresis methods
CE = capillary electrophoresis (ions only)
CGE = capillary gel electrophoresis (ions only)

Chromatographic methods

CMEC = capillary micellar electrochromatography (neutrals, ion pairs, ions)
CEC = capillary electrochromatography (neutrals, ion pairs, ions)
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method is now commonly known either as micel-
lar electrochromatography or micellar electro-
phoresis. As the separation is primarily based on
partitioning between two phases, the electrolyte
and the micelles, the process is strictly chromato-
graphic and not electrophoretic. Accordingly, it
is recommended that the name capillary micellar
electrochromatography (CMEC) should be
adopted.

In summary, the names of the techniques
should include the word “electrophoresis” when
the basis for separation is primarily differences in
electrophoretic mobility, and should include the
word ‘“‘chromatography” when the basis for
separation is primarily differences in the parti-
tion ratios of analytes between phases which
move at different rates (the rate of movement of
one of the phases can of course be zero, as in
simple packed column electrochromatography).

3. Basic electrochemical phenomena relevant to
CES

All CES methods by definition must involve
one or both of the primary electrochemical
phenomena, electroosmosis and electrophoresis.
Some of them also involve chromatographic
partitioning between phases.

3.1. The electrical double layer

Both of the primary electrochemical phenom-
ena result from the presence of the electrical
double layer which is present at virtually all
interfaces, and particularly at interfaces between
a solid and an electrolyte. Fig. 1 illustrates, in a
highly diagramatic way, the surface of silica in
contact with an electrolyte. The surface contains
chemically bound Si-O~ groups at its surface,
and is therefore permanently electrically
charged. When in contact with an electrolyte,
these surface ions are balanced by an excess of
positive ions within the electrolyte. Owing to the
strong electrostatic interactions between the
negative ions in the surface and the positive ions
in the solution, the layer of excess positive ions

i —

= + +

= +
Charge = + G =g, e
Density = + —>

E + & +

+
i A I
/ \ Distance, z

Stern Layer Gouy-Chapman Layer
(fixed) (diffuse)

Fig. 1. Diagramatic representation of the electrical double
layer showing the negatively charged surface, fixed excess
positive ions in the Stern layer and mobile excess positive
ions in the diffuse Gouy—Chapman layer. The so-called
“thickness of the double layer” is shown as 8.

in the solution is very thin. It is generally agreed
(see, for example, Bockris and Reddy [7]) that
this layer of excess positive ions can be separated
into two parts. Close to the surface is a layer of
ions which are adsorbed on the surface and are
essentially fixed. They do not enter into the
electrokinetic phenomena. This is called the
Stern or Helmholz layer. The remaining ions
form a diffuse layer called the Gouy—Chapman
layer. The ions in this diffuse layer exchange
continuously with those in the rest of the solu-
tion, and are indeed indistinguishable from
them. The charge density of the excess ions, o,
falls exponentially with distance, z, from the
surface according to Eq. 1, as shown in Fig. 1.

o =g, exp(—z/8) )]
where 6 is the so-called “thickness” of the
double layer (often denoted by 1/«), and is given
by

8 = [(eoe,RT)/(2cFH)]'" (2)
Typical values of 6 are given in Table 2. The

electrical potential at the boundary between the
Helmholtz layer and the diffuse part of the
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Table 2

Thickness of the electrical double layer, 8
c(moll™) 8 (nm)

0.1 1.0

0.01 3.1

0.001 10.0

double layer is called the “zeta potential”, {, and
is of the order of 10-100 mV.

3.2. Electroosmosis

When a potential difference is applied to a
surface, as is the case when a field is applied
along the length of a quartz capillary, the ions in
the diffuse layer experience a force parallel to
the surface. Because there is a slight excess of
positive ions in this layer, the solvent immedi-
ately in contact with the surface experiences a
net force towards the negative electrode; this is
resisted by the viscosity of the liquid, resulting in
shear developing within the double layer which is
proportional to the excess charge density at any
point in the layer. The result, as shown in Fig. 2,
is that the liquid at the solution-side boundary of
the double layer moves at a constant velocity,
u.,, given by Eq. 3. The process is called
electroosmosis, with electroosmotic velocity,

ueo = (EOErg/n)E (3)

As the field E is an experimental variable, it is
generally more convenient to characterize elec-

P R e s e e

@ —

R L AR LS S S e oo
_____________________________ T
Flow Profile

Voltage
Fig. 2. The phenomenon of electroosmosis in a narrow tube,

showing the plug-like flow profile with the very thin shear
layer close to the wall of the tube.

troosmotic movement by the electroosmotic
mobility, u,(m*s™' V71):

Beo = (£0€:£/M) 4)

In the case of a narrow open tube, the liquid
within the tube moves as a plug, so that the
velocity of the liquid is constant over more or
less the entire tube section except for a very thin
layer at the wall which is a few 8’s thick. A very
important feature of the electroosmotic flow is
that its velocity is independent of the bore of the
tube in which it occurs, provided that the bore is
significantly greater than the thickness of the
double layer. In previous papers [2,3] we have
shown, using the results of Rice and Whitehead
[8], how the mean flow velocity depends on the
ratio of the tube diameter, d, to the double layer
thickness, 8. Table 3 gives some typical values.
With typical values of 8, and an electrolyte
concentration of 0.01 M, the minimum bore
required to maintain good electroosmotic flow
will be around 100 nm. Typical bores used in
CES are 500-1000 times larger.

3.3. Electrophoresis

A spherical particles of radius, a, will move in
its surrounding electrolyte according to Egs. 5
and 6. This process is called electrophoresis, and
is illustrated in Fig. 3.

electrophoretic velocity , u,, = (&¢,{/m)f(a/8)E
(5)

electrophoretic mobility , ., = (£0¢,¢/m)f(a/d)
(6)

Table 3
Dependence of mean flow velocity on ratio of tube diameter,

d, to double layer thickness, &

d/é u,,luy
2 0.10
5 0.39
10 0.64
20 0.81
50 0.92
100 0.98
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Charged Particle,
Radius, a

Voltage

Fig. 3. The phenomenon of electrophoresis showing a posi-
tively charged particle of radius a surrounded by its nega-
tively charged ionic atmosphere.

fla/d)=1 for a/d > 1 and 2/3 for a/8 <1. Thus,
when the radius of the particle is large compared
with 8, the particle moves at the same velocity as
if it were subject to electroosmosis, but when the
radius is small compared with 8, as for an ion,
the velocity is 2/3 that for electroosmosis with
the same zeta potential.

3.4. Flow in packed beds

In a bed packed with particles, e.g., dense
silica monospheres, the electrolyte will try to
flow over these particles at the rate given by Eq.
3 or 5 provided that the particles are large
enough. This is shown diagramatically in Fig. 4,
where the surfaces of the particles are shown
bearing negative charge and the liquid in contact
with them bearing excess positive charge. As the
particles are fixed in the bed the liquid moves
through the bed much in the same way as it
moves along a narrow open capillary. Generally,
the channels between particles of a packed bed
have a mean diameter of about one third that of

“. > Ugg
+

+ +

'(‘ /

Fixed Partlcles Flowing Liquid

Voitage

Fig. 4. The phenomenon of electroosmosis in a packed bed
showing particles with a negatively charged surface and
surrounding liquid containing excess positive charge.

the particles. Hence, on the basis of Table 3, the
flow rate through a packed bed will begin to
decrease noticeably only when the particle diam-
eter is less than about 1008. Reference to Table 2
indicates that with a 0.01 M electrolyte this will
occur when the particle diameter is about
0.3 pm.

However, when the diameter of the channels
in a packed bed is reduced to 28, corresponding
to spherical particles 66 in diameter, or 20 nm
for a 0.01 M electrolyte, there will be virtually no
electroosmotic flow. This would be the case for a
column packed, for example, with a gelled silica
sol (typical particle diameter 13nm), and of
course for a column packed with a polymer gel
as in GCE. In such cases migration can occur
only by electrophoresis.

When the particles of a packed bed are po-
rous, the extra-particle flow-rate will be the same
as in a bed of impermeable particles but, unless
the pore diameter within the particles is very
large, there will be virtually no flow within the
particles. Accordingly, the mean flow-rate aver-
aged over the entire cross-section of the bed will
be reduced below the interparticle flow-rate in
the same way as when the flow is pressure
driven.

3.5. Molar conductivity, ionic mobility,
diffusion coefficient

The molar conductivity, A, of a dissolved salt
A, B, is the conductivity measured between two
plates unit distance apart which have between
them a perpendicular cylinder containing 1 mol
of A B, . This definition is illustrated in Fig. 5.

The individual ionic molar conductivities, A, of
the separate ions of an electrolyte are the contri-
butions to the total molar conductivity from
1mol of ion (A or B). The molar conductivities
are related to the ionic mobilities by the equa-
tions

ionic molar conductivity, A = zFpu (7)
ZoF (s + 1) ©)

where z is the charge on an individual ion and

molar conductivity, A =
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Area between plates adjusted
to contain between them one
mole of electrolyte

Fig. 5. Illustration of definition of molar conductivity.

Z,,, is the total charge on the anions (or cations)
of the salt A, B,,.

The molar conductivity of the background
electrolyte in a CE system is readily obtained
from the resistance per unit length of the capil-
lary, R(=E/i), the molar concentration of the
electrolyte, ¢ (mol m ), and the cross-sectional
area of the capillary, A (m?):

A=1/(RcA) = i/(EcA) (9)

The mobility of an ion is also related to its
diffusion coefficient. According to Einstein, the
diffusion coefficient of a species can be related to
its drift velocity in a field (see [7]). For an ion in
an electric field the appropriate relation is given
by

D, = uRT/(zF) (10)

If typical values are inserted, e.g., u=1.0X
107"m? s V7!, z=1, T=300K, we obtain

D_=1.0x10"" x 8.3 x 300/96 500

=25x10°m?s!

4. Partitioning in CES systems

Whereas ionized species can be separated
purely on the basis of their different electro-
phoretic mobilities, uncharged species can be
separated only by differential partitioning be-

tween two phases which moves at different
velocities. With a background electrolyte neces-
sarily being one of the phases, there are two
second phases which have been used: (a) par-
ticles fixed in a packed bed as in HPLC and (b)
charged micelles which move by electrophoresis
within the background electrolyte. Micro-emul-
sion particles have also been used in place of
micelles, and most of the discussion given below
also applies equally to CES with microemulsions.

In each instance the extent of partitioning is
best represented by the chromatographic capaci-
ty factor k', which is defined as

___amount of analyte in disperse phase
amount of analyte in dispersion medium

(1)

The use of the term ‘““disperse phase’ in place
of ‘“‘stationary phase” may not be familiar to
chromatographers. However, the former term is
more in keeping with the theory of micelles and
emulsions. The difference between CEC on the
one hand and CMEC on the other is chiefly that
in CEC the disperse phase is truly stationary,
being in the form of particles packed into a bed,
whereas in the CMEC the disperse phase moves
with the background electrolyte but at a different
speed. The concept of k' nevertheless applies
equally to both systems; k' is related to the
concentration distribution coefficient, D, through
the phase ratio, ¢:

’

concentration in disperse phase
" concentration in dispersion medium

kl

volume of disperse phase
volume of dispersion medium

=D¢ (12)

It is reasonable to assume that the phase ratio,
¢, is very nearly independent of temperature and
therefore that the temperature dependence of &’
is essentially the same as that of D. Accordingly,
it provides the enthalpy of exchange between the
two phases, AH, via the Van’t Hoff relationship:

dInk'/dT =dIn D/dT = AH/RT" (13)
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5. Plate efficiency in CES systems

Band dispersion is characterized in CES sys-
tems in the same way as in chromatography, and
the dispersive processes which can in principle
occur are exactly the same. Thus the plate
efficiency, N, and the plate height, H, for any
analyte are obtained from the standard deviation
of its peak profile, o, and its migration time, ¢,
using the equations

N =(t/lo)’ (14)
H=LIN=L(o/t)’ (15)

Jorgenson and Lukacs [1] were the first to point
out that because of the plug flow profile in CE
the only contribution to the plate height was that
given by the B term of the Van Deemter equa-
tion, i.e., the term which provided for axial
diffusion. With no packing there was no contri-
bution from the A term (eddy diffusion), and
with no retention at the walls of the tube and no
variation in flow velocity across the tube there
were no contributions from C terms (resistance
to mass transfer). The same argument applies to
CMEC and CGE because the small size of the
micellar particles in the former and the fine
reticulation of the gel in the latter make mass
transfer between and within the phases so fast as
to produce no dispersion.

Accordingly, we can write for the plate height
H

H=2D,/u (16)

where u is the overall migration rate of the
analyte. With values of D, around 10" m? s7!
for small analytes in water and u values of
around 2mm™' s we can expect plate heights of
the order of 1 um and plate efficiencies of
500 000 for 0.5-m columns. In the case of CGE
the diffusion of the analytes (usually DNA frag-
ments) is severely restricted by the presence of
the gel, but being multi-charged they still ex-
perience a large enough force to provide
adequate migration rates. The result is migration
rates similar to those in CE, but diffusion co-

efficients that are 10 or possibly 100 times lower.
The plate efficiencies then achieved, as shown in
numerous examples, may be as high as 107.

The situation with CEC at first sight looks less
encouraging, as we now have to contend with the
flow and mass transfer problems which we nor-
mally encounter in HPLC. If indeed we were
restricted to particles of 3 or 5 um this conclu-
sion would be justified. However, in CEC, it
should be possible to work with particle no
larger than 0.5 um [2,3]. The reduced velocity at
1mm s~ then falls from a typical HPLC value of
around unity to around 0.1. Both the A and C
term contributions then fall to low values, and it
again becomes possible to approach the ideal
value of H given by Eq. 12. Current progress on
using small particles [9] in electrochromatog-
raphy shows that with 1.5-um porous particles it
is possible to achieve at least 250 000 plates per
metre. Higher efficiencies are achievable, but
without retention, using non-porous silica mono-
spheres.

6. Characterization of migration parameters in
CE and CGE

Electropherograms are sufficiently similar to
chromatograms that it is tempting to think that
they can be characterized by quoting effective &’
values for the different analytes using a neutral
marker as the analogue of an unretained solute.
Such a species would migrate at the electro-
osmotic velocity u.,. Regrettably, this is not an
acceptable procedure.

As shown in Figure 6 (top), any ionized
species will migrate with an overall velocity, u,
given by

U=, +ug, (17)

where u,, and u, are taken as positive when the
movement is towards the cathode (the negative
electrode) and negative when in the opposite
direction. It is readily shown that the effective k'
for any analyte would then be a function of the
ratio u.,/u,,. However, 4., and u,, are totally
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CE (analyte ionised)
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Fig. 6. Key parameters that characterize capillary electro-
phoresis (CE) (top) and capillary gel electrophoresis (CGE)
(bottom).

independent: u, is a property of the electrolyte/
silica surface and u., is a property of the analyte.
Their ratio has no fundamental significance, and
is not therefore a valid parameter for charac-
terizing the system. Accordingly, a CE system
can only be characterized by quoting both u,,

and u,., separately. As both of these are propor- -

tional to the field, it is recommended that CE
systems should be characterized by quoting the
electroosmotic mobility, u, , for the electrolyte/
capillary, and the electrophoretic mobility, .,
of each analyte. w,, should be established by
including a neutral marker in the analyte sample.
The two mobilities are obtained from the migra-
tion/elution times of neutral and ionized species,

t, and ¢, , by the equations
Meo = (L/E)(1/t,) (18)
I‘Lep:(L/E)[(l/tion)—(]‘/tn)] (19)

For CGE systems there is no electroosmosis
(see Fig. 6, bottom), and it is therefore rec-
ommended that CGE systems should be char-

acterized by quoting the electrophoretic mobili-
ty, Me,, Of each analyte.

7. Characterization of elution parameters in
CEC

7.1. Neutral analytes

Fig. 7 illustrates the essential features of the
CEC process. The flow in CEC is primarily by
electroosmosis, and its velocity is characterized
by stating the electroosmotic mobility, ., of the
electrolyte (eluent) in the packed column. This
may be found using an unretained neutral
marker by Eq. 18. The degree of retention or
capacity factor, k', of the other analytes is
obtained directly from the electrochromatogram
as in HPLC by measuring retention times of the
unretained neutral marker, ¢, and of each ana-
lyte, tg:

k'=(tg —t,)lt, (20)

7.2. Neutral and ionized analytes

When both neutral and ionized analytes are
present there is the added complication that the
ions when in the mobile phase will migrate at a

CEC (Analyte uncharged)
Umig -
{1/(1+KNugg
. >
—_—
Yeo

I Partitioning into chromatographic packing material

Fig. 7. Key parameters that characterize capillary electro-
chromatography (CEC).
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velocity u,,, (=u,, + u.,)- It is not possible in a
single experiment to distinguish between the
contributions to the elution time from electro-
phoresis and partitioning. The two factors can be
distinguished only by carrying out a further
independent experiment. For example, a pres-
sure-driven chromatogram will provide k' values,
whereas a CE experiment will provide electro-
phoretic mobilities.

In practice, it is likely that electrochromato-
graphic separations will stand on their own, and
it will not generally be necessary to separate
electrophoretic and partitioning contributions to
the elution velocity, so that “effective k' values”
will most likely be quoted. It must be noted,
however, that irreproducibility from column to
column could result from assuming that there
will always be a constant relationship between
electroosmotic and electrophoretic mobilities for
a given type of column packing.

Accordingly, it is recommended that CEC
separations should be characterized by quoting
the electroosmotic mobility of the electrolyte/
packing, u.,, and the effective k' values for each
analyte, having included an unretained neutral
marker in the analyte sample to establish ¢,. The
effective k' values should be obtained from Eq.
20 even when there are ionized analytes present.

8. Characterization of elution parameters in
CMEC

8.1. Neutral analytes

Fig. 8 illustrates the essential features of the
CMEC process. In CMEC the analytes are
partitioned between the background electrolyte
and the micelles. The electrolyte moves at a
velocity u.,, while the micelles migrate within
the electrolyte at a their electrophoretic velocity
Uepmicy- The net migration velocity of the mi-
celles in the capillary, u,,., is thus

Upic = Ueo + uep(mic) (21)

An analyte that is not partitioned into the

CMEC (Analyte uncharged)

Umig
—_
Ugo (KI(1+K)umic
—
— —
Ueo Umic

I Partitioning into micelle

Fig. 8. Key parameters that characterize capillary micellar
electrochromatography (CMEC).

micelles (k' = 0) moves at a velocity u_,,, whereas
an analyte this is completely partitioned into the
micelles (k' = ®) moves at a velocity u,;.. There
is therefore a window of elution velocity and
elution time within which all neutral analytes will
emerge from the column. In more detail, the k'’
value of an analyte, which characterizes its
partitioning, is defined as

amount of analyte in micelles

~ amount of analyte in electrolyte (22) .

k’

The proportions of analyte present at any
instant within the electrolyte and within the
micelles are 1/(1+k') and k'/(1+ k'), respec-
tively. When an analyte molecule is within the
electrolyte it moves at a velocity u,,,, and when it
is within the micelle it moves at a velocity u,;..
The mean rate of movement of a band of analyte
is therefore

w=[k'/(1+k)u
= [k'/(1 + k")]u

+[1/(1 + k")]u,,
+u,, (23)

mic
ep(mic)

The k' value for any analyte is readily found
from Eq. 23 as

k’ = (ueo - u)/(u - umic) (24)
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In terms of elution times:
k' =[(1/t,) = (M/eg))/ [(1/tg) — (/1))
= [1 - (tR/tn)]/[(tR/tmic) - 1] (25)

where ¢, is the time of elution of an analyte
confined to the electrolyte and ¢, is the time of
elution of an analyte confined to the micelles; &'
varies in a non-linear, but well defined, manner
with the retention time ¢, ranging from k' =0
when rp =¢ to k' = when t, =¢,..

8.2. Neutral and ionized analytes

The situation is again complex, as in CEC.
Ionized solutions will migrate while in the elec-
trolyte at their own velocity u;,, = u,, + u,,. The
contributions to the overall elution time arising
from electrophoresis and partitioning cannot be
separated in a single experiment. It is not pos-
sible, as in CEC, to carry out a pressure-driven
experiment to establish the k’ values of all
solutes, so the only possible way to separate the
electrophoretic and partitioning components is to
vary the degree of partitioning relative to elec-
trophoresis. This can be achieved by carrying out
experiments with differing contents of the micel-
lar agent because, as shown by Terabe et al. [6],
k' is proportional to the concentration of micel-
lar agent in excess of the critical micelle con-
centration (cmc).

Following Eq. (23) we can write
u=[k'I(1+k"Yu,. +[1/Q+ k)], (26)

mic ion

where u,,, now replaces u,.,. As k' is propor-
tional to the excess concentration, ¢, of micellar

agent we can replace k' by ac, resulting in .

u=1{[ac/(1+ac)u,, +[1/Q+ ac)lu;,, 27

where u, u_,. and ¢ are known but a and u, , are
unknown. Rearrangement gives

(U = Upi) = (U /@) — (u/a) (28)

A plot of ¢(u —u,, ) against # will then give a
straight line of gradient 1/« and intercept u,,,/a.
This analysis assumes that w«,,, and u,, do not
change with ¢, the micellar concentration. The

assumption seems likely to hold. However, the

simplest way to isolate u,,, is undoubtedly to
carry out the experiment with the micellar agent
present at a concentration just below the cmc
when u =u,,,. Under these conditions the zeta
potential should be unchanged.

As with CEC, it is probably unnecessary in
most practical cases to determine the electro-
phoretic mobility and capacity factor of an ion-
ized solute separately. Accordingly, it seems best
to characterize all capillary micellar electro-
chromatograms by stating “‘effective k&’ values”
defined according to Eq. 25 whether the analytes
are neutral or ionized. However, it must be
noted that analytes with extreme values of u,,
may elute outside the window formed by the
micellar peak and the unretained peak. In such
cases the effective k' values will be negative. Eq.
25 indicates that when an analyte elutes outside
the window beyond the micelle (for which k" =
), it will have an effective k' between — and
—1; when it elutes beyond the unretained neutral
marker (for which k’ = 0), it will have an effec-
tive k' between 0 and —1.

It is recommended that capillary micellar
electrochromatograms should be characterized
by stating the electroosmotic mobility of the
electrolyte/capillary, .., and the overall elec-
tromigration mobility of the micelles, ;.
[=HMepmic) T Meol, and by stating the effective k'
values for each analyte. Where some of the
analytes are ionized, their effective k' values
may be negative. ‘

9, Summary of recommendations

It is recommended:

(1) that the four distinct capillary electrosepa-
ration methods should be named capillary elec-
trophoresis (CE), capillary gel electrophoresis
(CGE), capillary electrochromatography (CEC)
and capillary micellar electrochromatography
(CMEQ);

(2) that, where the primary separation process
is electrophoresis (CE, CGE), the separation
should be characterized by stating the electro-
osmotic mobility of the electrolyte and the elec-
trophoretic mobilities of the analytes;
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(3) that, where the primary separation pro-
cesses is partitioning (CMEC, CEC), the system
as a whole should be characterized by stating the
electroosmotic mobility of the electrolyte and the
overall migrational mobility of the micelles
(where relevant); the separation itself should be
characterized by stating the k' or effective k'
values of the analytes;

(4) that band dispersion should be character-
ized by stating the HETP or plate number, these
being measured in the same way as in liquid
chromatography.

Symbols

Radius of particle or ion
Cross-section of capillary
Concentration of electrolyte or
micellar material

Distribution coefficient between
phases

Diffusion coefficient

Electric field strength

Faraday constant =96 500 C
mol ™'

HETP

H Enthalpy of transfer between
phases

Electric current along capillary
Capacity factor

Length of capillary from injector
to detector

Number of theoretical plates
Resistance per unit length of
electrolyte in capillary

Universal gas constant =8.314J
K" mol™'

T Absolute temperature

t Migration time

Migration time of ion, micelle,
neutral solute, analyte

(2T SRS

xT P mEb U

nz o~

t t

tion’ mic? n’tR

u Migration velocity

Uigns Umic Migration velocity of ion, micelle

Ueos Uep Electroosmotic velocity, electro-
phoretic velocity

z Distance from surface,

Z, Zyoy Charge on ion (in units of elec-
tronic charge), or salt

o Constant

8 Double-layer thickness

£ Permittivity of vacuum =8.85-

10°2C*N"'m™

Dielectric constant

Phase volume ratio

Viscosity

Reciprocal of double-layer thick-

ness

Ionic molar conductivity

Molar conductivity of salt

Mobility (subscripts as for u)

Standard deviation of peak (in

time units)

g, 0y Charge density, standard charge
density

{ Zeta potential

X390,

AT > >
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Abstract

Capillary electrophoresis incorporating hydrophobic selectivity is shown to be a powerful technique for
separating closely related peptide species. In this work, hydrophobic interaction was induced through the addition
of suitable amounts of a zwitterionic detergent (N-dodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate) and
further modified with organic solvents. A neutral, hydrophilic-coated capillary was used to minimize electroosmotic
flow. Two test solutes, Met*’>- and Leu'’-gastrin, were employed to probe hydrophobic selectivity with various
electrophoretic conditions. The nature and concentration of the detergent and the organic modifier were varied to
adjust the selectivity. Operation near the critical micelle concentration of the zwitterionic detergent in the presence
of acetonitrile or various alcohols produced the highest hydrophobic selectivity among the conditions studied. The
zwitterionic detergent approach was also briefly compared to the use of non-ionic detergents for hydrophobic

selectivity.

1. Introduction

Hydrophobic selectivity is widely used to sepa-
rate peptides and proteins, e.g. reversed-phase
liquid chromatography. Capillary electrophoresis
(CE) is a separation technique based on electro-
phoretic mobility differences among analytes,
i.e. charge and mass. The incorporation of
hydrophobic selectivity in CE is thus important
to broaden the scope of the method for the
analysis of peptides and proteins.

Previously, we utilized hydrophobic selectivity
in CE for the separation of insulin-like growth
factor I (IGF-I) variants through the use of
mixed aqueous-organic buffers with various
amounts of a zwitterionic detergent {1]. IGF-I is
a basic polypeptide composed of 70 amino acid

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00629-6

residues with three disulfide bonds. Our work
examined five different variants that can be
produced in the production of the molecule by
recombinant DNA technology. With the modi-
fied buffer system, separation of methionine
sulfoxide IGF-1 from IGF-1 and IGF-1 from the
variant missing the first N-terminal amino acid in
its sequence, Gly, was possible. Also, complete
identification of all variants was achieved with
on-line CE-electrospray mass spectrometry
(MS). Since a coated capillary was employed,
the neutral zwitterionic buffer modifiers did not
enter the mass spectrometer and thus did not
provide interference in peak detection or identi-
fication.

Traditionally, micellar electrokinetic chroma-
tography (MEKC) [2] has been used for separat-
ing neutral, low-molecular-mass compounds by
differential partitioning between a micellar phase

© 1994 Elsevier Science B.V. All rights reserved
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and an aqueous buffer phase in CE. The surfac-
tants aggregate to create a pseudo-stationary
phase for solute-surfactant interactions via hy-
drophobic, electrostatic, hydrogen bonding, or a
combination of these forces. Neutral solutes
migrate in order of increasing hydrophobic
character, whereas ionic species separate on the
basis of a combination of mass-to-charge ratio,
hydrophobic character and, in some cases, ion
pairing with a charged detergent [3]. Separation
of peptides and small proteins that differ in
hydrophobicity by MEKC has met with some
limited success [4-8].

Most of the above studies used charged surfac-
tants. On the other hand, we have focused on
zwitterionic detergents to create hydrophobic
selectivity. As with non-ionic detergents, zwit-
terionic detergents allow pH or ionic strength
variation of the running buffer over a wide range
of conditions without drastic effects on the
properties of the detergent. Secondly, such de-
tergents do not contribute to the solution con-

Met'*-Gastrin I (human)

ductivity, permitting the use of high electric
fields without excessive heating of the capillary.
Thirdly, these detergents should not, in princi-
ple, alter the net charge of the analytes to which
they are bound. Finally, these detergents do not,
in general, induce biopolymer denaturation.
The purpose of this article is to explore further
the zwitterionic detergent approach utilized for
the IGF-I variants. Closely related peptides,
namely Met"’- and Leu'’-gastrin; Ala'- and
Tyr'-somatostatin; and Met®- and Leu®*-
motilin were used as test solutes (see Fig. 1 for
sequences). The effect of a wide range of oper-
ating conditions including the nature and con-
centration of the organic modifiers as well as the
zwitterionic detergent on separation was studied.
As previously described, coated capillaries were
utilized to minimize electroosmotic flow and thus
to be able to determine directly the influence of
buffer additives on the electrophoretic mobility
of the analytes. It was found that operation near
the critical micelle concentration (CMC) of the

17 amino acids

pGlu-Gly-Pro-Trp-Leu-Glu-Glu-Glu-Glu-Glu- Ala- Tyr-Gly-Trp-Met-Asp- Phe COONH >

Leu'*-Gastrin I (human)

17 amino acids

pGlu -Gly-Pro-Trp-Leu-Glu-Glu-Glu-Glu-Glu-Ala-Tyr -Gly-Trp-Leu-Asp-Phe COONH,

Ala'-Somatostatin

14 amino acids

Ala-Gly-Cys-Lys-Asn-Phe—Phe-Trp-Lys-Thr-Phe-Thr-Ser-g(_ls-

Tyr'-Somatostatin

14 amino acids

Tyr-Gly-Cys-Lys-Asn-Phe-Phe-Trp-Lys-Thr-Phe-Thr-Ser-Cys
JL ]

Met"-Motilin (porcine)

22 amino acids

Phe-Val-Pro-Ile-Phe-Thr-Tyr-Gly-Glu-Leu-Gln-Arg-Met-Gin-Glu-Lys-Glu-Arg-

Asn-Lys-Gly-Gln
Leu"-Motilin (porcine)

22 amino acids

Phe-Val-Pro-Ile-Phe-Thr-Tyr-Gly-Glu-Leu-Gln-Arg-Leu-Gln-Glu-Lys-Glu-Arg-

Asn-Lys-Gly-Gln

I]es-Angiotensin II (human)
Asp-Arg-Val-Tyr-Ile-His-Pro-Phe
Vals-Angiotensin II (human)
Asp-Arg-Val-Tyr-Val-His-Pro-Phe

8 amino acids

8 amino acids

Fig. 1. Peptide sequences.
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Q CHy  OH) OHOH
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A. MEGA 10

O—(CHCHO)—H

H—(OCHCHw—O_ .
O—(CH,CH;0)—H
0—(OCH,CH,)z—OCO{CHz)10CHs

(8]

w+x+y+z=20

B. TWEEN 20

CH,

|

\AAN\/VTwsoa

CH,

C. DAPS

Fig. 2. Structures of detergents used for this work: (A)
MEGA 10 (decanoyl-N-methylglucamide); (B) Tween 20;
(C) DAPS (N-dodecyl-N,N-dimethyl-3-ammonio-1-propane-
sulfonate).

zwitterionic detergent with addition of small
amounts of organic modifier provided a highly
selective separation of the acidic and basic pep-
tides differing by a single neutral amino acid
residue. The use of non-ionic detergents at
relatively moderate concentrations will also be
briefly discussed. Fig. 2 provides the structures
of the detergents studied in this work.

2. Experimental
2.1. CE instrumentation and methods

A Beckman P/ACE instrument, version 2100
(Beckman, Palo Alto, CA, USA) was used.
System Gold version 7.11 controlled the instru-
ment. The electropherograms were monitored at
214 nm with a data collection rate of 10 Hz. A 75
um 1.D.x375 pm O.D. fused-silica capillary
(Polymicro Technologies, Phoenix, AZ, USA)
was coated with a polyvinylmethylsiloxane sub-
layer and then a layer of polyacrylamide [9]. The
capillary, with an effective length of 40 cm and a
total length of 47 cm, was kept at a constant

temperature of 25°C, and stored in water over-
night. A chromatographic software package,
Chrom Perfect, was employed to compare and
reanalyze electropherograms (Justice Innova-
tions, Palo Alto, CA, USA).

To ensure reproducible separations, the capil-
lary column was purged with fresh buffer for 3
min before each injection. Stock solutions of
buffer, detergent, and organic solvent were com-
bined to form the running buffer daily. The pH
of the buffer was only adjusted if the organic
content was over 20% (v/v).

2.2. Reagents and materials

Samples were obtained from Sigma (St. Louis,
MO, USA): Met'>- and Leu'-gastrin, Met"*-
and Leu"-motilin and Ala'- and Tyr'-somato-
statin. The detergents, N-dodecyl-N,N-dimethyl-
3-ammonio-1-propanesulfonate  (DAPS), de-
canoyl-N-methylglucamide (MEGA 10), and
Tween 20 were purchased from Calbiochem (San
Diego, CA, USA). Analytical-grade buffer ma-
terials  [N-tris(hydroxymethyl)methyl-3-amino-
propanesulfonic acid (Taps), 2-amino-2-(hy-
droxymethyl)-1,3-propanediol (Tris), e-amino-n-
caproic acid (eACA) and acetic acid] as well as
bromophenol blue were purchased from Sigma.
HPLC-grade acetonitrile (ACN) and ethanol
were obtained from J.T. Baker (Phillipsburg,
NJ, USA); methanol, isobutanol and 1-butanol
were purchased from Fisher Scientific (Fairlawn,
NJ, USA); propanol was obtained from EM
Science (Cherry Hill, NJ, USA) and isopropanol
from Fluka (Ronkonkoma, NY, USA). Milli-Q
water (18.2 MQ) water; Millipore, Bedford, MA,
USA) was employed to prepare all buffer and
sample solutions. All buffers were filtered with a
0.2-um pore-size filter (Schleicher and Schuell,
Keene, NH, USA) before use.

2.3. CMC determination

CMC measurements were made by determin-
ing the absorption of a dye, bromophenol blue
(8.3 mM), that interacts with the micelle as a
function of the concentration of the surfactant
[10-12]. The spectra of the solutions were taken
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with a Beckman DU-60 spectrophotometer using
a wavelength range of 560 to 620 nm and a scan
speed of 500 nm/min. The maximum wavelength
values were recorded and plotted versus the
detergent concentration. The concentration at
which a sharp transition occurred in the A, of
bromophenol blue (dye interacting with the
detergent) was taken as the CMC.

3. Results and discussion
3.1. Zwitterionic detergent

In order to examine hydrophobic differences
between peptides, two test solutes, Met'’- and
Leu'*-gastrin (Fig. 1), were chosen because of
their identical peptide sequence except for the
one neutral amino acid substitution. An unsuc-

cessful attempt to separate the peptides using a
polyvinylmethylsiloxane — polyacrylamide - coated
capillary with a buffer of 20 mM Taps—Tris pH
8.0 was made. Since the gastrins did not sepa-
rate, a system which incorporated an added
hydrophobic selectivity was deemed necessary.
The zwitterionic detergent, DAPS (Fig. 2), at
concentrations at and above the CMC was
chosen for this additional selectivity. At 5 mM,
Fig. 3A (the CMC is 3.7 mM in aqueous solu-
tion, see Table 1), some shouldering in the peak
as well as broadening and peak tailing was
observed. Further increases in the detergent
concentration resulted in a single peak being
obtained, e.g. 20 mM (Fig. 3B). Concentrations
up to 50 mM DAPS were investigated, and still
no separation was observed. Since detergent
alone was unsuccessful in separating the species,
addition of small amounts of organic modifiers

] A
:% ]
glB
2
< |
2 |’ |‘ |s '6 ‘, ﬁ. ', lo
Time (min)

Fig. 3. Separation of Met'*- and Leu'’-gastrin with several concentrations of DAPS: (A) 5 mM, 9 pA, (B) 20 mM, 8 uA; running
voltage, 30 kV; 20 mM Tris—Taps, pH 8.0. Other conditions are as in the Experimental section.
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Table 1
CMC Values for DAPS

Buffer pH Organic Organic type CMC (mM)
(%, v/v)
20 mM Taps-Tris 8.0 0 37
20 mM Taps—Tris 8.0 10 ACN 5.0
20 mM Taps-Tris 8.0 20 ACN 26.3
20 mM Taps-Tris 8.0 30 ACN 60.5
20 mM Taps-Tris 8.0 10 Isopropanol 3.5
20 mM Taps-Tris 8.0 10 Propanol 3.1
20 mM Taps—Tris 8.0 20 Propanol 14.7
20 mM B-alanine— 38 2.5 Butanol 2.6

citric acid

Note: at different pH values the change in CMC was negligible. The CMC in water is 2—-4 mM.

was tested, based on the results of our previous
work [1]. As shown in Fig. 4, the inclusion of
10% (v/v) ACN in the background electrolyte,
under otherwise identical conditions to that in
Fig. 3A, resulted in baseline separation of the
two test solutes. The migration order of the
analytes is based on the hydrophobic differences,
i.e. the more hydrophobic Leu'’-gastrin migrates
slower. The analytes presumably interacted dif-
ferentially with the zwitterionic detergent, and
the addition of the small amount of acetonitrile
likely affected the extent of that interaction. It is
worthwhile to note that the conditions in Fig. 4
are similar as those used to resolve the IGF-1
variants [1].

Control experiments were performed to de-

termine if the organic modifier could indepen-
dently (in the absence of detergent) affect the
selectivity of the system. Up to 20% (v/v) ACN
was added to the aqueous buffer and still no
separation was obtained with the gastrins, al-
though a slight increase in migration time was
observed. n-Alcohols (methanol through 1-
butanol) were also investigated, with no sepa-
ration observed. Therefore, since the results in
Fig. 4 must include the combination of the
zwitterionic detergent and organic modifier, the
concentration of the detergent as well as the type
and amount of the organic modifier were ex-
plored further.

With 10% (v/v) ACN, the concentration of
hydrophobic selector was varied from 0 to 70
mM (Fig. 5). Little or no separation was ob-
served at low and very high DAPS concentra-

001 tions, but an optimum separation was achieved
~.0.008 at moderate concentrations. Relative mobilities,
E or selectivity, of the two gastrins as a function of
£.0.006 DAPS are shown in Fig. 6. A bell-shaped curve
8 is obtained at 10% ACN with an abrupt maxi-
go0.004 | mum around the CMC value of DAPS (5 mM,
2 see Table 1). Optimum selectivity at 20% ACN
<0.002 was also observed around the CMC (26 mM)

with a slow reduction in selectivity at higher
0

2 3 4 5 6 7 8
Time (min)

Fig. 4. Complete separation of Met"*- and Leu'’-gastrin using

10% ACN and 5 mM DAPS. All other conditions as in Fig.

3.

organic modifier concentrations, ultimately lead-
ing to no separation. These plots suggest that the
interaction of the analytes with the micelles may
be non-selective, because increases in the micelle
concentration reduced selectivity. It should be
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Absorbance (214nm)

Time (min)

Fig. 5. Electropherograms of the gastrins at constant organic
percentage and various DAPS concentrations: (A) 3.5 mM,
(B) 7.5 mM, (C) 20 mM, (D) 70 mM. All other conditions as
in Fig. 3.

noted that at concentrations beyond the CMC,
the amount of free detergent remained fixed
while the concentration of micelles increased. As
discussed previously, it would appear that solute-
free zwitterionic detergent interactions are hy-

114 1

1.12 1

z
g 1087
o
Q
@ 106

1.04 H

1.02 ]

1 ; } "
0 50 100 150 200

DAPS Concentration (mM)

Fig. 6. Effect of detergent concentration at 10% ACN (#)
and 20% ACN (0O) on selectivity (migration time ratio of
Leu'’-gastrin/Met'*-gastrin). All other conditions as in Fig.
3.

drophobically selective. Addition of higher con-
centrations of DAPS beyond the CMC may
simply have increased the relative extent of the
non-selective micelle interaction at the expense
of the free detergent selective interaction. The
lower maximum in the selectivity at 20% (v/v)
ACN in comparison to 10% (v/v) ACN and the
broad peak may simply reflect weaker hydro-
phobic interactions with the higher organic
composition.

Fig. 7 displays peptide mobility as a function
of the detergent concentration at 10 and 20%
ACN. With 10% ACN, a sharp change in the
mobility is again observed in contrast to 20%
ACN. Since the CMC increased upon the addi-
tion of organic, more free detergent molecules
may be present to interact with the analytes
(Table 1: CMC is 5 mM with 10% ACN vs. 3.7
mM in buffer alone). Furthermore, it appears
that the ACN modulates the extent of inter-
action of DAPS with the peptide to yield op-
timum selectivity in Fig. 6. At 20% ACN, a
gradual decrease in the electrophoretic mobility
was obtained with increasing DAPS concentra-
tion, eventually approaching the maximum
mobility found with 10% ACN. Fig. 7 suggests
that the interaction of the analytes with the

-1.0
CMC

< 18T
+
u
jod
@
e 20
2
£
¥el
[}
2

-2.5 4

&
-3.0 t t t

[+] 20 40 60 80
DAPS Concentration (mM)

Fig. 7. Effect of detergent concentration at constant organic
percentage on the electrophoretic mobility of gastrins. All
other conditions as in Fig. 3. O=10% ACN, Metls-gastrin;
O =10% ACN, Leu"*-gastrin; * =20% ACN, Met'-gastrin;
V¥ =20% ACN, Leu"’-gastrin.
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Selectivity: Leu15- gastrin / Met15- gastrin

1.00 +— t + f t
MeOH EtOR IsoPrOH PrOH IsoBIOH 1-BtOH

Increasing Hydrophobic Character of Organic Modifier
Fig. 8. Effect of organic modifier at constant detergent
concentration (@ =5%; O =10%; ¢ =20%). Plot of selec-
tivity vs. nature ot organic modifier. All other conditions are
as in Fig. 3.

micelles is weaker than the free detergent
(monomer form).

In our previous report [1], the type of organic
modifier was shown to have an effect on the
selectivity of the small, closely related IGF-I
variants. For example, improved resolution was
obtained when the separation of des(Gly)-IGF-I
from IGF-I was performed using 1-butanol,
relative to ACN. To explore further the role of
the organic modifier in manipulating selectivity,
CMC measurements of DAPS in the presence of
various organic modifiers were first performed.

Table 2
Effect of organic modifier at 5 mM DAPS

Table 1 shows that ACN disrupts micelle forma-
tion regardless of the ACN percentage, as the
CMC rapidly increases with concentration of
ACN, e.g. 26.3 mM for 20% and 60.5 for 30%
ACN. Also, low percentages of n-alcohols (e.g.
propanol and 1-butanol) facilitate micelle forma-
tion (i.e. decrease CMC to 3.1 or 2.6 mM,
respectively) and high percentages (e.g. pro-
panol) reduce micelle formation (i.e. CMC in-
creases to 14.7 mM). These results for short-
chain alcohols agree with literature findings [13].

We next examined the separation of the gas-
trins using alcohol modifiers of increasing carbon
chain length (i.e. increasing hydrophobic charac-
ter, methanol through 1-butanol) at a fixed
concentration of DAPS, 5 mM. In all cases
complete separation was achieved near the CMC
for each system. Fig. 8 displays a plot of selec-
tivity vs. organic modifier, and Table 2 shows the
selectivity vs. the percent of organic modifier at a
fixed concentration of DAPS, again 5 mM.
Increased hydrophobic character (increasing car-
bon number) of the alcohol shifted the maximum
selectivity to lower organic percentages [i.e. 20%
(v/v) for ethanol, 12% (v/v) for propanol and
7% (v/v) for isobutanol]. This trend may be
related to the reduction of the CMC with in-
creasing chain length of the alcohol (Table 1).
At high percentages [greater than 15% (v/v)
organic], short-carbon-chain alcohols display bet-

Selectivity values for Leu'’-/Met'*-gastrin

Organic (%)

2 5 7 10 12 15 20 25 30
ACN 1.01 1.03 1.035 1.13 1.037 1.035 1
MeOH 1.02 1.02 1.05 1.04 1.05 1.09 1.08 1.04 1.00
EtOH 1.03 1.01 1.05 1.05 1.06 1.09 1.12 1.07 1.02
IsoPrOH 1.02 1.02 1.04 1.07 1.09 1.12 1.11 1.02 1.01
PrOH 1.02 1.03 1.06 1.14 1.18 1.13 1.02
IsoBtOH 1.03 1.06 1.13 1.09
1-BtOH* 1.03 1.08 1.14

Values in bold are maximum values. Bt = Butyl.
*1-Butanol will not dissolve at 10%.



22 K.F. Greve et al. | J. Chromatogr. A 680 (1994) 15-24

ter selectivity than longer-chain alcohols, and at
low percentages (less than 7%, v/v) of organic
solvent, the opposite is true. As for ACN, the
maxima in selectivity occur close to the CMC.
Since the chosen zwitterionic detergents are
insensitive to changes in pH, successful hydro-
phobic-based separation can also be observed at
low pH. A pH 4.4 buffer using DAPS was used
to separate a mixture of four acidic peptides,
Ala'- and Tyr'-somatostatin and Met"- and
Leu"’-motilin (Fig. 1). The somatostatin pep-
tides contain 14 amino acids with a disulfide
bond between the third and the last cysteine
amino acids, whereas the motilins are 22 amino
acids long. Each pair of peptides have similar
mass-to-charge ratios -and only differ by one
neutral, amino acid in their sequence. Separation
of the four acidic peptides (Fig. 9) was made
possible through the use of 20 mM eACA-acetic
acid, pH 4.4, modified with 5 mM DAPS with
either 15% ACN or 5% 1-butanol. The peptides
could not be separated without the zwitterionic
detergent. Furthermore, the selectivity of the

) |
1 w
-

I\

Absorbance (214nm)

| I

Time (min)

Fig. 9. Separation of Met'’- and Leu'’-motilin and Ala'- and
Tyr'-somatostatin. Coated capillary: 37 cm (30 cm effective
length) X 75 wm 1.D.; running voltage 30 kV; detection at 214
nm; 25°C; buffer, 20 mM eACA-acetic acid, pH 4.4 with
(top) 15% ACN and 5 mM DAPS and (bottom) 5% 1-
butanol and 5 mM DAPS. Peaks: 1= Ala'-somato-
statin; 2 = Tyr'-somatostatin; 3 = Met">-motilin; 4= Leu"’-
motilin. See Fig. 1 for amino acid sequence.

motilins was higher when using 1-butanol as the
organic modifier. Fig. 9 demonstrates again that
the zwitterionic detergent system with small.
amounts of organic modifier can be used to
resolve peptides that differ in hydrophobicity.

3.2. Neutral detergents
Neutral detergents can be used as an alter-

native to the zwitterionic detergents for hydro-
phobic selectivity. MEGA 10 (Fig. 1) was previ-

Ak odoboghiad: Asarlhy

absorbance (214nm)
(@]

) k) '4 1 % Y ) ]

time {min)
Fig. 10. Separation of Met'*- and Leu'*-gastrin using MEGA
10. Coated capillary: 47 cm (40 cm effective length) X 75 um
1.D.; running voltage 30 kV; detection at 214 nm; 25°C;
buffer, 20 mM Taps—Tris pH 8.0 containing various amounts
of MEGA 10: (A) 5 mM, (B) 10 mM, (C) 30 mM, (D) 50
mM.
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ously used in MEKC as an anionic-borate com-
plex for the separation of neutral and charged
herbicides [14]. For our purposes, a coated
capillary that eliminated electroosmotic flow and
reduced analyte adsorption was again utilized in
conjunction with MEGA 10 to separate closely
related peptides (Fig. 10). The hydrophobic
interaction imparted by this neutral detergent
allows complete separation of the closely related
peptides, Met'>- and Leu'’-gastrin above the
CMC. (The CMC of MEGA 10 is 16.9 mM at
pH 8.) In contrast to DAPS, increasing the
concentration of MEGA 10 above the CMC
improves separation, suggesting that the micelle
partitioning may be selective. The problem with
using MEGA 10 as the surfactant, however, is
the unstable baseline at 214 nm due to the UV
absorbance of the amide bond in the detergent.
In an attempt to lower the amount of detergent
needed for the separation, organic modifiers
were investigated. This approach was not suc-
cessful, in that addition of 10% ACN to 30 mM
MEGA 10 decreased the selectivity of the two
analytes, and 10% ACN with 10 mM MEGA 10
resulted in no separation.

Another neutral detergent that has been previ-
ously used is Tween 20 (Fig. 2), which allowed
separation of closely related angiotensin II and
motilin peptides using a bare silica capillary [5].
It was found that Tween 20 required quite high
concentrations (80-250 mM, well above the
CMC of 100 M) to obtain the proper selectivity
of peptides. This can be contrasted with the
zwitterionic detergent used in this work where
ca. 5 mM was sufficient for separation.

4. Conclusions

Hydrophobic selectivity is an important sepa-
ration factor for peptide and protein species. In
general, CZE with simple buffer systems is
inadequate for the separation of closely related
peptides having similar mass-to-charge ratios.
Therefore, incorporating a hydrophobic mecha-
nism into CE is important for its application to

_protein chemistry. Separation of closely related
peptides that differ in hydrophobicity can be

achieved under mild conditions using low con-
centrations of organic modifier and zwitterionic
detergent, such as DAPS. Optimum selectivity is
generally observed in the region of the CMC of
DAPS in the presence of organic modifiers.
Comparisons of relative mobilities of the gastrins
suggest that the interaction of the micelles with
the analytes may be non-selective, because in-
creases in the micelle concentration did not
improve the selectivity of the analytes. To enable
the separation of a wide variety of species, the
selectivity can be adjusted by varying the nature
and concentration of the organic modifier as well
as the concentration of the zwitterionic de-
tergent. Using a coated capillary with no electro-
osmotic flow enhances reproducibility and makes
the system simple to manipulate since additives
to the buffer will only affect electrophoretic
mobility and not simultaneously influence elec-
troosmotic flow, as found, with bare silica [15].
An alternative approach to the use of zwit-
terionic detergents with organic modifiers is non-
jonic detergents depending on the sample and
the overall separation desired of the closely
related peptide species. Also, organic modifiers
and zwitterionic detergents in conjunction with
coated capillaries are compatible with on-line
electrospray MS, since the detergent does not
migrate into the mass spectrometer {1]. A more
detailed report of the use of detergents with MS
will be published separately [16].
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electrophoresis induced by cationic trace constituents of the
buffer
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Abstract

Fe(IIl), present as a trace constituent in the buffer, induces wall adsorption of small anions in coated and
uncoated fused-silica capillaries even in the ppb concentration range. For di- and tribasic benzoates, drastic
adsorption effects were found when the carboxylate groups were in an ortho position, leading to severely tailing
peaks and a lower reproducibility of migration times. Benzoates with carboxylate groups in 1,3- or 1,4-positions
were less affected than the ortho derivatives. The adsorption of the anions is related to Fe(III) attached to the

capillary wall.

1. Introduction

In capillary zone electrophoresis (CZE), high-
ly reproducible migration times and peak shapes
can be obtained with the presumption that the
measurements are carried out under controlied
conditions. Many effects may influence the elec-
trophoretic behaviour of the separands, but the
reproducibility can be affected most unpredictab-
ly by adsorption effects at the capillary wall. This
is caused by the fact that the inner surface often
changes its state not only from run to run, but
even during one run. Although advanced
theories on adsorption phenomena in CZE have
already been formulated [1-5], the behaviour of
the system is difficult to predict, because the
values of the adsorption—desorption isotherms or
rate constants, parameters which are necessary

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00181-8

for accurate calculation, are unknown in nearly
all instances.

Although adsorption is the usual principle for
HPLC separations, it is not desirable in CZE.
However, it is often observed with biopolymers
such as proteins, which can exhibit different
interactions, both hydrophobic and Coulombic
attraction. The latter takes place between posi-
tively charged analytes and the negatively
charged sites on the fused-silica surface (see,
e.g., ref. 6). In contrast, such behaviour is
uncommon for small and negatively charged ions
such as aromatic carboxylates, the separands on
which this paper is focused. These anions are
normally not adsorbed under the pH conditions
where they are formed, because the silanol
groups of the fused-silica surface (also weak
acids) are in that case also negatively charged.
Hence, a high reproducibility of the migration
times can be obtained for these solutes, especial-
ly when the electroosmotic flow is suppressed. In

© 1994 Elsevier Science B.V. All rights reserved
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this instance the precision of the migration times,
expressed by the resulting relative standard de-
viation, is in the range of a few tenths of a
percent.

This was in fact the case during our inves-
tigations concerning the prediction of the op-
timum pH of the buffer as described in previous
papers [7,8]. Strong deviations occurred, how-
ever, in some instances, which were unexpected
and unusual for such systems. They could be
related to adsorption of the separands induced
by higher charged cationic constituents present
at trace concentrations in the buffer.

This paper reports on a systematic investiga-
tion of the source and the magnitude of these
adsorption effects in CZE. Such effects limit the
applicability of particular ions to adjust the
electrophoretic selectivity by secondary equilib-
ria in the solution, e.g., due to complexation
reactions.

2. Experimental
2.1. Reagents

Chemicals used for the preparation of the
buffer (sodium acetate, 0.01 mol/l) were acetic
acid and sodium hydroxide; FeCl, and CaCl,
were added to the buffer (all of analytical-re-
agent grade from Merck, Darmstadt, Germany).
The following compounds were used as test
substances, each at a concentration of 0.02 mg/
ml in water: 1,2-benzenedicarboxylic acid, 1,3-
benzenedicarboxylic acid and 1,2,4-benzene-
tricarboxylic acid (all 99%; Aldrich, Steinheim,
Germany), 1,4-benzenedicarboxylic acid and
1,3,5-benzenetricarboxylic acid (both 98%; Al-
drich), 1,2,3-benzenetricarboxylic acid dihydrate
(98%; Fluka, Buchs, Switzerland).

For the coating procedure, methylcellulose
(Methocel MC, 3000-5000 mPa s; Fluka) was
cross-linked using formic acid and formaldehyde
(both of analytical-reagent grade; Merck). Water
was distilled twice from a quartz apparatus.

2.2. Apparatus

The instrument used for the measurements
was a P/ACE System 2100 (using System Gold

6.01 software) (Beckman, Palo Alto, CA, USA)
equipped with a UV absorbance detector. The
absorbance was measured at 214 nm at the
anode side of the capillary. The separation
capillary was made from 75 pm I.D. fused silica
(Scientific Glass Engineering, Ringwood, Aus-
tralia). 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. Electrophoresis was
carried out either with or without electroosmotic
flow at a total voltage of 5000 V (field strength
18600 V/m), leading to an effective potential
drop of 3750 V along the migration distance from
the injector to the detector.

Injection of the sample was carried out by
pressure for 1 s from pure aqueous solution.
Between the runs the capillary was rinsed with
buffer for 5 min. The coating procedure de-
scribed by Hjertén [9] was applied.

3. Results and discussion

Electropherograms, which were measured for
the experimental evaluation of the theoretical
prediction of the resolution as a function of the
pH of the buffer, described in a previous paper
[8], are presented in Fig. 1 for the solutes given
in Table 1. It was found that they were highly
reproducible under controlled conditions also in
the long term, namely over several months, even
with different capillaries (see Fig. 1a). Migration
times were obtained within a deviation of less
than 1%, and the peak shapes remained nearly
identical.

During this investigation the reproducibility
was, however, found to be drastically reduced in
one series, leading to large variations in migra-
tion times and changes of peak shapes. One
example of this effect is shown in Fig. 1b. The
substantial peak tailing indicated the presence of
adsorption effects.

Based on the large number of deviating elec-
tropherograms, a certain tendency could be
derived with respect to the extent of peak tailing
and shift of migration times: those components
with carboxylic functions in an ortho position
seemed to exhibit the strongest effects (see, e.g.,
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Fig. 1. Typical electropherograms of the test benzenecar-
boxylates in coated capillaries at pH 5.03: (a) representative
of the long-term reproducibility; (b) with deviations of
migration times and peak shapes obtained with a buffer
having enhanced Fe** and Ca’* contents. Numbering of the
separands according to Table 1. Conditions: sodium acetate
buffer, 0.01 mol/l; coated fused-silica capillary (75 pm 1.D.,
total length 0.269 m, effective length 0.202 m); total voltage,
5000 V; effective potential drop, 3750 V; detector located on
the anode side of the capillary.

Table 1

Separands investigated

No. Separand No. of ortho
(benzene- positions
carboxylic acid)

1 1,3-Dicarboxylic 0

2 1,4-Dicarboxylic 0

3 1,3,5-Tricarboxylic 0

4 1,2,4-Tricarboxylic 1

5 1,2-Dicarboxylic 1

6 1,2,3-Tricarboxylic 2

Fig. 1b). This led us to the presumption that the
interaction with some cationic species attached
to the wall is possibly operative, probably
favoured by the formation of a ring that stabil-
izes the adduct. In the following investigations,
the test solutes were therefore subdivided into
two groups: (i) with substituted carboxylic
groups in non-ortho positions and (ii) with one
or two ortho-substituted carboxylic functions
(see Table 1).

To clarify the origin of these effects, a number
of instrumental and chemical parameters were
varied. As a result of the systematic investigation
of all the sources possibly involved, it was found
that the replacement of the sodium hydroxide
stock solution used hitherto with a freshly pre-
pared solution led again to the highly reproduc-
ible electropherograms that we were used to
obtaining.

Based on this result, an analysis of a number
of inorganic components in the sodium hydrox-
ide solution used so far was carried out by
atomic emission spectrometry with an inductively
coupled plasma (ICP), which gave an enhanced
content of iron and calcium, namely about 800
ppb of Fe and 1 ppm of Ca, which is at least
three orders of magnitude higher than that
specified by the manufacturer. The origin of
those traces is unknown to us. Possibly the
solution was contaminated from the glassware
used during the long-term manipulations.

The effect of these two cations as buffer trace
constituents on the electrophoretic behaviour of
the analytes was therefore investigated in more
detail. All these effects were originally observed
in coated capillaries, but both types of capillary
surfaces, coated and uncoated, were subjected to
the following investigations.

3.1. Coated capillaries

Electropherograms obtained in coated capil-
laries with suppressed electroosmotic flow are
shown in Figs. 2 and 3 for different concen-
tration levels of Fe’* and Ca®*. In pure buffer
(indicated by zero iron and calcium, respective-
ly) all separands show fairly symmetrical peaks.
Whereas the peak shapes remain almost
symmetrical on addition of Ca’" to the buffer
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Fig. 2. Electropherogram of (a) ortho-substituted and (b)
non-ortho-substituted benzenecarboxylic acids in a coated
fused-silica capillary at different concentrations of Fe** in the
buffer electrolyte solution at pH 4.50. Migration sequence of
separands: (a) 4, 6, 5; (b) 3, 2, 1 (numbering according to
Table 1). Conditions as in Fig. 1.

even up to 10 ppm (w/w) (with the occurrence of
only a slight tailing for components 4 and 6), a
very different situation arises when Fe’' is
added: even at 100 ppb (w/w) the peaks of the
two first migrating ortho-substituted separands (4
and 6, Fig. 2a) tail significantly, and at 1 ppm of
Fe’" the peaks are so distorted that only two of
them can be recognized in the electropherogram.
The increase in tailing is accompanied by the
retardation of the separands, leading to an
increase in retention times.

It follows from Fig. 2b that the non-ortho
derivatives undergo this adsorptive effect to a
much smaller extent. At least the peaks of
components 2 and 1 remain nearly symmetrical
even up to 1 ppm of Fe’*. As Ca’" seems to

(a)

10 ppm
L 0.020
1 m
PP L 0018 g
3
100 ppb l 0.010 &
S
[ 0.005 (]
0O ppb @
I 0.000
4 5 6 Time [min]
(b}
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- 0.020
1 m
pp L 0.015 g
]
100 ppb L 0.010 =3
g
- 0.005 [+]
0 ppb M ®
L 0.000
3 4 5 Time [min]

Fig. 3. Electropherogram of (a) ortho-substituted and (b)
non-ortho-substituted benzenecarboxylic acids in a coated
fused-silica capillary at different concentrations of Ca’" in
the buffer electrolyte solution at pH 4.50. Migration se-
quence of separands as in Fig. 2. Conditions as in Fig. 1.

have only a minute effect on solute adsorption,
the further discussion is focussed on Fe’”.

In Fig. 4 the electropherograms of three sub-
sequent injections of the ortho-substituted sol-
utes is shown for two different Fe’* concen-
trations. From the similar shape of the elec-
tropherograms it can be assumed that steady
conditions concerning the attachment of the Fe
species on the solid capillary surface are estab-
lished for a given concentration of Fe in the
buffer.

It is known from the literature that doping of
(bare) silica particles with ions in HPLC [10-19],
applied to change the selectivity of the chro-
matographic system, can influence the retention
of certain solutes. For the doping with Fe** [17]
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Fig. 4. Effect of three repetitive injections obtained at two
different concentration levels of Fe**, 100 and 500 ppb, of
the buffer solution at pH 4.50 for ortho-substituted ben-
zenecarboxylic acids. Migration sequence of separands as in
Fig. 2a. Conditions as in Fig. 1.

it was found that for compounds possessing
hydroxyl functions (phenols), adsorptive retarda-
tion leads to an increase in the capacity factors
by up to a factor of two, whereas components
without such functional groups were not found to
be retarded. An analogous mechanism seems to
be operative in our system, although not a bare,
but a coated silica surface is under consideration.
This assumption is supported, however, by ex-
perimental findings of peak broadening in CZE
in the presence of triply charged lanthanoids due

29

to wall adsorption for C-1 modified fused-silica
capillaries [20].

3.2. Uncoated capillaries

The electropherograms obtained with un-
coated capillaries, presented in Fig. 5, show
symmetrical peaks in the absence of Fe’*. In
contrast to coated capillaries, the migration
times are longer, because the (relatively low)
electroosmotic flow occurring in bare fused silica
at pH 4.50 is directed against the electrophoretic
migration of the anionic solutes. Those anions
with low ionic mobilities are stronger influenced
by this counterflow. In that event, a higher
separation selectivity can be obtained. This ef-
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Fig. 5. Effect of the Fe’ concentration of the buffer elec-
trolyte solution at pH 4.50 on peak shapes and migration
times of (a) ortho-substituted and (b) non-ortho-substituted
benzenecarboxylic acids in uncoated fused-silica capillaries.
Migration sequence of separands as in Fig. 2. Conditions as
in Fig. 1.
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fect can be observed, e.g., for the pair of
separands 1 and 2. This pair is baseline separated
in the coated capillary, but exhibits a much
higher resolution in the uncoated capillary.

When Fe®* ions are added to the buffer, two
effects can be observed: first, the migration times
decrease, and second, the peaks show increasing
tailing. The former effect is caused by the
decrease in the charge density and thus the zeta
potential due to the adsorption of the Fe species
on the silica wall. This effect is well known. It is
used to modify the electroosmotic flow by addi-
tion of, e.g., alkylamines to the buffer (see, e.g.,
refs. 6 and 21). It is also in agreement with
results observed in the presence of other higher
charged cations in the buffer [22,23].

In the case under consideration, the decrease
in the electroosmotic flow leads, e.g., at about
500 ppb of Fe’" to electroosmotic conditions as
for the coated capillaries shown above. Owing to
the attachment of the Fe species on the wall,
adsorptive sites for the separands seem to be
formed, reflected by severe peak tailing, yet
again, especially of the ortho-substituted anions.
From the comparison with Fig. 2, it can be
concluded that this extent of adsorption is of the
same order for coated as for uncoated capil-
laries. The coating does not prevent or even
reduce the adsorption effect.

With respect to the nature of the Fe species
attached on the wall only speculations are pos-
sible. Given the value of 2.64-107*° (at 25°C)
for the solubility product of iron(III) hydroxide
[24], at pH 4.5 the solubility of Fe(OH), is
considerably exceeded for the concentration
range under investigation. On the other hand, it
is well known that such hydroxides form colloids
before precipitation. These colloidal particles
can be attached on the wall in addition to the
free Fe’* ions. If the colloid is formed in fact
[and it is not a metastable condition which is

established, namely a supersaturated solution of -

Fe(OH),], it must consist of particles of very
small size, because these particles were not
visible, e.g., as spikes, in the detector.

The assumption that the resulting phenomena
are in fact caused by adsorption on the capillary
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Fig. 6. “Memory effect” on the peak shapes of ortho-substi-
tuted benzenecarboxylic acids due to attachment of Fe(III)
on the wall of the uncoated fused-silica capillary after
replacing the buffer containing (a) 500 ppb and (b) 1 ppm of
Fe’* by an Fe**-free running buffer at pH 4.50. Prior to each
run the capillary was rinsed with 20 column volumes of
Fe-free buffer. Migration sequence of separands as in Fig. 2a.
Conditions as in Fig. 1.

surface rather than by secondary equilibria in the
bulk liquid phase is supported by the observed
“memory effect” when the buffer containing
Fe* is replaced with an Fe®*-free electrolyte, as
shown in Fig. 6: the tailing of the peaks still
remains.
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Abstract

The results from preliminary investigations into the use of a concentric column having a thin (ca. 95 wm)
separation chamber for capillary electrophoresis (CE) are presented. The concentric column is constructed by
winding a plastic line helically on a fused-silica capillary and then by inserting it into a larger diameter fused-silica
capillary. Characteristics of the concentric column are determined and compared with conventional CE columns.
The microconcentric column allows increased sample loading over the conventional columns while maintaining
peak integrity. The feasibility of using the concentric column for micropreparative CE is demonstrated by the
collection of fractions and subsequent analysis by analytical CE.

1. Introduction

The need for the isolation of small amounts
(less than 1 ug) of purified components for use
as standards or for characterization, especially in
the fields related to biology and medicine, is
increasing. There is no doubt that the materials
to be examined in the future are present at even
smaller levels in' extraordinarily complex mix-
tures or are too labile to be amenable to conven-
tional methods. In response to this challenge,
much research has been directed toward the
development of preparative techniques based
upon capillary electrophoresis (CE).

In CE, the inner diameter (I.D.) of the col-
umn is the key to achieve highly efficient sepa-
rations. Since the emergence of CE in 1981 [1,2],
separations in narrow-bore columns (100 um or

* Corresponding author. Present address: Department of
Chemistry, Hamamatsu University School of Medicine,
Hamamatsu 431-31, Japan.
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less) have been recommended to minimize the
effect of Joule heating generated by the passage
of electrical current through the separation buf-
fer. With wide-bore capillaries, a significant
radial temperature gradient can be formed with-
in the column bore, which in turn results in
density gradient and convection. Such convec-
tion means sample zone broadening. Because of
the high inner surface-area-to-internal volume
ratio (the S/V ratio, typically more than several
tens mm '), broadening of sample zones is
minimized by effective dissipation of heat
through the surrounding walls.

Assuming that sample volumes occupy 1% of
the total column volume, the injection volume
for a 100 wm I.D. capillary with a 50 cm length
will be approximately 40 nl. When the initial
concentration of the desired constituent is in the
order of mg/ml, the injected amount is 40 ng:
this represents 40 pmol to a constituent having a
relative molecular mass of 1000. The loading
capacity of CE is well above the detection limits

© 1994 Elsevier Science BV. All rights reserved
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of mass spectrometry (MS) even if the whole
mass range is scanned, or even if MS-MS
experiments are to be performed [3,4]. Also,
automated high-sensitivity methods are capable
of the sequence determination of peptide sam-
ples at levels of less than 20 pmol [5]. However,
as is often the case, further material is necessary
to make the identification or sequence of the
isolated components more reliable and to enable
the purified material to be used as standards.

Provided that the generated heat is rapidly
removed from the column, the sample loading
capacity of CE should be proportional to the
cross-sectional area of the separation column.
Smith and co-workers [6,7] investigated the use
of larger bore capillaries (150 or 200 um 1.D.).
They showed that the larger 1.D. capillaries
provide a resolution of peptides comparable to
that obtained with.common analytical capillaries
(50 um LD. or 75 pum 1.D.). Although the
starting peptide concentrations were in the mg/
ml range, this approach demonstrated sequence
analysis at low-pmol levels of peptides.

Tsuda et al. [8] demonstrated that increasing
the sample load capacity can be achieved by the
use of a rectangular cross-section capillary col-
umn in stead of a circular cross-section capillary
column. Rectangular borosilicate-glass capillaries
with dimensions ranging from 195 um X 16 pm
to 1000 um X 50 um were employed. Because of
the large S/V ratio, and hence the excellent heat
dissipation ability, large cross-sectional rectan-
gular capillaries can be used without loss in
separation efficiencies.

Other approaches that permit larger sample
loading included a multicapillary system [7,9-
12], field amplified sample loading [13-15], iso-
tachophoretic sample loading [16-18], and a
concentrator capillary system [12,19]. Each
method has its own advantages and disadvan-
tages, which have been reviewed previously [20-
22].

In this paper, we explore the use of a mi-
croconcentric column for micropreparative CE
separations. Electrophoresis is carried out in a
separation chamber which is formed between
coaxially disposed, double fused-silica capil-
laries. The double capillary column allows much

higher sample loading than a single capillary
column without degrading peak integrity.

2. Experimental
2.1. Construction of the microconcentric column

The procedure for preparing a microconcentric
column is illustrated in Fig. 1. We use commer-
cially available fused-silica tubings (GL Sciences,
Tokyo, Japan) to construct the microconcentric
column. The inner capillary is a 5-um L.D. (or 10
pum I.D.) X 375 um O.D. fused-silica tubing with
an external coating. In order to remove the
coating, the capillary is immersed in concen-
trated sulphuric acid at ambient temperature
overnight. After this treatment the coating can
be readily peeled off. The capillary is thoroughly
washed with tap water and deionized water, and
is then dried at ambient temperature. The naked
capillary has now an O.D. of approximately 340
pm. Next, a line having a nominal diameter of
90 pwm is wound around the bare fused-silica

i vavavas
IR ‘iﬁ
)

2}

Fig. 1. Steps illustrating the construction of the concentric
column. (A) Prepare a clad-removed fused-silica tube, used
as the inner tube of the column, and wind a line helically
around it; (B) insert the inner tube into a wider [.D. fused-
silica tube; (C) completed. 1 =line; 2 = inner tube; 3 = outer
tube; 4= polyimide clad of outer tube; 5= separation
chamber.
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capillary (Fig. 1A). A glue is placed on each end
of the capillary to fix the line-on the capillary.
The line is made of synthetic resin and available
from several sources (e.g., Toray, Tokyo,
Japan). Column construction is easy when the
number of turns is 40 to 100 per meter along the
column axis. At smaller numbers of turns, the
inner capillary is not fixed well in the outer
capillary. On the other hand, at larger numbers
of turns, it is hard to insert the line-wound, inner
capillary into the outer capillary. The line-wound
capillary is inserted into a 530 um 1.D. X630 pm
O.D. fused-silica capillary tubing (GL Sciences)
with polyimide clad (Figs. 1B and 1C). A detec-
tion window is made on the outer capillary by
burning off the polyimide with an electrically
heated filament before the column is assembled.

2.2. Apparatus

The apparatus used is pictured in Fig. 2.
Surprisingly, the microconcentric column is fairly
robust once it is assembled. The columns are
flexible and can be looped into relatively small
diameters (smaller than 18 cm). This permits a
U-shape column configuration (Fig. 2B) besides
the straight column configuration (Fig. 2A). The
former configuration can be advantageous when
designing a compact apparatus.

For preparative work, an electrical connector
was made on the microconcentric column as
described previously [23]. Briefly, a small por-
tion of the polyimide coating is removed from
the outer capillary at a distance of 2 cm from the
outlet end. After the exposed section is
cemented onto a plastic mount, the bared area of
the capillary is scratched. A fracture is produced
by bending the column carefully at the scratch
until it breaks. The fracture is then surrounded
by a certain thickness of polyacrylamide gel
(10%T-3.6%C). The polyacrylamide joint is
placed in a buffer reservoir that is connected to a
high voltage. By this means, an extremely higher
flow resistance exists in the direction of the
fracture so that the bulk flow is directed toward
the column outlet {11,23]. The quantity of the
sample which may be lost through the fracture
should depend on the ratio of the flow resis-

A

Fig. 2. CE setups with the microconcentric column. (A)
Straight column configuration; (B) U-shape column configu-
ration. 1=Line; 2=inner tube; 3= outer tube; 4=
polyimide clad of outer tube; 5 = high-voltage power supply;
6 = inlet-end buffer reservoir; 7 = outlet-end buffer reservoir;

8 = UV detector; 9 = integration system.

tances in the two directions [11], which will be
negligible in this case.

On-column detection was accomplished using
a modified UV detector (Model 870-CE, Jasco,
Tokyo, Japan). The wavelength was set at 220
nm. The microconcentric, double capillary col-
umn was attached to a capillary mount which
was made in-house for detection. Care was taken
to ensure that the coiled line did not intercept
the light from the UV source. For experiments
using a single capillary column, the commercial
capillary amount (Part No. 6627-4235A, Jasco)
was employed as received. A 50 pm X 500 pm
slit (Part No. 6680-4117A, Jasco) was affixed on
the backside of these capillary mounts. The
signal from the detector was fed to a Labchart
180 (System Instruments, Tokyo, J apan) integra-
tion system.
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A Matsusada Precision Devices (Kusatsu,
Japan) Model HSR-30N-TU negative power sup-
ply was used to provide the electrical field for
electrophoresis. The current in the system was
measured over a 10-k{Q) resistance in the return
circuit of the power supply by means of a digital
multimeter (Model VOAC 81, Iwatsu Electric,
Tokyo, Japan). No column temperature control
was available.

2.3. Chemicals

Tris(hydroxymethyl)aminomethane (Tris) and
2-[4-(2-hydroxyethyl) - 1-piperazinyl]ethanesul-
fonic acid (HEPES) were obtained from Nacalai
Tesque (Kyoto, Japan). All buffers were pre-
pared daily using water from a Milli-Q unit
(Millipore, Bedford, MA, USA). The other
chemicals were of analytical grade and purchased
from various distributors.

2.4. Estimation of sample plug length

The Fanning (or Darcy) equation can be used
to estimate the sample plug length introduced
into a column due to a pressure difference across
the length of the column [24]:

Ap = 4f (pv*/2g )(L/D,) 6))

where Ap is the pressure difference across the
column (kgf m™?; kgf = kilogram-force), f is the
Fanning friction factor (dimensionless), p is the
density of the fluid (kg m™?), v is the average
velocity of the fluid (m s™'), g, is dimensional
constant (kg m kgf~'s %), L is the length of the
column (m), and D, is the hydraulic (or equiva-
lent) diameter (m). For hydrodynamic (gravity)
flows, Ap is given by

Ap =pg Ahlg, ()

where g is the constant for gravitation accelera-
tion (m s™%) and Ak is the height difference
between the fluid levels at both ends of the
column (m). The hydraulic diameter for circular
cross-section columns equals to the geometric
diameter, D (m), whereas that for concentric
annular columns is given by

D,=D, - D, 3

where D, and D; are the O.D. and L.D. of the
annulus, respectively. The Fanning restriction
factors are

f=16/Re (for circular cross section columns)

C))
f=16{(D, - D,)*/[(D; + D})
— (D2 —-D?})/In(D,/D,)]}/Re
(for concentric annular columns) 4)

where Re is the Reinolds number (dimension-
less) and is defined as

Re =pvD, In (6)

where 7 is the Newtonian viscosity of the fluid
(kg m™'s7").
Substituting Egs. 4 and 6 into Eq. 1 gives

Ap =32vnL/g D*? ©)

which is known as the Hagen-Poiseuille equa-
tion. The pressure difference for the concentric
annular columns is

Ap = 32vnL/{g. (D} + D)
— (D2~ D?)/In(D,/D,)]} ®)
The average velocity of the sample introduced
by gravity flow at a given height difference for
circular cross-section columns and concentric
annular columns can be obtained from Egs. 7
and 8, respectively. Multiplication of the average
fluid velocity by the introduction time gives the

length of sample introduced during hydro-
dynamic flow introduction:

l=pg Ah thi/32nL (for circular cross section
columns) 9)

I=pg Ah 4[(D7 + D})
—(D2-D})/In(D,/D,)]/32nL

(for concentric annular columns) (10)

where ¢ is the introduction time (s).
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3. Results and discussion

3.1. Characterization of the microconcentric
column

The heat dissipation ability of a CE column
should depend upon the S/V ratio while the
sample loading ability should depend upon the
cross-sectional area of the column. Table 1
summarizes several characteristics of the three
types of columns having different dimensions.
From the table we can see that the concentric
column allows the sample load that is enhanced
by a factor of 16.6, although the S/V ratio for the
concentric column is about one-half of that for a
100-um L.D. capillary column. In general, the
use of wider bore columns (e.g., 150 um LD.
columns) is somewhat limited in that a dramatic
increase in separation efficiency is observed
[8,25]. The sample loading ability of the conce-
ntric column is higher by a factor of 2.6 than a
1000 wm X 50 wm rectangular column, although
the heat dissipation is expected to be less effec-
tive with the former column than with the latter
column.

There are further advantages of the concentric
column over the rectangular column. Because
the concentric column is made of fused-silica, it
shows good transparency at short wavelengths
(<210 nm) of UV detection, which is perhaps
the most widely used CE detection method,
unlike the rectangular column which is made of
borosilicate glass. This advantage is manifested

Table 1

when short wavelength UV detection is used for
detecting proteins and peptides [26-29]. Accord-
ing to Mayer and Miller {30], the absorbance at
193 nm is directly proportional to the number of
peptide bonds in the molecule. More important-
ly, detection at 193 nm yields higher absorbance
for peptide bonds [30]. The line of mercury at
185 nm can be also used for detection of peptides
and oligosaccharides which are separated by CE
with certain buffers [31].

The concentric column also alleviates the
problem of the capillary fragility which has been
encountered with the borosilicate-glass rectan-
gular columns. Because the concentric column is
flexible like a single fused-silica capillary column,
it is not necessary to cut a channel in the optical
compartment of the UV detector when installing
the column to the detection unit (see Ref. [8]).
In addition, the flexibility of the concentric
column allows the design of a compact ap-
paratus, as mentioned in the Experimental sec-
tion.

With the use of the concentric column for CE,
a question needs to be addressed before the
column performance is examined: does the sol-
ute go through the helical channel that is formed
by partitioning the space between the double
capillaries with the line? Note that the calculated
space (ca. 95 pm) is larger than the nominal
diameter of the line. To answer this question,
methyl orange was dissolved in water at a high
concentration. A 5-mm wide section of the
polyimide coating was removed from the outer

Characteristics of columns having different separation chamber shapes

Shape of cross section Circle Rectangle
Materials Fused-silica Borosilicate
Size, pm 100 I.D. 16 x 195°
Circumference, mm 3.14-107" 4.22-107"
Cross-sectional area, mm’ 7.85-107° 3.12-107°
Rel. cross-sectional area 1.00 3.97-1077
S/V, mm™* 40 135

Rectangle Annulus
Borosilicate Fused-silica

50 x 1000° 3401.D. x 530 O.D.
2.10 2.73

5.00-1072 1.30-107"

6.37 16.6

42 21

“Values taken from Ref. {8].
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capillary (44 cm in length) at a distance of 2 cm
from the inlet, and placed on the sample stage of
a microscope. The column and the outlet reser-
voir were filled with 100 mM HEPES, pH 5.2,
while the inlet reservoir was filled with the dye
solution. Each end of the column was placed into
the reservoirs and then a high voltage (— 10 kV)
was applied over the column. We were able to
observe the dye traveling through the helical
separation channel under the microscope.

It is worth noting that the separation channel
is not very extended by winding the line. For
example, the increment in the separation length
is estimated to be only ca. 0.6% for a 50-cm long
column having 50 turns of the line. It follows
that the change in the field strength at a given
voltage is negligible. The effect of a helical
separation channel on the separation efficiency
was not examined because of the difficulties in
performing such an experiment, although some
previous work [32,33] showed that in open
tubular columns, no significant effect of column
coiling occurred while the influence of coiling on
efficiency was significant with gel-filled columns.
Alternatively, the influence of using the U-
shaped column configuration (Fig. 2B) was in-
vestigated, and as a result, it was found that this
column configuration did not influence the col-
umn performance.

The effects of Joule heating on the separation
have been generally a great concern when work-
ing with large cross-sectional columns, since
increasing the cross-sectional area causes an
increase in the electric current passing through
the column, which can seriously reduce the
efficiency of the system. Because the amount of
heat that must be removed is proportional to the
square of the field strength, the equivalent con-
ductance and the buffer concentration [34], the
choice of these parameters becomes critical when
using large bore columns. Low conductivity and
low concentration buffers have been used to
circumvent the ‘heating problems [6-8], despite
the problems of limited sample loading and
possible adsorption effects [25]. It was expected
that this would be the case for the authors’
column system. To investigate the influence of
excessive heat generation, the applied field
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Fig. 3. Plots of applied field strength vs. resulting current for
different running solutions. O =5 mM HEPES, pH 7.0;
© =100 mM HEPES, pH 5.2; A =3 mM Tris, pH 9.2; ¢ =5
mM HEPES, pH 5.2. Column length, 46 cm.

strength vs. the resulting current was plotted.
The results are shown in Fig. 3 for the four
running solutions, which were chosen for having
low conductivities. The field strength at which
the curve begins to deviate from the linearity can
be considered as the maximum voltage, beyond
which the generated heat is excessive for the
column system [35,36]. In the present work, the
maximum field strength for each running solu-
tion was tentatively defined as the value beyond
that the correlation coefficient begins to drop
below 0.998 on the linear regression analysis.
The results are shown in Table 2, together with
the values of the heat generation rate. It can be
seen that the maximum field strength and the
heat generation rate per meter for the concentric
column are in the same order of magnitude as is
common for CE separations using circular cross-
section capillaries without any cooling system
(see, Ref. [37]). On the other hand, because of
the increased volume of the concentric column,
the heat generation rate per unit volume is two
orders of magnitude smaller than that for circu-
lar cross-section capillaries operated under typi-
cal conditions (see, Ref. [34]). Undoubtedly,
Good’s buffers are the most promising candi-
dates for such a large cross-sectional column,
since they can cover a wide range of pH while
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Table 2
The heat generation rate at the maximum field strength

Buffer medium Maximum field strength Heat generation rate
(Vem™) (Wm™) (W cem™)

3 mM Tris, pH 9.2 413 0.558 4.29

5 mM HEPES, pH 7.0 260 0.777 5.98

5 mM HEPES, pH 5.2 630 0.213 1.79

100 mM HEPES, pH 5.2 260 0.467 3.59

having low conductivities even at high concen-
trations.

To evaluate whether or not concentric annular
columns maintain CE performance, a mixture
containing dansyl acid (0.05 mg/ml) and benzyl
alcohol (1.0 mg/ml) was electrophoresed with a
concentric annular column and circular cross-
section capillary columns (100 and 250 pm I.D.).
The sample was introduced by the gravity flow
for 6 s at 5 cm and then a voltage of —10 kV was
applied. Note that the lengths of the sample
introduced into individual columns are not equal
(see Experimental section for the estimation of
the sample plug length). A comparison of the
electropherograms obtained with those columns
is shown in Fig. 4. A summary of the migration
time, peak width, peak asymmetry and plate
count for the benzyl alcohol peak is given in
Table 3. With either the concentric column or
the 100-um I.D. capillary column, the compo-
nents eluted with base line resolution; the peaks
are only partially resolved with the 250-pm L.D.
capillary column. It is worthy to note that the
volumes introduced into the 250-um [.D. column
and the concentric column are almost the same,
being 40 times that of the 100-um I.D. column:
the volumes of sample applied to the former
columns are approximately 0.73 ul and the
amounts of dansyl acid and benzyl alcohol are 36
ng and 730 ng, respectively. The migration times
of the components are longer with the concentric
column than with the 100-upm I.D. capillary
column, indicating that the rate of electroosmot-
ic flow is smaller with the concentric column
compared with the 100-um 1.D. circular cross-
section capillary. This would be responsible for

the difference in the state of the inner surface
between those columns. We can also see that the
concentric column and the 100-pm 1.D. column
are different in the values of plate count and
resolution. There are several probable explana-
tions for this. First, in this case, the decrease in
the velocity of electroosmotic flow can yield
improved resolution and a decrease in plate
count. Second, the concentric column was oper-
ated near the maximum field strength for the
buffer, which makes the heat dissipation less
effective. Third, the injection length of the

2 2

N

0 2 4 min 6 2 4 mn 0 2 4 min

e

Fig. 4. Electropherograms of benzyl alcohol and dansyl acid
for microconcentric column (A) and round cross-section
columns of 100 pm I.D. (B) and 250 pm I.D. (C). Peaks:
1=benzyl alcohol; 2 =dansyl alcohol. Conditions: 46 cm
column length (27 cm effective column length) each; —10 kV
applied voltage; 220 nm detection wavelength; 3 mM Tris
buffer, adjusted to pH 9.2 with glycine.
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Table 3
Summary of column performance determination experiments

Column

100 pm LD. 250 pm L.D. Concentric
Migration time, min 1.87 1.84 2.18
Peak width”, s 52 10.6 8.6
Peak asymmetry” 2.82 1.07 1.66
Plate count®, m™! 5606 1306 2786
Resolution’ 1.29 N.D’ 2.79

Conditions as in Fig. 4. Average values are given for benzy! alcohol (n=75).

“ Based on half height peak width measurement.
* Based on 15% peak height.

¢ Calculated using the equation: N = 5.54(¢/ w,)*; where ¢ is the migration time of the peak and w, is the half-height peak width.

“ Resolution between benzyl alcohol (peak 1) and dansyl acid (peak 2) was determined by the equation: R=(t, —1,)/(w,p +
W,.); where ¢, and ¢, are the migration times of peaks 1 and 2 (¢,>1,), wyg is the portion of the width of peak 1 which is to the
right of #,, and w,; is the portion of the width of peak 2 which is to the left of t,.

‘ Not determined.

sample for the concentric column is longer by a
factor of 2.4 than that for the 100-um I.D.
capillary. The two latter matters tend to decrease
the efficiency of separation. It follows that direct
comparison of the column performance between
those columns is inappropriate. However, it
seems to us that the separation power is
adequate for many applications and can be
improved by optimizing the operating condi-
tions.

Table 4 shows the relative standard deviation
(R.S.D.) in the migration time and peak area for
the concentric column, together with those for
the 100-um L.D. capillary column. From the
table we can see that the values obtained with
the concentric column are comparable to those
for the 100-um I.D. column.

Table 4

3.2. Eluate collection

The concentric column enabled us to collect
enough material from a single run. To collect
eluate continuously, the electrical circuit in the
column was completed prior to its outlet by the
use of the polyacrylamide joint. This design
allows the collection of fractions at an electrically
isolated outlet [11,23]. Thymine was dissolved at
a concentration of 1.0 mM in a 100-mM HEPES
(pH 5.2) buffer and injected into the concentric
column having a polyacrylamide joint with gravi-
ty flow for 6 s at 5 cm. The resulting electro-
pherogram is shown in Fig. 5A. The amount of
sample applied is approximately 92 ng. We can
see a thymine peak eluting at 5.95 min from the
electropherogram. Eluate was collected into a

Comparison of R.S.D. values of the concentric column system and the circular column system (n = 5)

Component Concentric 100 pm I.D.

Migration time Peak area Migration time Peak area
Benzyl alcohol 0.461 5.83 1.56 5.51
Dansyl acid 1.87 : 6.95 1.65 4.67
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Fig. 5. (A) Electropherogram of thymine on microconcentric
column; (B) electropherogram of fraction collected from
preparative run, obtained on 100 pm I.D. analytical column;
(C) electropherogram of thymine on 100 wm I.D. analytical
column. Conditions: 46 cm column length (27 cm effective
column length) each; —10 kV applied voltage; 220 nm
detection wavelength; 100 mM HEPES buffer, pH 5.2. The
polyacrylamide joint (on-column fracture) is positioned 2 cm
from the exit of the concentric column. The lengths of the
columns over which the high voltage is applied are 44 cm and
46 cm in (A) and (B), respectively.

small vial during the period 1.5-3.5 min after the
emergence of the thymine peak on the UV
electropherogram. The UV detector was located
10 cm prior to the column outlet and the time
required for the analyte to travel from the
detection point to the column outlet was approx-
imately 98 s. Electrophoresis of the collected
fraction (ca. 16 nl in volume) was carried out
using a second CE system with a 100-um 1.D.
circular capillary column. A small portion (ca.
8.3 nl) of the fraction was syphoned for 12 s at 5
cm. The resulting electropherogram is shown in
Fig. 5B, where the thymine peak appears at 5.47
min and an artificial peak appears at 4.85 min.
Because the migration times of thymine were
different for the two columns, we injected the
original sample solution into the 100-um I.D.
column. As expected, the peak of thymine was
observed to elute at the same migration time as
that of the collected fraction (see Fig. 5C). This
indicates that the concentric column can be
employed for micropreparative purposes. A
comparison between the electropherograms in
Figs. 5A and C reveals that the peak width is
broader with the concentric column than with
the 100-um I.D. column: the calculated plate
counts were 7320 m~' and 22790 m~' for the
concentric column and the 100-um I.D. column,

respectively. Further work is required for the
explanation for the lower plate count with the
concentric column, but it seems to us that the
decreased velocity of electroosmotic flow and the
lengthened sample plug are in part responsible
for the difference in plate count.

4. Conclusions

We have demonstrated that large quantities of
separated components could be continuously
collected from a single separation using a con-
centric column. The column provides many
favorable features, involving ease of construc-
tion, robustness and UV transparency at short
wavelengths. Obviously, more work is required
to fully evaluate microconcentric columns for use
as preparative columns. These include the op-
timization of the O.D. of the inner tube and the
1.D. of the outer tube, the proper selection of
the buffer for the particular separation, the use
of a cooling system and the development of an
injection system that is suited for the concentric
column. We expect further improvement in the
column performance when these conditions are
realized.
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Abstract

Automated capillary electrophoresis is an effective method for the determination of pK, values. Advantages
include having high sensitivity for poorly soluble solutes, not having to know the concentration of the solutes, and
the simplicity of the method. The procedure, further investigated in this work, yielded determined pK, values to
within 0.07 units of literature values from the ITUPAC database for 18 solutes having pK, values of less than 9. The
range evaluated was 2.43 to 9.99. Bases with pK, values above 9 had significant differences with the literature
values. Wall adsorption and concentration effects were not potential contributors to these differences. Spectro-
scopic pK, determinations for three solutes showing large differences with the literature values agree with the

capillary electrophoresis determinations.

1. Introduction

Dissociation constants (i.e., pK, values) can
be a key parameter for understanding and quan-
tifying chemical phenomenon such as reaction
rates, biological activity, biological uptake, bio-
logical transport and environmental fate [1-3].
The determination of dissociation constants of
weakly acidic or basic compounds is routine
using established techniques if the compound has
amenable physical properties [4-7]. However,
the low solubility of many pharmaceutical and
agricultural compounds in water precludes con-
venient pK, determinations. Indeed, many new

* Corresponding author.

SSDI 0021-9673(94)00369-K

herbicides and pesticides have poor water solu-
bility specifically designed into the molecules for
environmental concerns. Previous papers {8-10]
have introduced the use of capillary electropho-
resis (CE) for pK, determination. We have used
this approach because of its high sensitivity and
selectivity relative to potentiometry. In this
paper we continue to explore the benefits of CE
for pK, measurements and build upon the previ-
ous work in this area. In particular, this work in-
cludes more compounds of known literature pK,
values thus extending the demonstrated range.

Equations which relate electrophoretic mobili-
ty to pK, have been adequately derived previ-
ously [10]. In brief, the thermodynamic pK, is
related in an expression similar to the Hender-
son—Hasselbach equation with electrophoretic
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mobility used to describe the state of solute
ionization

173
K, =pH +log [ 2]
P P g[/“’BH*'*#’e
0.50852*VI (bases) O
- = ascs
1+ 0.3281aVI
M
K =pH- log | ———
PR =P Og[uA——ne]
0.50852*V1

"1+ 03281av7 OO @)
where uy,+ is the electrophoretic mobility of the
fully protonated base, w,- is the electrophoretic
mobility of the fully deprotonated acid and p, is
the electrophoretic mobility observed at the
experimental pH. The third term in Egs. 1 and 2
is the activity correction for buffer ionic strength,
I. The variable z is the valency of the buffer and
a is the ionic size parameter, 5 A.

An alternative approach is to use linear forms
of Eqgs. 1 and 2 [9,11]. In theory, either approach
is acceptable, but in practice, the non-linear
equations shown here will give better results
[11]. The K, is linear with 1/{H"}. To cover a
wide range of pH, buffers are generally chosen
with equally spaced pH values. When linear
regression is performed to determine the K,
there will be highly leveraged, influential data
introducing a significant error in the result. A
weighted linear regression requires too many
runs to determine the weights and is thus im-
practical. Non-linear regression of Eqgs. 1 or 2
using equally spaced pH buffers about the pK,
minimizes the potential for highly leveraged,
influential data.

2. Experimental
2.1. Apparatus and method

A SpectraPHORESIS 1000 CE (Thermal
Separation Systems, Fremont, CA, USA) was
used for all experiments. Typically, a 2-s hydro-
dynamic injection was performed. Since the
hydrodynamic injection rate is ca. 6 nl/s for a 67
cm X 75 pm untreated fused-silica capillary

(Polymicro Technology, Phoenix, AZ, USA),
ca. 12 nl was loaded onto the column. The
separation distance, L4, was 59.5 cm. The tem-
perature was set at 25°C. Absorbance was moni-
tored at a wavelength appropriate for the solute
and, usually, at 240 nm for the neutral marker,
mesityl oxide. This instrument has a high speed
slewing monochromator allowing multiple wave-
length detection. With the instrument operating
at 25 kV, typical currents were less than 20 pA.

In order to equilibrate the column and thereby
minimize hysteresis effects [10,12], the following
wash cycle was performed prior to each run in a
sequence: (1) 5 min with 1 M NaOH, (2) 5 min
with H,O, and (3) 3.0 min with running buffer.

Because the SpectraPHORESIS 1000 is
equipped with a single reservoir for the buffer
near the detector, it is not possible to match
buffers at each end of the column in a sequence.
Tricine (0.02 M, pH 7.6 to 8.1) was used as the
buffer at the detector end of the column.

Buffer pH was measured with an Orion Ross
pH electrode and an Orion Model 601A pH
meter and in later work a Fisher Accuphast pH
electrode or an Orion Model EA940 meter.
Meter calibrations were made with Fisher NIST
traceable buffer solutions.

Method

All solutions were prepared using distilled,
deionized, and filtered water (ASTM type 1
specification). A 100-u1 aliquot of 10 mM mesityl
oxide in water (neutral marker) and 900 ul
analyte solution typically were combined into a
2-ml sample vial to give a final concentration of
between 10 and 900 puM analyte and 1 mM
mesityl oxide.

Data pairs of the activity corrected pH and u,
were imported into Mathcad 4.0 (MathSoft,
Cambridge, MA, USA) where ppy+ Or u,- and
pK, were determined by performing a non-linear
fit to Egs. 1 or 2.

3. Spectroscopic pK, determination
Spectroscopic pK, values of several bases were

determined by taking UV spectra with an Hitachi
Model 3101 spectrophotometer using 1-cm
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cuvets at 23°C. Samples were prepared in the
same buffer series as used in the CE experi-
ments. Absorbance measurements were taken at
a wavelength which showed a significant differ-
ence as a function of pH for each solute, 220 nm
for 2- and 3-methylbenzylamine, 230 nm for 2-
methoxybenzylamine. The pK, values were de-
termined using a non-linear fit of the absor-
bance, A, versus the pH [13]

K el [A—Asm ]_ 0.5085z*V1
PRaZPET OB | A=Ay | 1+0.3281aVI
©)

Where Ag,+ and Ap are parameters also de-
termined by the regression.

3.1. Buffer series
Different buffer series were used throughout

this investigation. Most of the work was done at
a constant ionic strength to enable a more

Table 1

consistent electroosmotic flow (EOF) between
different buffers [14]. At an ionic strength of
0.01 M, the activity correction for the ionic
strength of the solution is 0.05 making calcula-
tions somewhat simpler. The concentrations and
the pH values of this buffer series are listed in
Table 1. Buffer components were obtained from
different producers and were of the highest
available purity.

4. Results
4.1. Buffer capacities
A consideration in creating the buffer series in

Table 1 was the buffer capacity, B, of each
buffer. The B is defined as [15]

&aHﬂ)

=23 B G

B= dpH [H+]
(4)

Buffer series, pH, pK, values, concentrations, buffer capacities and estimated pH change upon the addition of a 1-s injection of a

100 uM strong acid or base

Buffer* pH pK, Concentration of Buffer capacity Estimated

buffer (M) B (M/pH) pH change
CAPS 10.96 10.4 1.22-1077 6.85-107° 4.82-107°
CAPS 10.65 10.4 1.71-107° 1.01-107° 3.27-107°
CAPS 10.12 10.4 3.24-1072 1.71-1072 1.93-107°
CAPSO 9.76 9.6 2.12-1072 1.19-1072 2.77-107°
AMPSO 9.16 9 1.89-1077 1.05-1072 3.13-107°
TAPS 8.61 8.4 1.71-1072 9.29-107° 3.55-107°
Tricine 7.94 8.1 2.12-1072 1.18-107° 2.80-107°
HEPES 7.43 7.5 1.89-1072 1.08-107? 3.06-107°
MOPS 6.94 7.2 2.41-1077 1.27-107° 2.60-107°
ACES 6.53 6.8 2.78-1077 1.45-107° 2.27-107°
MES 6.09 6.1 2.12-1077 1.22-1072 2.71-107
Acetic 5.46 4.75 1.16-107* 3.65-107° 9.04-107°
Acetic 5.04 4.75 1.50-107° 7.75-107° 4.26-107°
Acetic 4.45 475 2.58-1072 1.33-1077 2.49-107°
Formic 4.16 3.75 1.50-1077 7.12-107° 4.64-107°
Formic 3.54 3.75 2.58-107° 1.47-1072 2.25-107°
Formic 3.05 3.75 6.01-1072 2121077 1.56-107°

“ Buffer abbreviations: CAPSO = 3-[cyclohexylamino]-2-hydroxy-1-propanesulfonic acid; CAPS = 3-[cyclohexylamino]-1-prop-
anesulfonic acid; AMPSO = 3-[(1,1-dimethyl-2-hydroxyethyl)amino]-2-hydroxypropane sulfonic acid; TAPS = N-tris[hydrox-

ymethyl]methyl-3-amino-propanesulfonic  acid;

Tricine = N-tris[hydroxymethyl]methylglycine;

HEPES = N-[2-hydroxy-

ethyl]piperazine-N’-[2-ethanesulfonic acid]; MOPS = 3-[N-morpholino]propanesulfonic acid; ACES = (N-[2-acetamido]-2-
aminoethanesulfonic acid; MES = 2-[N-morpholino]ethanesuifonic acid.
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Where C, is the concentration of the buffer
acid, K, is the equilibrium constant for the
dissociation of water, K, is the equilibrium
constant for the dissociation of the buffer acid,
and C, is the total concentration of the buffer.
Too low of a buffer capacity would result in the
inability of the buffer to maintain pH control in
the analyte zone. At the pH of the buffers, the
actual buffer capacities are listed in Table 1 as
well as the expected change in pH for the 1-s
injection of a 100 uM strong acid or base. The
maximum impact on the pH for a 6-nl (1-s)
injection, with a typical 18-nl peak width at the
detector, of a 100 uM strong acid or base is
estimated to be insignificant (ApH <0.01) for
every buffer in the series. Indeed, if the pH of
the analyte zone were different than that of the
run buffer, then there would be a bias in the final
pK, determination.

4.2. pK, determinations

The pK, values for a series of 23 acids and
bases were determined (7 of these values were
reported by us previously [10]). The results of
those determinations are shown in Table 2. Less
than a 0.07 difference of pK, with the literature
values [16,17] were obtained for pK, values less
than 9. These differences are probably reflective
of the random error of the procedure. As an
example, for a single compound, the random
error was = 0.071 at 95% confidence, from 10
separate determinations of 2-aminopyridine.

There were significant differences between the
CE-determined pK, values of bases with litera-
ture pK, values greater than 9. A series of
simple experiments were run to elucidate this
inconsistency. In the first experiment, a weak
acid with a high pK, value, phenol, was shown to
be in agreement with the literature value. This
determination suggests that there is no inherent
problem with the high pH buffers which could
bias the result. Ionic interactions of amines with
silica surfaces are a well established phenomenon
in separations. At pH values greater than 8, the
silica surface is fully charged. Indeed, the EOF is
nearly consistent above pH 7, whereas below 7 it
decreases. Thus, ion exchange with the column
surface for the simple molecules in this study

Table 2
CE pK, determinations versus literature values

Molecule pK, pK, Difference
(lit.) (CE)
o-Bromoaniline 2.53 2.55 —0.02
Salicylic acid 2.98 2.96 0.02
p-Bromoaniline 3.88 3.85 0.03
Benzoic acid 42 4.18 0.02
2-Ethylaniline 4.37 4.32 0.05
Cinnamic acid 4.4 4.4 0
Aniline 4.6 4.66 -0.06
2-Ethylaniline 4.7 4.69 0.01
3-Ethylaniline 5.07 5.09 -0.02
Pyridine 5.19 5.26 —0.07
N,N’-dimethylaniline 5.99 5.96 0.03
4-Nitrophenol 7.15 7.15 0
2-Aminopyridine 6.71 6.76 -0.05
Nicotine 8.02 8.08 -0.06
Quinine 8.52 8.52 0
4-tert.-Butylpyridine 9.08 9.52 —0.44
4-Aminopyridine 9.11 9.25 —0.14
2-Methybenzylamine 9.19 9.4 -0.21
3-Methylbenzylamine 9.33 9.57 —0.24
2-Methoxybenzylamine 9.71 0.05 -0.35
a-Methylbenzylamine 9.83 9.94 -0.11
Phenethylamine 9.83 10.03 -0.2
Phenol 9.99 9.9 10.08

would be expected to correlate with «, the
fractional degree of ionization. The ion-exchange
wall effects would result in a proportionately
decreased mobility relative to no ion exchange
with the wall, and hence, would not impact the
pK, determination. Any other adsorptive effect
could be measured by a non-zero mobility at a
pH 2 or more units below the pK,. There was no
adsorptive effect which was measurable in our
experiments. Indeed, if the electrophoretic
mobility were slower due to adsorption, then the
determined pK, would be less than the actual
pK,. In the questioned data here, all of the pK,
values were higher. Also, there was excellent
agreement of the literature values for nicotine,
8.08 by CE versus 8.02 literature and quinine,
8.52 by both CE and literature. The wall would
be expected to have a similar effect in all the pH
buffers above 7.

If there was an effect from adsorption or ion
exchange, then the effect could be masked with
an amine with a higher pK, value than the solute
at a higher concentration in the buffer. Indeed,
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Table 3

Spectroscopic determination of pK, values compared to literature and CE

Solute pK, pK, pK,
literature spectroscopic CE
2-Methylbenzylamine 9.19 9.48 9.40
3-Methylbenzylamine 9.70 9.54 9.57
2-Methoxybenzylamine 9.33 9.92 10.05

the buffer series was prepared using pyrollidine
(pK, = 11.27) as the neutralizing base instead of
sodium hydroxide. With the pyrollidine buffer
series, the pK, was determined for 2-methoxy-
benzylamine to be 9.96, more consistent with the
previously determined CE value of 10.05 and
inconsistent with the literature value of 9.70.

As calculated above, the buffers had enough
capacity to prevent a significant change in the pH
of the zone impacting the measurement. To
prove this effect, the concentration of 4-amino-
pyridine was varied from 10 to 900 M and there
was no correlation with the pK, determined.

To referee this inconsistency with the litera-
ture, the pK, values of three bases with large
errors were determined spectroscopically. (Solu-
bility was too low for an accurate potentiometric
determination.) Spectroscopic pK, determination
relies on the change in solute absorbance at a
specific wavelength versus pH. As shown in
Table 3, the spectroscopic determined pK, val-
ues agree much more closely with the CE de-
termined values.

All of the experiments to elucidate the incon-
sistency of the CE data with the literature data
together suggest problems with the literature
values for these particular bases. The method
cited in the TUPAC database for these com-
pounds was to prepare a sample at 0.02 M
containing an equal concentration of salt and
base and to measure the pH of that solution with
a hydrogen electrode [18].

5. Conclusions

CE is an effective method for determining pK,
values. The method is particularly useful for

determining the pK, values of compounds with
low water solubility. For example, compounds of
limited water solubility need not be prepared in
a co-solvent as is required by potentiometry, and
it is not necessary to accurately know the con-
centration of a titrant or solute. There is no time
consuming preparation of carbonate-free buffers.
The detection limit for a 12-nl injection, re-
ported previously [10] was €*’bc=1-10""*
which, for benzoic acid, was 2 uM, 50 times
lower than a typical determination limit via
potentiometric titration. The procedure gave
determined pK, values to within 0.07 units of
literature values from the JUPAC database for
analytes below a pK, value of 9. The range
evaluated was 2.43 to 9.99. The analysis time
was between 2 and 3.5 h per solute and no
attempts were made to minimize this time.

Differences between CE-determined values
and literature values for high pK, bases were
investigated by taking a series of 9 bases with
literature pK, values ranging between 8.02 and
9.83 and comparing the CE determined values
with the literature values. Literature values
above 9 were significantly lower than the CE-
determined values. This difference was not due
to an inherent limitation in the procedure for
high pK, determinations; a weak acid with a pK,
above 9 was accurately determined. Concentra-
tion effects and ionic interactions with the capil-
lary wall were systematically eliminated as po-
tential reasons for the differences also. To ref-
eree the differences between the historical data
and the CE data, the pK, values were deter-
mined spectroscopically for three compounds
with large errors. The spectroscopic results ag-
reed more closely with the CE results suggesting
that the literature values of the solutes chosen
may be unreliable.
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Abstract

The calculation of pK, values from capillary electrophoresis data may be accomplished in several ways.
Electrophoretic mobilities are fitted to a model which describes the dissociation versus the pH. For a linear model,
a linear regression approach yields biased results. Weighted linear regression requires many replicates to determine
weighting factors and is thus a time-consuming experiment. For an exponential model, non-linear regression of the
electrophoretic mobilities in different, equally pH spaced buffers of the analyte gives the least biased de-
termination. Another experimental approach to this determination is to use a permanently charged solute to
correct for potential biases in the expected electrophoretic mobilities obtained between different buffers. In the
buffer series chosen, there was no significant bias observed. Buffer pH may be determined by an in situ approach
using an internal standard of known pK,. However, the precision obtained is much less than using a pH meter.

1. Introduction

The measurement of electrophoretic mobility
versus pH has been developed for pK, value
determination in several laboratories [1-4]. This
procedure was developed for poorly soluble
compounds with typical working concentrations
of 10 to 1000 uwM. As an example of the
sensitivity of the procedure, the detection limit
was 2 uM for benzoic acid [3]. Several reason-
able methods are feasible for calculating the pK,
values from electrophoretic mobilities and buffer
pH. In addition, we previously suggested two
possible alternative calculation and experimental
approaches. Corrections for potential discon-

* Corresponding author.
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tinuities in electrophoretic mobilities between
buffers were proposed by adding a fixed charge
solute to the "analysis mixture. In the other
approach, an internal standard of known pK,
was added as an in situ approach to determine
the pH of each buffer. These issues regarding the
experimental and calculational approaches are
examined in this investigation.

2. Theory

The determination is based on the principle
that a solute has its maximum electrophoretic
mobility when it is fully ionized, has no mobility
in its neutral form, and has an intermediate, well
modeled, mobility in the pH region surrounding
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its pK, [1-3]. Electrophoretic mobility is calcu-
lated from the migration time of a neutral
marker, £, the migration time of the solute, ¢,
the length of the column, L_, the length of the
column between the injection end and the detec-
tor, L4, and the applied voltage, V, according to

the relation

- () (- )

There are several experimental approaches
and models which apply. Derivations of these
expressions were developed elsewhere [1-4].

2.1. Non-linear model

The non-linear model at 25°C is

0.5085z*V1
1+0.3281aVI

@

where pK, is the thermodynamic pK,, u, the
electrophoretic mobility at the pH of the buffer
in the CE column, pu,- the electrophoretic
mobility of the fully ionized acid, z the valency
of the ion, I the ionic strength of the buffer
solution, and a is the ion size parameter, gener-
ally unknown but assumed to be 5 A [5). The
third term in the equation is equal to —logv,
where vy is the activity coefficient of the ions in
solution.
The analogous expression for a base, B is

1
K, =pH-— | +
PK.=p °g<uz——u)

I ) _0.5085z°V1
Meu+r — K/ 1+0.3281aVI

&)

The compounds used in this study were all

bases and hence, only equations for bases will be

shown for simplicity. Eq. 3 is rearranged for
non-linear regression to

pK,=pH+ log <

_ ”"BH*lO(pKQ_pHC)
"1+ 10®Ka—PH) “)

The pH,_ is the activity corrected pH:

H = oH 0.5085z°VI
P T P T 032814 VT
©)

2.2. Linear model

The linear model, derived from the same
equilibrium expressions as Eq. 3 is

11 y , 1
mo K-pgys {(H'}  Mpu-

Q)

where {H"} is the hydrogen ion activity. The
inverse of the intercept times the slope of the
line gives K. The same equation is used for
weighted linear regression. The standard devia-
tions of the inverse mobilities are used for the
weighting factors.

2.3. Use of ionic mobility reference

The electrophoretic mobility of a solute,
modeled as a solid sphere, is usually expressed as

__ 4
= 67nR 7

where g is the net charge, n is the solution
viscosity and R is the apparent hydrodynamic
radius of the sphere. This equation is only valid
in an infinitely dilute solution but we use it here
to show the potential for experimental bias in
pK, determinations. In a plot of p versus pH
from experimental data, there may be individual
values of w which appear to either have random
error or a bias. We refer to a bias in the mobility
between separate run buffers as a discontinuous
effect. Discontinuity in 4 as measured from Eq.
7 would result from assumptions that ¢, n, and R
are the same in all the buffers. For weak acids
and bases, g is expected to change predictably as
a function of pH. The R may be expected to
change as a function of pH, a continuous effect,
or buffer ion species, a discontinuous effect,
although the direction of the change would be
opposite for cations relative to anions. If 7
changes, then the effect can be quantitated and
corrected by an external measurement. An ap-
proach was proposed to use an internal mobility
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marker which is fully charged throughout the pH
range of the experiment [3]. The anion, 4-
toluenesulfonate (TSA), has a pK, of approxi-
mately —7 and is thus fully charged throughout
the experiment. The mobility of a weak base can
be referenced to the mobility of the TSA and
Eq. 3 becomes:

M
K =pH+ lo S
pK,=p g o Mrsa
BHT frsa
0.5085z>V1

1+0.3281aVI ®)
The ratio, prga'/trsa is referred to as the buffer
discontinuity factor. The w5, is the electro-
phoretic mobility of the TSA in the pH buffer.
The p.s,’ is the minimum electrophoretic
mobility of the TSA in the whole buffer series.
Since anions move in the opposite direction of
the electroosmotic flow, their mobilities are
negative and thus, the minimum electrophoretic
mobility has the largest absolute value of the
series. A buffer series consists of all the buffers
used in a pK, determination experiment. Thus,
as an example, if the measured pg, in a pH 6
buffer is lower than the p.g, values measured in
the other pH buffers in the series, then the ppg,
for the pH 6 buffer becomes urg,'. If the only
difference between all the prg, values in the
whole buffer series is the experimental error,
then the inclusion of the buffer discontinuity
factor in Eq. 8 will not have a significant impact
on the pK, determination.

2.4. Use of an internal electrophoretic mobility
standard

The pH can be defined from the mobility of a
second solute, a base, with a dissociation con-
stant having the value pK,’

, B
PH=pK,’~ log (#«Bm' - u')
0.5085z>VI
1+0.3281aVI

Substituting into Eq. 3 gives

)

I.‘,,
K=pK, - lo (———,—‘—,>
pE—P E\ ko — 1
I
+ 1o (——) 10
& MHpy+ — M (10)

In Eq. 10, it is interesting to note that the
activity correction drops out.

3. Experimental
3.1. Instrument parameters

A SpectraPHORESIS 1000 (Thermo Separa-
tion Products, Fremont, CA, USA) was used for
all experiments. Typically, a 2-s hydrodynamic
injection was performed. Since the hydro-
dynamic injection rate is 6 nl/s for a 67 cm X 75
pm untreated fused-silica capillary (Polymicro
Technology, Phoenix, AZ, USA), 12 nl was
loaded onto the column. The separation dis-
tance, L,, was 59.5 cm. The temperature was set
at 25°C. UV absorption was monitored at 220
and 240 nm. With the instrument operating at 25
kV, typical currents were less than 20 pA.

In order to equilibrate the column and thereby
minimize hysteresis effects, the following wash
cycle was performed prior to each run in a
sequence: (1) 2.5 min with 0.1 M NaOH, (2) 2.5
min with water, and (3) 3.0 min with running
buffer.

Because the SpectraPHORESIS 1000 is
equipped with a single reservoir for the buffer
near the detector, it is not possible to match
buffers at each end of the column in a sequence.
Tricine (0.02 M, pH 7.6 to 8.1) was used as the
buffer at the detector end of the column.

Buffer pH was measured using a Fisher Ac-
cuphast pH electrode with an Orion Model
EA940 meter. Meter calibrations were made
with Fisher NIST traceable buffer solutions.

3.2. Methods

All sample and buffer solutions were prepared
using distilled, deionized, and filtered water
(ASTM type I specification). The buffers used
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were similar to those described in Refs. [3,4]. In
the regression model evaluations, the sample
consisted of 200 uM 2-aminopyridine and 1 mM
mesityl oxide. In the experiments to investigate
buffer discontinuity, the sample was 1 mM
mesityl oxide, 100 uM a-methylbenzene and 75
uM toluenesulfonate. In the experiments with
the internal standards to determine pH in situ,
the sample was 1 mM mesityl oxide and 50 uM
each of 2- and 3-ethylaniline.

Several routines were written in the Mathcad
4.0 (MathSoft, Cambridge, MA, USA) program
to do the non-linear regressions, the linear
regression and the weighted linear regression
required as in Egs. 4, 6, 8, 9 and 10. The weights
for the weighted regression were the standard
deviations of the inverse mobilities.

4. Results

4.1. Evaluation of the different regression
models

Repeatability of mobilities and migration times
At each of 6 pH values, 10 replicate determi-
nations were performed for 2-aminopyridine.
The mean electrophoretic mobilities, analyte
migration times, and neutral marker migration
times are listed in Table 1 along with their
respective standard deviations. As the migration

Table 1

(1/mobility) (kV s/enf )
40

35
30
25
20
15 h
10 h
. L

L 1 L Il !

0
0 2 4 6 8 81 o 12
( activity coefficient / {H" }) / 10

Fig. 1. Comparison of linear regression (solid line), weighted
linear regression (dashed line) and the raw data (O).

times of the neutral marker increased, the stan-
dard deviation also increased, indicating a po-
tential problem with the precision of the parame-
ters calculated from linear regression; linear
regression assumes that the standard deviations
of the y-values are constant.

Linear and weighted linear regression

Linear regression gave a pK, value of 6.84 and
weighted linear regression gave a pK, value of
6.77 with n = 60. For comparison, the literature
value is 6.71 [6]. The data are plotted in Fig. 1.
The precision of the pK, value at the 95%

Mean and standard deviations of the electrophoretic mobilities and migration times of 2-aminopyridine and mesityl oxide

pH Mean Standard Migration Standard Migration Standard

mobility deviation time deviation time of deviation

(cm?/Vs) of mobility (min) of migration neutral of neutral

(cm®/Vs) time marker marker

(min) (min) migration
time (min)

8.03 -3.17-107° 1.06-107° 3.46 1.07-107? 3.57 8.23-107°
7.15 -1.60-107* 1.93-107° 3.35 1.75-107* 3.95 1.66-1077
6.91 -2.29-107* 3.27-107° 3.11 2.21-1077 3.89 2.36-1077
6.16 —4.10-107* 3.07-10°° 2.77 4.22-107° 4.08 1.25-107?
5.45 -491-107* 3.47-10°° 2.80 2.72-1077 4.62 8.75-107°
4.88 -5.10-107* 1.38-107° 2.97 3.60-1072 5.20 1.12-107"
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mobility*10™* (cm*/Vs)
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activity corrected pH

Fig. 2. Raw data and the calculated line based on the non-
linear regression.

confidence level for linear regression was
+0.071, and for weighted regression the value
was +0.025. The linear regression was signifi-
cantly influenced by the wider variance in mo-
bilities in the lower pH buffers. The experiment
was designed with buffer pH values equally
spaced about the pK, of the solute. In the
inverse linear format of Eq. 6 required for the
linear regression, this experimental design is
unbalanced; hence, the lowest pH data has
significant leverage over the rest of the data.
Weighted regression removed this leverage by

minimizing the significance of the data relative to
its variance.

Non-linear regression

Non-linear regression using Eq. 4 takes advan-
tage of the experimental design of equally spaced
pH buffers about the pK, of the solute and gives
a pK, of 6.76, in close agreement with the
weighted linear regression. Fig. 2 shows the raw
data and the calculated line for the non-linear
regression.

4.2. Use of ionic mobility reference

Table 2 gives the pH values, the electropho-
retic mobilities of a-methylbenzylamine and
TSA, and the buffer discontinuity correction
factors based on the TSA mobilities. With the
exception of the pH 10.03 buffer, the correction
factors appear to be very small relative to
amounts which would make a significant differ-
ence in the final pK, determination. Using all of
the data, the pK, value determined using the
uncorrected mobilities was 9.43, and using the
factored mobilities was 9.42. The discontinuity
between buffers was not significant enough to
impact pK, determinations. Under the condi-
tions of this experiment, there was not a measur-
able difference in electrophoretic mobility dis-

.continuity between buffers with the exception of

Table 2

Activity corrected pH values and mobility data

Activity corrected pH a-Methylbenzylamine TSA mobility Discontinuity
mobility (cm®/Vs) (cm®/Vs) factor (ptrsa/trsa)

6.11 -3.71-107¢ 3.93-107* 1.06

6.86 ~3.66-107* 3.94-107* 1.05

7.10 -3.71-107* 4.00-107* 1.04

7.49 -3.57-107* 3.86-107* 1.07

8.29 -3.43-107* 3.91-107¢ 1.06

8.60 -3.16-107* 3.97-107¢ 1.05

9.19 -2.38-107* 3.91-107* 1.06

9.55 -1.50-107* 3.95-107* 1.05

10.03 -7.98-107° 4.15-107* 1.00

The discontinuity factor is the ratio of the minumum mobility of the toluene sulfonic acid in the whole buffer series divided by the
toluene sulfonic acid mobility at the pH of the run buffer
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one buffer, pH 10.03 CAPS. The reason for the
discontinuity for the one buffer is not understood
and is likely to be an experimental error. The
magnitude of the discontinuity does not impact
the pK, value determination.

4.3. Use of an internal electrophoretic mobility
standard

Determination of pH via electrophoretic
mobility ‘

The electrophoretic mobility of a solute of
known pK, can, in theory, be used to determine
pH. Table 3 shows the results of calculating pH
from Eq. 9 using the mobilities obtained within
the different buffers. The u,,,+ was estimated as
having a slightly greater mobility than the
mobility at pH 3.05 where the solutes, 3- and
2-ethylaniline, should be fully ionized. The pkK,
values of the solutes were already known. The
errors in the calculated pH values along with the
actual measured pH values corrected for their
activities (see Eq. 5) are presented in Fig. 3. A
more complete understanding of these errors can
be obtained from propagation of errors analysis.

Propagation of errors in pH determination via
electrophoretic mobility

Assuming the pg,+ and the pK, to be con-
stants in the determination of pH, the only
variables are ¢ and ¢, ;. From Egs. 1, 3 and 5, pH
may be expressed as

Table 3
Calculated pH values from electrophoretic mobilities

Error in Calculated pH
2

L 4
15
<
1k
05 + o
L ]
*
0 8 14 v \ 4
(0.5) L L L ) . ) 1
25 3 3.5 4 4.5 5 55 - 6 6.5
Measured pH

Fig. 3. Error in calculated pH from the mobilities of (O) 3-
and () 2-ethylaniline at different pH values.

pH =pK, — log

1 l _ l_ 1
tou+ ¢ t ot

0.5085z*V1

= 1
1+0.3281aVI (1)

The variance in pH determination is the sum of
the variances due to each variable obtained from
the experiment

opH /apH\? , (apH 2,
ot - <ateof> a-t°°f+ at 7 (12)

where o is the standard deviation. For the
purposes of this error propagation, ¢, is as-
sumed to be a constant.

pH Measured less pH calculated from

The activity correction 3-Ethylaniline mobility

2-Ethylaniline mobility

3.05 2.92 1.81
3.67 1.94 3.20
4.11 4.03 4.07
4.51 4.53 4.54
5.08 5.14 5.13
5.62 5.66 5.64
6.11 6.03 6.03
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Fig. 4. Estimated standard deviation in the determination of
pH by CE versus migration time where ¢, =6 min, o, =
0.03, 0,=0.03 and tg;,;+ =4 min.

From Eq. 12, the partial derivatives of pH
with respect to ¢ and ¢, are

BpH _ (tBH+ - teof)
at 2303(t - tBH*)(t - teof) (13)
opH -1
ateof - 2 1 ! (14)
2.(= =)o)
€ t teof

Substituting Egs. 13 and 14 into Eq. 12, the
variance in pH can be expressed as in Eq. 15.
Using typical values (pK =7, t,,; =6 min, o, =
0.03, o, =0.03, fg+ =4 min), the standard de-
viation of the error in pH determination is
plotted in Fig. 4.

A more general way of expressing the error in
the determined pH is to use actual pH values for
the x-axis (Fig. 5).

As can be seen from Figs. 4 and 5, the
estimated standard deviation in the calculated
pH is high in the extremes where ¢ is near ? .
and tg,+. This corresponds to =1 pH unit from
the pK,. Hence, when a solute of known pK, is
used to determine the pH, the most reliable
determination will result from using mobilities
taken in buffers which are within = 1 pH unit of
the pK, values of the solutes.

Standard Deviation in pH

1

08

4 5 ] 7 8
pH determined

Fig. 5. Estimated standard deviation in pH versus pH
measured for a solute with a pK, equal to 7.

pK, determination using a second solute of
known pK,

The pK, of 3-ethylaniline was determined with
Eq. 10 using the mobilities of 2-ethylaniline at
different pH values. These mobilities are listed
in Table 4. The pK, as determined by non-linear
regression was 4.35, compared to a literature
value of 4.37, was very sensitive to reasonable
initial estimates of the ppy+, the pgy+' and the
pK,. The dependence on the initial estimates
was so sensitive that pK, values at least as wide
as 4.1 to 4.6 could be determined with a minim-
ized sum of squares. Using known pH values
determined by a pH electrode, the procedure is
insensitive to reasonable initial values of the
parameters required for the non-linear regres-
sion analysis. Indeed, the variables p and p’ are
statistically highly correlated with each other,
thus the regression analysis becomes mathemati-
cally unstable yielding large uncertainties in the
parameter estimates.

5. Conclusions

Non-linear regression is the simplest and most
precise regression procedure for determining the
pK, value of a solute by CE. Weighted regres-

t'e? —28 tys oo

2 2 2
t +to
2 eof a-teof BH' Leof

2 3 2 2 2
O, =20 tgy+ T Lot Ipu+

15)

UPH

tﬁof(t = Loor)? In(10)2(2 — tgy+)?
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Activity correction factor for solution ionic strength, mobilities (cm®/Vs), calculated pH based on the mobility of 2-ethylaniline

and its known pK,, and actual pH as measured from a pH meter

—log(vgpu+) 3-Ethylaniline 2-Ethylaniline pH calculated from pH measured
mobility mobility 2-ethylaniline
(cm®/Vs) (cm®/Vs) mobility

0.03 3.74-107* 3.50-107¢ 1.81 3.08

0.02 3.79-107* 3.30-107¢ 3.20 3.69

0.02 3.16-107* 2.38-107* 4.07 4.13

0.02 2.32-107* 1.45-107* 4.54 4.53

0.04 1.08-107* 5.64-107° 5.13 5.12

0.06 421-107° 2.04-107° 5.64 5.68

0.04 1.85-107° 8.14-107° 6.03 6.15

sion gives precise values; however, it requires
many replicates to determine the standard devia-
tions of the electrophoretic mobilities at different
pH values. Linear regression is the least precise
procedure because of its sensitivity to influential
outliers. An experimental design appropriate for
non-linear regression is to space the buffer pH
values equal distances around the pK, of the
solute. Linear regression would require an ex-
perimental design using equally spaced ionic
activity coefficients divided by the proton activity
around the K of the solute. This design would
not be linear with respect to the fraction of
ionization. In the investigation of solutes of
unknown pK,, it is important to cover a wide pH
range. This is most easily accomplished with a
series of equally spaced pH buffers which are
linear with respect to the fraction of ionization.
Hence, non-linear regression is the recom-
mended statistical procedure.

Correcting for a potential experimental bias or
discontinuity in electrophoretic mobilities be-
tween different buffers in a series of buffers was
investigated by using a solute with a constant
mobility in all pH buffers. If a chemical or
physical effect of the buffer were to cause a
change in hydrodynamic radius of the solute, or
if the buffers varied in viscosity, then this effect
could be quantitatively corrected. In a test of this
hypothesis, there was not a significant change in
the mobilities of the totally ionized solute versus
pH. Hence, the same pK,, within statistical
significance, was determined with both corrected
and raw mobilities. For simplicity, it is recom-
mended that future pK, determinations do not

include a constant mobility marker when using

experimental conditions similar to those in this
report.

The internal standard procedure of using a
solute with a known pK, for determining an
unknown solute’s pK, value by CE is not rec-
ommended because it yields less precise pK,
determinations than the normal means of using
buffers with their pH measured with a pH meter.
The source of the imprecision is the narrow
range of accurate pH prediction from the inter-
nal standard as demonstrated through ex-
perimentation and a propagation of error study.
Indeed, the best pH prediction by this procedure
would inherently rely on the accuracy of the
literature pK, value of the internal standard. A
second reason for the technique’s imprecision is
the high correlation between the electrophoretic
mobilities of the reference solute and the un-
known solute. The recommended procedure
remains to measure the pH of the running
buffers with a pH meter.
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Abstract

Methacrylate-based imprinted dispersion polymers could be prepared in situ in a fused-silica capillary as
agglomerates (ca. 10 wm) of micrometer-sized globular particles, exhibiting antibody mimetic, molecular
recognition properties. Thus, in one example, imprinted polymer particles selective for pentamidine (PAM), a drug
used for the treatment of AIDS-related pneumonia, could be prepared in situ in the capillary. The retention could
be varied predictably by changing the electrolyte pH. Thus, whereas no observable elution of PAM was achieved at
near neutral pH, the PAM-selective capillary gave a retention time of 18 min for PAM and 7.8 min for benzamidine
at pH 3.5, whereas the retention times were 6.6 and 6.1 min, respectively, with a reference capillary. Importantly,
the electrolyte could by pumped hydrodynamically through the capillaries, allowing rapid phase changes and
micro-chromatographic possibilities with high plate numbers.

1. Introduction

In capillary affinity gel electrophoresis a re-
ceptor molecule [1], e.g. a specific oligonucleo-
tide sequence [2], or a protein [3] is bound to the
gel or is dissolved in the electrolyte. The ef-
ficiency of this method together with the small
sample amounts required are attractive for chiral
drug bioanalysis. However, the acrylamide gels
often suffer from poor stability, air bubble for-
mation and limitations with respect to solvents.
Moreover, gels or methods based on antibodies
and other proteins suffer from poor stability and
a complicated preparation scheme. Even if one
can expect that some of these problems can be
solved [4], the development of alternative poly-
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meric phases for affinity capillary electrophoresis
(CE) is worthwhile.

Previously, methacrylate-based polymers pre-
pared by molecular imprinting around a template
molecule [5] have been used as affinity stationary
phases in HPLC for the successful and selective
separation of several types of organic com-
pounds, such as enantiomeric amino acid deriva-
tives [6] and commercial drugs [7]. In general,
this type of solid phase has shown high selectivity
and good stability. We thought this type of
technology would be useful in CE applications
where high selectivity is required [8].

We now introduce imprinted polymer capillary
electrophoresis (IMPCE) for analysis. In gener-
al, the gel material is prepared by template
polymerization, which we found can be done
directly in the capillary, whereby functional

© 1994 Elsevier Science B.V. All rights reserved
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monomers, preorganized around a template
molecule, are copolymerized with a cross-linking
monomer. After washing, the gel capillary can
be used for the separation of the template
molecule and analogues thereof.

We tested the selectivity of different meth-
acrylate-based polymers prepared by template-
dispersion polymerization in various CE applica-
tions, the results of which are described below.

2. Experimental
2.1. Chemicals and equipment

The monomers ethylene glycol dimethacrylate
(EDMA) and methacrylic acid (MAA) and the
initiator azobisisobutyronitrile (AIBN) were ob-
tained from Aldrich and purified before poly-
merization experiments according to standard
procedures and p- and L-phenylalanine anilide
(p- and 1-PA) were synthesized as described
previously [6]. Benzamidine (BAM) (Aldrich)
and pentamidine (PAM) (Rhone-Poulenc
Pharma, Helsingborg, Sweden) were used in
their free-base form. The electrophoretic sepa-
rations were carried out using a Beckman P/
ACE System 2100 electrophoresis unit equipped
with System Gold software. Capillaries (polyim-
ido-coated fused silica; 25 cm X 100 um 1.D.)
were obtained from Skandinaviska Genetech
(Gothenburg, Sweden).

2.2. Preparation of imprinted polymer
capillaries

Capillaries pretreated with trimethoxysilyl-
propyl methacrylate and blocked with hexa-
methyldisilazane were used in the polymerization
procedure with L-PA as the template molecule
[9]. AIBN (0.1 ml) was added to a mixture of
monomers, EDMA (0.38 ml) and MAA (0.034
ml), and -PA (18 mg) in 2.9 ml of cyclohex-
anol-dodecanol (4:1, v/v). The mixture was
gently heated, purged with nitrogen and soni-
cated. One end of the silica capillary was allowed
to dip into the solution and the other end was
connected to an aspirator vacuum flask. After

passage through the capillary of an appropriate
amount (five drops) of the template polymeri-
zation mixture, both ends of the capillary were
fixed in contact with the mixture and polymeri-
zation was carried out for 24 h at 60°C. The
polymer remaining in the vials was washed with
ethanol, dried and characterized.

The preparation of the capillary selective for
PAM followed basically the same procedure, but
was carried out in 2-propanol and employing
capillaries that were used as supplied (see Sec-
tion 2.1). Addition of MAA (0.05 mmol) to a
solution of the free-base form of PAM (12.5
pmol) in a vial containing 2-propanol (0.28 ml)
and EDMA (1.2 mmol) caused the formation of
a precipitate that dissolved on addition of water
(0.13 ml). The template polymerization was
initiated by addition of AIBN (1.2 mg in 0.05 ml
of 2-propanol), with polymerization in the capil-
lary as above. The polymerization with BAM
was carried out similarly.

2.3. Capillary electrophoresis

The polymer-containing capillaries were
loaded into cassettes and acetonitrile-0.05 M
potassium phosphate buffer (pH 2) (7:3, v/v)
was pumped hydrodynamically through the capil-
lary in order to wash out the template molecule
and replace the 2-propanol used as solvent
during the polymerization at a pressure of 1300
p-s.i. (1 p.s.i.=6894.76 Pa). Both the current
and UV baseline stabilized within a few hours.
Injection of samples was carried out at 6 kV for
2 s (p- or L-PA, 0.33 mg/ml) or at 5 kV for 3 s
(PAM, 1 mM, BAM, 5 mM). BAM was injected
at a higher concentration owing to its low ab-
sorbance. Separations were carried out at am-
bient temperature with a separation voltage of 5
kV (unless stated otherwise). UV detection was
used to record the electropherograms (254 nm;
280 nm for PAM).

3. Results and discussion

A facile strategy was used to prepare the new
type of gel-filled capillaries: a mixture of meth-
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acrylate monomers, initiator and template mole-
cule was sucked into the capillary and after
polymerization the template molecule was
washed out of the column by hydrodynamic
solvent replacement. No leakage of polymer was
observed and only a relatively low pressure (1300
p-s.i. or lower) had to be applied. This consti-
tutes an important advantage of the polymers,
allowing facile removal of any air bubbles by
hydrodynamic pumping of electrolyte, and also
allows the use of the imprinted polymer capil-
laries for separations in the chromatographic
mode.

Characterization, as described elsewhere [10],
of the polymer formed outside the capillaries
indicated the formation of agglomerates, ca. 10
um in size, consisting of globular particles,
which were in the size range 0.5-2 pm when
L-PA was used as the template and 2—-4 wm when
BAM or PAM was used as the template.

In the first type of imprinted polymer capil-
lary, L-PA was used as the template molecule.
Here, the polymerization was carried out in
cyclohexanol-dodecanol as the solvent and the
ratios of cross-linker to methacrylate and of
monomer to solvent (w/w) were relatively low
(80% and 14%, respectively), compared with
previous preparations of imprinted polymers
used in HPLC applications [6,7]. This facilitated
pumping of the electrolyte through the capillary
and exchange of solvent. However, owing to the
low concentration of monomers during polymeri-
zation, no enantiomeric selectivity towards L-PA
amide over D-PA was observed (see Fig. 1).
Higher selectivity might be expected using other
polymerization conditions.

The runs could be repeated reproducibly with
a stable current. The presence of polymer was
indicated by the ca. four times higher current in
the gel-filled capillary, whereas the migration
times of the eluted compounds were ca. half
those with an open pretreated capillary. No
selectivity compared with blank polymer capil-
laries was observed in the above L-PA capillary.
Photoinitiation of the polymerization may
produce selective capillaries in analogy with
previous studies {11].

The use of the drug PAM and of BAM as
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Fig. 1. Electropherogram of p,L-phenylalanine anilide (p,L-
PA) injected on a polymer capillary prepared with L-PA as
template.

template molecules was also investigated. Here,
2-propanol was used as the solvent during tem-
plate polymerization, instead of cyclohexanol-
dodecanol. Also, a higher concentration of
monomers (52%, w/w solvent) and a higher
ratio of cross-linker to methacrylate (96%, w/w)
than in the L-PA polymerization were used.

In the CE application, the PAM-imprinted
polymer capillary showed a very high selectivity
towards PAM compared with BAM, which
became much more pronounced at increased pH,
whereas no such selectivity was observed with
the BAM-imprinted or blank capillaries (see
Table 1 and Fig. 2). Thus, whereas the BAM
and blank capillaries showed similar retentions
of PAM and BAM in the pH range 2-4, the
PAM-imprinted capillary gave retention times of
6.8 and 6.1 min at pH 2 and 18 and 7.8 min at
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Table 1

Retention times for benzamidine (BAM) and pentamidine
(PAM) employing a PAM-imprinted polymer capillary or a
BAM-imprinted capillary and different electrolyte pH

Capillary Injected Retention time (min)
compound
pH2 pH3 pH4
BAM-imprinted = PAM 5.8 6.1 6.5
BAM 6.1 6.6 6.5
PAM-imprinted BAM 6.1 7.5 7.1
PAM 6.8 10.8 >20

. ————— Current
(5 pA)

PAM

BAM

Absorbance A (x10-3)

T

g
Time'-(min)
Fig. 2. Electropherograms of PAM and BAM injected onto a
polymer capillary prepared with PAM as template and
employing an electrolyte pH of 2, with superimposed elec-
tropherograms of PAM injected on to the same polymer
capillary under the same conditions, but employing an
electrolyte pH of 3 and 4, respectively.

0.00
20,00 —
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P-coo - H}f—O—O(CH,),o—O- {+ -
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Fig. 3. Proposed interaction between PAM and the PAM-
imprinted polymer.

8
Co- "'U

~pH 3.5 for PAM and BAM, respectively. At pH

4, PAM was apparently totally retained on the
PAM-imprinted capillary. Also, considerable
band broadening was observed for PAM on the
PAM-imprinted capillary with increasing pH,
whereas at low pH a fairly high plate number
was observed (N =115000/m at pH 2).

The results indicate that specific cavities for
pentamidine might have been formed during the
polymerization process and that the pelymer
might contain complementary carboxyl-groups
containing binding sites to the two positively
charged groups of PAM, as suggested in Fig. 3.
BAM, which contains only one such group, does
not interact specifically with the polymer.

In fact, the imprinted polymer capillaries be-
have similarly to antibody affinity columns,
which show strong specific binding of antigen at
near neutral pH and a dramatically decreased
binding efficiency at lower pH, which, however,
still allows specific elution of the bound material.

In conclusion, we have demonstrated the use
of imprinted methacrylate polymers in CE. The
polymer capillaries were prepared with straight-
forward methods and could be used repeatedly
for several weeks. Moreover, solvents could
easily be exchanged by hydrodynamic pumping.
By using the proper conditions we could obtain
capillaries with very high induced selectivity,
which could be gradually modified from almost
no selectivity to complete selective retention of
the' template molecule, by changing the elec-
trolyte pH. We are further investigating the
IMPCE technique for other template molecules
and for chiral separation.

Acknowledgements

This research was supported by grants to K.N.
from the Swedish Board of Technical Develop-



K. Nilsson et al. | J. Chromatogr. A 680 (1994) 57-61 61

ment and to B.S. from the Swedish Board of
Natural Sciences. Support from Glycorex (Lund,
Sweden) is gratefully acknowledged.

References

[1] Y.H. Chu and G.M. Whitesides, J. Org. Chem., 57
(1992) 3524.

[2] Y. Baba, M. Tsuhako, T. Sawa, M. Akashi and E.
Yashima, Anal. Chem., 64 (1992) 1920.

[3] S. Birnbaum and S. Nilsson, Anal. Chem., 64 (1992)
2872.

[4] S. Hjertén, J. Chromatogr., 646 (1993) 121.

[5] G. Wulff, in W.T. Ford (Editor), Polymeric Reagents
and Catalysts (ACS Symposium Series No., 308), Ameri-
can Chemical Society, Washington, DC, 1986, pp. 186—
230.

[6] B. Sellergren, M. Lepisto and K. Mosbach, J. Am.
Chem. Soc., 110 (1988) 5853.

[7]1 G. Vlatakis, L. Anderson, R. Muller and K. Mosbach,
Nature, 361 (1993) 645.

[8] K.G.I. Nilsson and B. Sellergren, PCT Application No.
SE/94/00025. :

[9]1 J. Lindell and K. Nilsson, unpublished results.

[10] B. Sellergren, J. Lindell, O. Norrléw and K. Nilsson,
Anal. Chem., submitted for publication.

[11] B. Sellergren, and K. J. Shea, J. Chromatogr., 635
(1993) 31.






ELSEVIER

Journal of Chromatography A, 680 (1994) 63-71

JOURNAL OF
CHROMATOGRAPHY A

Preparation of highly condensed polyacrylamide gel-filled
capillaries
Yi Chen*, Joachim-Volker Hoéltje, Uli Schwarz

Abteilung Biochemie, Max-Planck-Institut fiir Entwicklungsbiologie, Spemannstrasse 35/11, D-72076 Tiibingen, Germany

Abstract

A fairly quick method has been established for the production of highly condensed polyacrylamide gel-filled
capillaries. Void-free capillaries with inner diameters as small as 25 pm and monomer concentrations of up to over
30% T+ 5% C can successfully be prepared within 5 h. These capillaries can be used for over 20 injections of
poly-(a,B)-D,L-aspartate at 200 V/cm and 25°C, with gels immobilized at the capillary tips after polymerization, and for more
than 70 injections with gels immobilized, during polymerization, over a longer section of at least 0.5 cm. The important
polymerization conditions in this method are the application of a slight pressure, controlled polymerization directions and the
selections of buffer components and/or the concentrations of radicals and catalyst.

1. Introduction

Highly condensed polyacrylamide gel-filled capil-
laries (=15% T+x% C*, x>0) have been
shown to be one of the basic conditions in
capillary gel electrophoresis (CGE) of poly-
amino acids and oligosaccharides [1-4]. How-
ever, the preparation of these capillaries, which
are not commercially available, is much more
difficult than that of low-concentration gel-filled
capillaries. Voids [5] or vacuum bubbles [6,7],
formed inside the gels because of the volumetric
losses of the resulting gels [5], increase dramati-
cally with monomer concentration. The reason is
not clear. A possible explanation might be the
increase in gelatinization speed or more fragile
gels formed.

* Corresponding author.
* %T =g acrylamide + g bisacrylamide per 100 ml of solu-
tion, %C = % bisacrylamide in T.

0021-9673/94/$07.00
SSDI 0021-9673(94)00301-0

To overcome the void problem, we tried
several existing methods, such as pressurized (20
atm; 1 atm = 101 325 Pa) polymerizations [8,9]
and programmed temperature polymerization
[5]. Unfortunately, the success rate was less than
30%. We then turned to isotachophoretic poly-
merization [4,5]. In preparing 20 tubes of 50
cm X 50 pm L.D. with gel of 20% T+ 5% C,
there were 12 usable capillaries, having at least a
27 cm void-free length after equilibration. This is
an excellent method, with a success rate of
>60%. However, the preparation time is fairly
long. In a routine procedure, the time for
producing a 50-cm capillary with a 20% T + 5%
C gel is about 80 h, including 50 h of polymeriza-
tion and 30 h of equilibration [4]. It seemed
desirable to establish a faster polymerization
procedure.

In this paper, we present a 5-h method de-
veloped from the pressurized polymerizations
[8,9] and programmed-temperature polymeriza-

© 1994 Elsevier Science B.V. All rights reserved
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tion [5]. The gels are chemically immobilized at
the capillary tips by co-polymerization [10,11]
and/or after polymerization. The stability of the
prepared capillaries was examined with poly-
aspartate as a testing sample and the important
polymerization conditions were studied and are
discussed.

2. Experimental
2.1. Materials

N-Tris(hydroxymethyl)methylglycine (Tricine),
boric acid and urea (electrophoretically pure);
v-methacryloxypropyltrimethoxysilane; nuclease
P1, polyadenylic acid [poly(A)], hydroxypropyl-
methylcellulose (HPMC), poly-(«,B8)-D,L-aspar-
tate Na®, M, (the average molecular mass de-
tected by viscosity) = 5400 [poly(Asp)s,o,] Were
purchased from Sigma (St. Louis, MO, USA).
Oligoadenylic acid of 12- to 18mers
[poly(A),,_,5] was supplied by Pharmacia LKB
(Uppsala, Sweden). Acrylamide and N,N'-
methylenebis(acrylamide) (bis), electrophoret-
ically pure, were from Bio-Rad Labs. (Rich-
mond, CA, USA). Tris(hydroxymethyl)amino-
methane (Tris), N,N,N’,N'-tetramethylethylene-
diamine (TEMED), ammonium persulfate
(APS) and other chemicals were all reagent
grade from E. Merck (Darmstadt, Germany).
Fused-silica capillaries with an outer diameter of
375 pm were from Composite Metal Services
(Worcestershire, UK). The water used was
purified with the Millipore Super Q system.

2.2. Preparation of samples

Poly(Asp)sse0 (50 mg/ml) and poly(A),, 5 (1.7
units/ul) were dissolved in water. A partial
hydrolysate of poly(A) was prepared by hydro-
lyzing poly(A) with nuclease P1: a 50-u1 solution
of 1.25% (w/v) poly(A) in water—0.3 M acetate,
pH 6 (1:1) was digested with 1 u1 Nuclease P1 (1
ng/1 ul water) at 40°C for 8 min and then stored
at —20°C before use.

2.3. Preparation of gel-filled capillaries

Filling device
Sealed glass vials are used as “micro-pumps”. A

'4.7-ml (measured volume) threaded sample vial

from Beckman (part No. 358807) is sealed by a
modified screw-cap (Beckman, 360004), a rubber
septum (3 mm thickness, cut from a rubber
stopper) and a PTFE septum from Millipore
(73005) as shown in Fig. 1A. The vial is
evacuated or pressurized with a plastic syringe
after plugging in the capillaries (Fig. 1B and C).

Preparation of one-end-modified capillaries
[10,11,14]

One end of a new capillary is dipped into a 0.5%
(v/v) modification solution (MS) of y-metha-
cryloxypropyltrimethoxysilane in water—acetic
acid (1:1) until the solution reaches a height of
5-10 c¢m from the dipped end (checked against a
light). This part is considered to be completely
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Fig. 1. Sealed vial and its use. (A) Construction of the sealed
vial: 1= 1.5-mm-diameter holes (one for plugging capillary
and the other for syringe needle); 2= plastic screw-cap;
3 = rubber pad; 4 = PTFE septum; 5 = 4.7-ml glass vial. (B)
Plugging a capillary (6) through the rubber pad with the help

.of a syringe needle (7). (C) The sealed vial is being

pressurized (9) or evacuated (10) with a 60-ml plastic syringe
(8). (D) Evacuation filling: 11 = flow direction; 12 = unsealed
vial with solution; 13 = evacuated vial. (E) Pressurization

filling: 14 = flow direction; 15 = pressurized vial with solu-
.tion; 16 =unsealed vial. (F) Polymerization position: 6=

capillary filled with acrylamide solution; 17 = beaker with
125-35°C water; 18 = hanging shelf; 19 = vial pressurized by

‘injection of ca. 4 ml ice-cooled water.
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modified. The capillary is kept at room tempera-
ture for 20 min, neglecting the natural evapora-
tion of MS, and then washed for 5 min by
pumping water into the non-modified end.

Preparation of full-length-modified capillaries

A new capillary is completely filled with MS,
kept at room temperature for 20 min and then
washed with water for 5 min.

Polymerization process
A 30-60-cm capillary, with or without modi-
fication, is rinsed for 2-5 min with a 0.5%
solution of HPMC or a radical-free monomer
solution and then filled with a polymerizing
solution by an evacuated vial (Fig. 1D). Once
the polymerizing solution reaches the outlet, the
filling is stopped, and one tip of the tube, or the
modified end in the case of filling a one-end-
modified capillary, is immediately dipped into
50-70°C water for 1 min to start the polymeriza-
tion from this end. The other end is then
mounted tightly to a vial and about 4 ml of
ice-cooled water are injected into the vial to cool
this end and to build up pressure (the pressure
calculated according to the law of the ideal gas is
ca. 6 atm at 0°C). To finish polymerization, the
capillary is hung vertically for 4 h in a shockless
and windless place (20-30°C), with the pres-
surized end up and the polymerized end in 25—
35°C water (Fig. 1F). After polymerization, the
pressurized end (ca. 2-4 cm) is cut off to remove
empty and/or liquid parts. The other end is
checked under a microscope for possible voids.
The polymerizing solution mentioned above is
a degassed monomer solution, containing 0.05%
(v/v) TEMED and 0.03-0.05% (w/v) APS. It is
prepared from a stock solution of 40% T + 5% C
with buffer and water, ignoring the changes of
final volumes [12,13]. For example, a polymeriz-
ing solution of 15% T+5% C/TT15 (0.1 M
Tricine + 0.05 M Tris) is a 3:4:1 (v/v/v) mixture
of the stock solution-0.2 M Tricine +0.1 M
Tris—~water, degassed in an evacuated vial by
ultrasonic shocking for 1 min.

Fartial gel immobilization

Procedure A: a one-end-modified capillary is
filled with a gel as described above. The gel will
be immobilized at the modified part of the
capillary during polymerization [10,11]. Proce-
dure B: a capillary without any modification is
filled with a gel according to the polymerization
process. After 4 h, its ends are dipped into MS
for 10 min. The bifunctional silane will diffuse
into the capillary tips and forms chemical bonds
between the gel and the capillary tips. The
capillary ends are then dipped for 10-15 min into
a solution of 2% T+3% C/TT15+1%
TEMED + 1% APS to enhance the immobiliza-
tion. This method immobilizes the gels at the
capillary tips.

By combining procedures A and B, four types
of capillaries can be prepared: CapA, with gel
immobilized by A; CapAB, with gels immobil-
ized first at one end by A then at the other end
by B; CapB, with gels immobilized at one end by
B; CapBB, with gels immobilized at both ends
by B.

Full-length gel immobilization

For low-concentration gels (below 8% T), the
full-length-modified capillaries are filled with the
gels by the same polymerization process and the
gels are immobilized along the entire capillary
wall during polymerization.

The prepared capillaries are generally equili-
brated with running buffer at 200 V/cm for 1 h
and then stored at room temperature with both
ends dipped into the running buffer. The capil-
lary tips are re-immobilized by procedure B
every month for long term storage (up to 6
months). The detection window is made just
before separation of samples. About 2 mm of the
polyimide over-coating are removed manually
with a scalper and cleaned with methanol.

2.4. Electrophoresis

Electrophoresis was performed using the Beck-
man P/ACE system 2100, controlled by an IBM
computer of Model SP/2 with the System Gold
software (version 7.0). The running buffer was
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the same as that used for preparing monomer
solutions, degassed just before use and renewed
every five runs. The temperature was set at
25 +0.1°C. The detection wavelengths were 220
nm for poly(Asp)s4q, [4] and 254 nm for poly(A).
The data rate was 1 Hz and the rise time 1 s. The
sample was introduced into the negative end by
applying voltage for a few seconds.

3. Results and discussion
3.1. Gel immobilization and stability

To produce stable capillaries, gels are generally
immobilized along the entire capillary wall by a
co-polymerization method, that is, by polymeri-
zation of acrylamide in the capillaries pre-coated
with bifunctional silanes [14-20]. Without im-
mobilization, gels migrate from the capillary
ends due to electroosmosis and/or electrostric-
tion [11], resulting in irreproducible separation

| i | | | ! ] !

and a short life time (running stability) of the
capillaries. However, this immobilization tech-
nique dramatically enhances the formation of
voids because the gel shrinkage, which is caused
by the volumetric losses of the resulting gels
compared to the initial solution [5], is inhibited.
If the gels are unable to shrink or can only shrink
locally because of forming chemical bonds or
strongly adsorbing to the capillary wall, the
formation of voids becomes a natural way to
compensate the volumetric losses which leads to
current drop, serious disruption of the applied
electric field and irreproducible or no separation.
Void-free and stable capillaries are thus the
prerequisite in CGE. A simple method to over-
come the problem is to confine the immobiliza-
tion to within a short section [10,11] so that most
parts of the gels can shrink more freely. An even
better idea is to immobilize the gel after poly-
merization which requires an immobilization
agent able to form bonds with the gels by a
different mechanism. At present, when using the
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Fig. 2. Electrophoresis of poly(Asp)s,q, with CapB, obtained from the 20th injection (A) and 27th injection (B). Capillary: 27 cm
(effective length 20 cm) X 75 pm 1.D.; gel: 20% T + 5% C; buffer: 0.2 M Tricine-Tris, pH 8.3; constant current: 16 pA (6.2 kV);

injection: 5 kV, 30 s.
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reported silane [14-20], we can only immobilize
the gels at the capillary tips (procedure B). The
question arises: whether the gels which are
immobilized over such a short section are stable
enough?

To examine the running stability, the resulting
capillaries are run continuously at about 200
V/cm  until current drop occurs, with
poly(Asp) s, as a testing sample (60-90 min per
separation). The results (Fig. 2) show that the
capillaries with gels immobilized at the tips by
procedure B (both of CapB and CapBB) can be
used for more than 20 injections. The gels may
crack (from large voids) unexpectedly after
about 25 injections as shown in Fig. 2B where
the 27th separation failed because a current drop
occurred at about 25 min after injection. CapB
and CapBB are therefore less stable than the
isotachophoretically produced capillaries (up to 7
days [4]) but are comparable to the low-con-
centration gel-filled capillaries without immobili-
zation (10-30 h [6,7]).

The stability of the capillaries can be improved

15

0.001AU
&

L 1 L 1 1 ]
30 40 50 60 70 min

Fig. 4. Electrophoresis of poly(A),,.,s With a newly prepared
(A) and a 6-month-stored (B) capillary. The numbers show
the estimated size of the peaks; the first part of the peaks
(before peak 12) seemed to be impurities and/or a partial
hydrolysate of the sample. Capillary: 27 cm (effective length
7 em)x25 pm L.D.; gel: 30% T+ 5% C; buffer: TT15;
constant voltage: 5.4 kV (ca. 0.9 nA); injection: 5 kV, 10 s.
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Fig. 3. A comparison of the 10th (A) and 75th (B) separation with CapA. Capillary: 37 cm (effective length 30 cm) X 75 um L.D.;
gel: 15% T+ 5% C; buffer: TT15; constant voltage: 7.4 kV (7.9 pA); injection: 5 kV, 15 s.
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for up to more than 70 injections by immobiliza-
tion of the gels over a longer section of at least
0.5 cm with procedure A (CapA and CapAB).
Fig. 3 shows that, for the tested capillary, the
resolution loss at the 75th injection (Fig. 3B) is
less than 10% compared to the 10th injection
(Fig. 3A). Interestingly, the stability of CapA is
similar to CapAB if positive voltage is applied to
the longer immobilized end. When negative
voltage is applied to this end, the current may
drift in the first several runs but no gel cracking
in the tube has been observed. (This orientation
phenomenon was also observed for CapB). After
running for one week, the gels may crack at the
tube end which had been cooled during poly-
merization. In this case, the capillaries can be
repaired by cutting off the damaged end.

The storage time or shelf-life of the prepared
capillaries is generally 2 to 3 months, but may be
up to more than 6 months, which is comparable
with the isotachophoretically produced capil-
laries (between 1 and 2 months [4]). Fig. 4 shows
a comparison between a newly prepared and
6-month-stored capillary of 25 um I.D. The
testing sample is poly(A),, ;s instead of
poly(Asp) s, Which has much more poorer de-
tection sensitivity.

3.2. Polymerization considerations

Reducing the gel immobilization length is only a
prerequisite condition to producing void-free
capillaries, the elimination of the voids finally
depends on how to polymerize the acrylamide
inside the capillaries. There are a number of
polymerization conditions which can suppress
the formation of voids, but the most effective
ones seem to be the polymerization pressure and
the control of gelatinization direction.

The gelatinization direction can be controlled
in several ways [S], of which the axial-program-
med-temperature polymerization is the simplest
one. By assuming that a radical induced poly-
merization, once it starts, may quickly spread
from one region to a neighbouring region, we
simplified the procedure by just keeping the
capillary ends at different temperatures (see
polymerization process). No strict axial thermal

Y. Chen et al. | J. Chromatogr. A 680 (1994) 63-71

gradient could be developed by this control but
about 30% of the voids were eliminated. The
data were obtained as following: ten unmodified
capillaries of 45 cm X 75 um 1.D. cm with a 20%
T+ 5% C/TT15 gel were prepared without the
application of pressure, of which five were con-
trolled by temperature but the other five not.
The voids were counted under a microscope and
averaged.

It also seems possible to control the radial
gelatinization direction by a radial thermal gra-
dient. We hence cooled the tubing wall by
washing it with an ice-cooled monomer solution.
About 10% of the voids were eliminated by this
procedure. Further study showed that, using a
0.5% HPMC solution instead of the monomer
solution, about 12% of the voids were elimi-
nated. This means that this is probably due to a
coating effect but not due to the radial thermal
gradient. When the capillary wall is coated by a
viscous material, the lateral gelatinization can
clearly be inhibited for a certain time until the
polymerizing solution diffuses into or replaces
this coating layer. To keep this coating effective,
the injection of the polymerizing solution into
the capillary should be very quick and once the
solution reaches the outlet, the injection should
be stopped immediately.

The thermal and coating controls can elimi-
nate only under 50% of the voids. However,
when a slight pressure is applied to the column,
the voids can be eliminated nearly completely.
Pressurizing polymerization was first developed
by Bente and Myertson [8] who used high
pressure to pre-compress the polymerizing solu-
tion. In our method, the pressure is reduced to
ca. 5 atm and is applied only to the upper end of
the tubes. Our purpose is not to compress the

“solution but to force the unpolymerized or par-

tially polymerized solution and/or gel to move
towards the polymerized end in order to com-
pensate for the volumetric loss. By our simple
temperature control, an irregular polymerization
easily occurs between the two tube ends where
the capillary wall is in contact with air. The
irregularly formed gels resist or block the solu-
tion flow. Even if there is no irregular gel formed
in the tube, the highly viscous solution does not
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necessarily flow toward the polymerized end
without pressure. Interestingly, a slight pressure
associated with isotachophoretic polymerization
can also improve the success rate of the prepara-
tion.

In addition, capillary position during polymeri-
zation influences the elimination of voids. A
vertical position yields the best result. In an
arched position, voids accumulate in the bend,
and in a horizontal position, voids form mostly in
the centre of the tube and partially at the upper.
wall side. The vertical position can also accumu-
late liquid in the upper capillary end. Under a
microscope, the liquid movement in the upper

Table 1
The success rate in producing CapA with x% T+ 5% C gels

end of a 100 pm 1.D. capillary with a 5% T +
5% C gel, newly prepared by setting the upper
end at a higher level than the water in the vial to
prevent the water from flowing into the tube,
was clearly observed by warming and cooling this
end during observation. This movement was not
observed in the ends of an arched or horizontally
positioned capillary. About 2—-4 cm of this end
should be cut off to eliminate the liquid and
empty space resulting from gel shrinkage. This
liquid is possibly exuded due to the volumetric
losses of the gels. If irregularly accumulating
somewhere inside the tube, it will disrupt the
applied electric field although it may not cause

Gel Buffer” TEMED? APS’® Capillary® Success
(% T) (%, vIv) (%, wiv) rate (%)
Dimension Tatol Usable
A 10 TT15 0.05 0.05 45 cm x 50 pm 20 20 100
15 0.05 0.05 36 35 97.2
20 0.05 0.05 33 30 90.9
25 0.05 0.04 7 6 85.7
30 0.05 0.05 10 6 60.0
30 0.04 0.035 15 13 86.7
B 20 TT15 0.05 0.05 45 cm x 100 pm 11 10 90.9
45 cm X 75 pm 20 19 95.0
45 cm X 50 pm 20 18 90.0
35 cm X 25 um 5 4 80.0
C 20 TT15 0.05 0.05 45 em X 75 pm 20 19 95.0
BT21 0.05 0.05 8 3 37.5
BB25 0.05 0.05 17 6 353
BB25 0.05 0.035 15 11 73.3
BB25 0.04 0.03 20 17 85.0
D 15 TT15 0.03 0.03 45 cm x 50 pm 20 20 100
0.05 0.05 36 35 97.2
0.03 0.10 20 15 75.0
0.05 0.10 20 11 55.0
0.07 0.10 20 9 45.0
0.10 0.10 20 5 25.0
0.10 0.07 20 10 50.0
0.10 0.05 20 12 60.0
0.10 0.03 20 16 80.0

“TT15=0.1 M Tricine + 0.05 M Tris; BT21 =0.2 M boric acid + 0.1 M Tris; BB25 = 0.25 M boric acid/borax, pH 8.3.

® At the total concentration (TEMED + APS) of < 0.08%, the hanging time of the capillaries was prolonged to 8 h.

° A usable capillary for CapA is defined as a void-free capillary with gel immobilized for = 0.5 cm and a total length of =27 cm
which is the shortest manageable length using the Beckman CE system.
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current problems. It is thus better to prevent the
liquid from accumulating inside the tube.

3.3. Success rate

Void-free capillaries can successfully be prepared
with an I.D. as small as 25 um and gel con-
centrations of up to more than 30% T. For the
gels immobilized after polymerization, the suc-
cess rate is 95-100%. If the gels are immobilized

during polymerization, the success rate typically
ranges between 85 and 100% as shown in Table
1, parts A and B. The success rate depends
largely on buffer components (Table 1, part C)
and on the concentrations of TEMED and APS
(Table 1, part D). Generally, organic buffers
such as Tricine—Tris can prevent the formation
of voids much more effectively than inorganic
buffers such as boric acid and phosphate in the
same polymerization conditions. When inorganic

50

100

Time (min)

Fig. 5. Electrophoresis of partially hydrolyzed poly(A) with entirely immobilized low-concentration gel-filled capillary. The
numbers show the size of the bands measured with poly(A),, ,, as a reference. Capillaries: 37 cm (effective length 30 cm) X 100
pm I.D; gel: 5% T+ 5% C; buffer: 7 M urea, 0.1 M Tris~0.25 M boric acid; voltage: 7.4 kV (8.7 pA); injection: 5 kV, 3 s.
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buffers such as boric acid are used, low con-
centrations of TEMED and APS are preferred to
improve the success rate (Table 1, part C).
TEMED and APS control the polymerization
speed or the starting point of gelatinization.
High concentration of TEMED or APS speeds
up the preparation but increases the possibility
of forming voids. In contrast, low concentration
reduces the voids but raises the polymerization
time and also the exuding of liquid from gels. At
too low concentrations of TEMED and APS,
polymerization may not occur. The suggested
total concentration of TEMED + APS is 0.06-
0.14%. These studies show that, besides the
pressure and the control of the gelatinization
direction, the buffer components and the con-
centrations of catalyst and radicals are very
important in preparing the highly condensed gel-
filled capillaries.

Finally, we would like to mention that the
suggested polymerization method can also be
used for producing the capillaries with gels of
below 8% T+ 5% C, immobilized along the
entire capillary wall. Fig. 5 shows a separation of
poly(A) in a highly denatured gel (5% T+ 5%
C/7 M urea). A 30-cm separating length can
yield 400 bands in 90 min without any optimi-
zation of the separating conditions. The plate
number [5.54(tx /w,,,)°, w,,, = peak width at the
half height, ¢, = elution time] of 150mer is 1.2-
107 plates/m. This is comparable to the high
performance gel-filled capillaries without im-
mobilization [7].
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Abstract

Separations of very hydrophobic neutral analytes were achieved using hydrophobic interaction electrokinetic
chromatography (HI-EKC). Alkyl aryl ketone homologues dodecanophenone (C,y), tetradecanophenone (C,,),
hexadecanophenone (C,,) and octadecanophenone (C,,) were separated via hydrophobic interactions between
free sodium dodecy! sulfate (SDS) monomers and the analytes. The first running buffer consisted of 50 mM SDS
and 50% acetonitrile (pH 7.0). A complete reversal in the elution order of these analytes was obtained with the
second running buffer, 20 mM cetyltrimethylammonium bromide (CTAB) and 50% acetonitrile (pH 2.8). With the
second running buffer, electroosmotic flow was suppressed and the free CTAB monomers migrated toward the
detector. Through hydrophobic interactions between the free CTAB monomers and the analytes, separations of
these very hydrophobic alkyl aryl ketones were obtained in less than 10 min; analysis times were less than 5 min

with the SDS-based separations.

1. Introduction

The introduction of capillary electrophoresis
(CE) [1-3] in 1979 enabled the high-resolution
separation of charged analytes with rapid analy-
sis times. The separation power of CE was
further enhanced with the development of micel-
lar electrokinetic chromatography (MEKC) [4,5]
in 1984. In this technique, the addition of mi-
celles to the running buffer creates a pseudo-
stationary phase by which neutral analytes can
differentially partition. Since the advent of CE
and MEKC, there has been considerable re-
search in both the method development and

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00500-9

application of these two powerful separation
techniques.

CE has been used to successfully separate
a diverse range of compounds such as drug-relat-
ed impurities [6], warfarin enantiomers in
human plasma [7], B vitamins [8], DNA frag-
ments [9] and sulphonamides in pharmaceuti-
cals [10]. A more complete review of CE-related
applications can be found in the numerous re-
view articles and books that have been published
[11-14].

MEKC has been devoted primarily to the
analysis of small molecules. The applications
involving MEKC are considerably less than those
accomplished with CE but are still numerous and
span a broad range of analytes. To date MEKC
has been utilized in the analysis of cardiac
glycosides [15], mycotoxins [16], B-blockers [17],

© 1994 Elsevier Science B.V. All rights reserved
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explosive residues in soils [18], herbicides [19],
water- and fat-soluble vitamins [20-23], poly-
mycins [24] and priority substituted phenols
[25] just to mention a few. A recently published
book provides a much more in depth review
of the applications performed with MEKC
[26].

It is easy to see the impact that CE and
MEKC have had in separations. There are other
modes of separation utilizing the basic principles
of CE some of which include isoelectric focusing,
capillary gel electrophoresis and isotachophor-
esis. These techniques are all employed for the
analysis of ionic species. The separation of
neutral compounds falls under the technique
titled electrokinetic capillary chromatography
(EKC). In EKC, additives to the running buffer,
such as the micelles utilized in MEKC, provide
the pseudophase by which the neutral molecules
through their varying affinities for the pseudo-
phase can be separated. Electrokinetic separa-
tions have been exclusively used for the analysis
of small solutes.

Larger and more hydrophobic neutral analytes
have been difficult to separate with EKC and
more specifically MEKC. One of the primary
problems with the analysis of very hydrophobic
compounds by MEKC is that these very hydro-
phobic compounds tend to remain in the inner
hydrophobic core of the micelle and eventually
coelute with the micelle itself. One way to
increase the affinity of the hydrophobic analytes
for the aqueous mobile phase is the addition of
organic modifiers to the running buffer. Al-
though this method is effective in enhancing the
resolution of more moderately hydrophobic ana-
lytes, the “cost” is often much longer analysis
times and higher operating currents. Another
limitation in dealing with very hydrophobic
molecules is their minimal solubility in aqueous
media. Sample matrixes often consist solely of
organic solvent and introduction of the sample
into a predominantly aqueous running buffer
leads to the precipitation of the analyte in the
capillary and of course this leads to capillary
reconditioning procedures. As a result of a
blocked capillary, organic solvents are often used

to clear the capillary followed by purges with a
base. This sort of treatment changes the chemis-
try on the surface of the capillary and often the
result is a change in the electroosmotic velocity.
This is an undesirable effect in terms of run-to-
run reproducibility. Given these types of dis-
advantages associated with the existing EKC
techniques, there is a strong need to develop
new techniques which are specifically suited for
the analysis of very hydrophobic neutral ana-
lytes. _

In 1986 Walbroehl and Jorgenson [27] demon-
strated the separation of aromatic ring com-
pounds through proposed “solvophobic interac-
tions” in systems consisting of tetrahexylam-
monium salts in water--acetonitrile mixtures.
When the analytes are dissolved in this sepa-
ration medium, they undergo a solvophobic
interaction with the tetrahexylammonium ion
(THA") and form positively charged species
which can then migrate in an electric field.
Although a solvophobic interaction mechanism
was proposed, it was also hypothesized [26] that
the 7-electrons of the aromatic analytes may be
attracted to the THA" ion in which case the
separation mechanism would be based more on
electrostatic interactions than true hydrophobic
interactions. More recently Bullock [28] demon-
strated the separation of Triton X-100 oligomers
using hydrophobic interactions between free
sodium dodecyl sulfate (SDS) monomers and the
different poly(ethylene oxide) chains. The in-
dividual oligomers are separated based on differ-
ences in the length of these chains.

Based on the success of these studies and the
need to develop a viable method by which very
hydrophobic neutral analytes can be separated,
we formally introduce a new mode of electro-
kinetic capillary chromatography: hydrophobic
interaction electrokinetic capillary chromatog-
raphy (HI-EKC). In this investigation we report
the separation of some very hydrophobic alkyl
aryl ketone homologues (C,;, C,p, C,,, C,,)
using HI-EKC. Fast, high-resolution separations
of these analytes, which differ by only two
methylene groups, were achieved. The results of
this report further support the need to develop a
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gradient elution mode for MEKC similar to that
found in high-performance liquid chromatog-
raphy (HPLC).

2. Experimental
2.1. Apparatus

A Waters Quanta 4000 capillary electropho-
resis system (Millipore, Waters Chromatography
Division, Milford, MA, USA) equipped with
fixed-wavelength UV detection at 254 or 214 nm
was employed for all the separations performed
in this study. HI-EKC was performed in either a
30 cm or 35 cm (injection to detection) X 50 um
I.D. x 370 um O.D. fused-silica capillary tube
(Polymicro Technologies, Tucson, AZ, USA).
The total capillary length was 37.5 or 42.5 cm.
Injections were made in the hydrostatic mode.
The applied voltage ranged from 5 to 30 kV with
operating currents less than 50 pnA unless other-
wise noted in the text. The data were collected at
a rate of 20 points/s and analyzed with a Macin-
tosh Ilci computer (Apple, Cupertino, CA,
USA) using a MacLab 4 channel ADC with the
appropriate vendor software (ADInstruments,
Milford, MA, USA). All experiments were done
at ambient temperature (ca. 25°C).

2.2. Materials

The alkyl aryl ketone homologues (C4—C,,)
were purchased as a kit from Aldrich (Mil-
waukee, WI, USA). The alkylbenzenes (C,;,
C,,, C,) were purchased from Alltech (Deer-
field, IL, USA). Anthracene, naphthalene, and
phenanthrene were obtained from Aldrich. SDS
was purchased from Sigma (St. Louis, MO,
USA), while cetyltrimethylammonium bromide
(CTAB) was obtained from Aldrich. Both sur-
factants were used as received. The concentra-
tion of SDS ranged from 2-50 mM for all the
HI-EKC separations. Separations performed in
utilizing CTAB were done at concentrations of
20 and 40 mM. Stock buffer solutions were
prepared with NaH,PO,-H,0 and sodium hy-

droxide to give a 100 mM phosphate buffer at
pH 7.0 for the SDS-based separations. A phos-
phate buffer with pH 2.8 was used with the
CTAB-based separations. A phosphate buffer
concentration of 5 or 10 mM was used in all the
experiments. Acetonitrile was obtained from
Mallinckrodt (Paris, KY, USA). The non-micel-
lar solutions were made by weighing appropriate
amounts of SDS or CTAB and diluting with the
stock buffer solution, in some cases 40 to 50%
acetonitrile, and distilled water in a 100-ml
volumetric flask to obtain the desired concen-
trations. All the running buffer solutions were
filtered through 0.20-um membrane filters ob-
tained from Alltech and degassed before use.
HPLC-grade distilled water used in the makeup
of the micellar buffer solutions was obtained
from J.T. Baker (Phillipsburg, NJ, USA). Sam-
ple solutions were made up of 100% acetonitrile
with1 solute concentrations at or below 2.5 mg
ml™ .

2.3. Methods

The capillary was activated using a modifica-
tion of a previously described procedure [29].
The capillary was first rinsed with 1 M potassium
hydroxide for 20 min followed by subsequent
rinses of 0.1 M KOH and distilled water for 20
min each. A final 20-min rinse was performed
with the operating buffer before the capillary
was used. Purges with the operating buffer were
done after each run for 5 min using a vacuum of
ca. 16.5 in.Hg (1 in.Hg=3386.4 Pa) at the
detector reservoir.

Electroosmotic  velocities were measured
where applicable using a method previously
published [30].

3. Results and discussion

Hydrophobic  interaction chromatography
(HIC) has been utilized in many successful
fractionations of both water-soluble proteins and
membrane proteins [31]. In theses cases, gel
beds consisting of uncharged amphiphilic agarose
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derivatives were used although charged gels [32]
can also be employed. Bonded phase HIC util-
izes a hydrophilic polymeric layer that totally
covers a silica or polymer support surface and
into this layer are incorporated short alkyl or
aryl chains in low density. The mild conditions of
this type of HIC separate by selectivity based on
the hydrophobicity of the surface amino acids
and usually render proteins intact [33,34]. Unlike
these forms of HIC, HI-EKC is performed in the
free solution mode. All hydrophobic interactions
take place between solubilized analytes and the
hydrophobic portions of free (non-micellized)
surfactant monomers in solution.

In this investigation, the surfactants SDS and
CTAB were used with high amounts of acetoni-
trile such that micelles were not formed. Only
the free surfactant monomers were present in the
running buffer. Initial studies, however, focused
on utilizing SDS at concentrations below the
critical micelle concentration (CMC) in totally

Table 1

aqueous solutions. In these studies, very hydro-
phobic alkylbenzenes (C,;, C,,, C,¢) were used
as the probe analytes as well as the polyaromatic
hydrocarbons anthracene, naphthalene and
phenanthrene. Table 1 provides the structures,
CMCs and aggregation numbers of these two
surfactants as well as the general structure of the
analytes studied, i.e., the alkyl aryl ketones,
alkylbenzenes, and the three polyaromatic hy-
drocarbons.

The first attempts of achieving separations of
very hydrophobic compounds by HI-EKC in-
volved utilizing SDS at concentrations ranging
from 2-5 mM with 10 mM phosphate buffer.
Under these experimental conditions, no mi-
celles were present. This was verified by per-
forming runs with hydrophilic to moderately
hydrophobic alkyl aryl ketones (Cy—C,,). If
micelles had been present there would have been
some retention of these analytes. This was not
observed as all of the analytes eluted with the

Structures, critical micelle concentrations and aggregation numbers of the surfactants; general structures of the analytes

Surfactants
SDS (CH,(CH,),,0S0, Na"
CTAB (CH,(CH,),;N*(CH,),Br")

Analytes
Alkylbenzenes (n =7, 8, 10)

Alkyl aryl ketones (n =10, 12, 14, 16)

Polyaromatic hydrocarbons

Anthracene

CMC=0.008 M
CMC=0.0013 M

g

Aggregation number 62
Aggregation number 78

(CHy),CH;

0
]
C(CHy,CH,

Naphthalene

th

Phenanthrene
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Fig. 1. Elution of very hydrophobic alkylbenzenes (n-heptyl-, n-octyl- and n-decylbenzene) with the electroosmotic flow marker
under non-micellar electrokinetic conditions and an applied voltage (current) of (A) 5.0 kV (4.2 nA) and (B) 20.0 kV (27.8 pA).
Running buffer: 3 mM SDS-10 mM phosphate buffer (pH 7.0). Other conditions as in the Experimental section.
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electroosmotic flow marker (¢;). In order to test
the theory of possible hydrophobic interactions
between the free SDS monomers and the com-
pounds of interest, separations of very hydro-
phobic alkylbenzenes were attempted. Since the
alkylbenzenes chosen for this part of the invest-
igation possessed long alkyl chains, it was hoped
that these long chains would interact with the hy-
drophobic moiety of the SDS monomer and re-
sult in separation with the elution order follow-
ing that of MEKC with the most hydrophobic
analyte experiencing the greatest retention.

Fig. 1 shows the results obtained with.a
running buffer system containing 3 mM SDS.
The operating voltage for this run was 5 kV (Fig.
1A). As can be seen all the alkylbenzenes elute
with the electroosmotic flow marker. When the

mAu

-2

operating voltage was raised to 20 kV, a slight
separation was observed as shown in Fig. 1B;
reproducibility of this separation was verified
with triplicate runs. When the operating voltage
was raised to 30 kV no real improvement was
observed in the resolution. Similar separations
were tried with higher SDS concentrations (3.5,
4 and 5 mM) in an attempt to increase the
number of free surfactant monomers available
for hydrophobic interactions, but the results
were similar to that attained with 3 mM SDS.
The results indicated that there was an insuffi-
cient amount of free SDS monomers to achieve
the amount of hydrophobic interactions neces-
sary to obtain the desired separations.

Fig. 2 displays the results obtained for the
three polyaromatic hydrocarbon compounds. As

Time (minutes)

Fig. 2. Elution of three polyaromatic hydrocarbons (naphthalene, anthracene and phenanthrene) with the electroosmotic flow

marker. Conditions as in Fig. 1B.
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can be seen, all the analytes elute with the
electroosmotic flow marker. The separation of
these compounds was attempted in order to
determine if a better separation could be ob-
tained when the analyte structure contained
more aromatic rings as opposed to the long alkyl
chains of the alkylbenzenes. The results in Fig. 2
support the findings obtained with the alkyl-
benzene separations since even a change in
solute structure did not produce the desired
separation.

In an effort to increase the number of free

10 Cl 8
A B
C20
o
=
<
E e

-20

SDS monomers, separations were attempted
with running buffer solutions consisting of 50
mM SDS, 50% acetonitrile and 5 mM phosphate
buffer. In order to ensure that no SDS micelles
were present in the running buffer, separations
of small neutral molecules were tried. As before,
all the solutes eluted with the electroosmotic
flow marker which indicated that no SDS mi-
celles were present. Separations of C,; and C,,
alkyl aryl ketones were then attempted (see Fig.
3) using applied voltages of 20, 25 and 30 kV;
and hydrodynamic injection times of 5,3 and 1's,

C
Cig
Cig
C20
20
oo
1:30 3:20'— TT @ T

1:40 3:20 40

Time (minutes)

Fig. 3. Separation of alkyl aryl ketones, C,; and C,,, using a high concentration of non-micellized SDS (50 mM SDS-50%
acetonitrile—5 mM phosphate buffer, adjusted to pH 7.0). Other conditions: (A) applied voltage: 20 kV, 5 s injection; (B) applied
voltage: 25 kV, 3 s injection; (C) applied voltage: 30 kV, 1 s injection.
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s C2

mAu

Cq

Time (minutes)
Fig. 4. Separation of C,,, C,,, C,, alky! aryl ketone homologues using a high concentration of non-micellized SDS. Current = 106
A, other conditions as in Fig. 3C.

respectively. As the operating voltage was in- tion of these hydrophobic compounds was
creased from 20 to 30 kV with a simultaneous achieved in less than 2 min. The elution order
decrease in injection volume, complete resolu- followed that seen in MEKC as the less hydro-
12
8
4
=3
<
E

Time (minutes)
Fig. 5. Elution (but minimal separation) of C,,, C,,, C,, alkyl aryl ketone homologues using a micellar CTAB phase.
Experimental conditions: 40 mM CTAB-40% acetonitrile-5 mM phosphate buffer (pH 7.0); applied voltage 30 kV; operating
current <60 uA.
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phobic analyte experiences weaker interactions
with the free SDS monomers and consequently
elutes closer to the electroosmotic flow marker
as opposed to the more hydrophobic analyte
which experiences a stronger hydrophobic inter-
action and therefore increased retention. Fig. 4
shows the separation obtained of the three most
hydrophobic alkyl aryl ketones (Cyy, Cs,, Cys)
with this running buffer system. The analysis
time for this separation is equally impressive. It
is important to note that these homologues
would have formed precipitates in a totally
aqueous medium. The samples injected were
dissolved in 100% acetonitrile and since the
running buffer consisted of 50% acetonitrile, no
precipitation took place in the capillary. Clearly
this is an advantage as this had been a problem
with MEKC separations where the amount of
organic modifier in the running buffer is much
less.

mAu

IS

"

With the success of the SDS-based HI-EKC
separations, the next logical approach was to
attempt separations using a cationic surfactant
instead of an anionic surfactant. A surfactant
system consisting of 40 mM CTAB-40% ace-
tonitrile was first tried. However, as seen in Fig.
5, all the alkyl aryl ketones elute in less than 1
min. This indicated the presence of CTAB
micelles because these hydrophobic analytes
would reside in the inner regions of the micelle
and elute together. In addition, if CTAB mi-
celles were present, one would expect the very
quick traversion through the capillary, and in-
deed this was observed. We then tried a running
buffer system consisting of 20 mM CTAB-50%
acetonitrile. A separation of hydrophilic to mod-
erately hydrophobic alkyl aryl ketone homo-
logues with this system did not result in the
elution of any of the analytes after a run time of
30 min, indicating that there were no CTAB

[} 1 2 3

4 5 6 7

Time (minutes)

Fig. 6. Separation of alkyl aryl ketones, C,; and C,,, using a high concentration of non-micellized CTAB. Experimental
conditions: 20 mM CTAB-50% acetonitrile—5 mM phosphate buffer (pH 2.8); applied voltage 30 kV; operating current <40

#A; 1 s injection.
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micelles present. Fig. 6 displays the separation of
the C,q and C,, alkyl aryl ketones using the 20
mM CTAB-50% acetonitrile system. By com-
parison of these results with Fig. 3, it is easy to
deduce the reversal in elution order of these two
analytes. The buffer pH for the separations was
2.8. This was done to decrease the electroosmot-
ic flow such that the positively charged CTAB
monomers would serve as the mobile phase and
the partially aqueous buffer would serve as the
stationary phase. If the pH of the running buffer
had been 7.0, both the CTAB monomers and
buffer system would rapidly traverse the capil-
lary before any significant hydrophobic interac-
tions, i.e. separation could take place and conse-
quently all the analytes would quickly exit the
capillary. By operating at a low buffer pH with

mAu
w

the CTAB system, any separations based on
hydrophobic interactions result in a completely
reversed elution order as the more hydrophobic
analytes experience stronger hydrophobic inter-
actions with the free CTAB monomers and
travel toward the detector at a faster velocity.
The analysis time was less than 7 min for this
separation and operating currents were con-
siderably lower than that observed with the SDS-
based HI-EKC separations. In Fig. 7, separation
of the three most hydrophobic alkyl aryl ketones
(Cyp, Cy,, C,y) is shown. Once again, the rever-
sal in elution order is easily seen in comparison
to that observed in Fig. 4 with the SDS-based
separations.

In addition, when HI-EKC separations are
performed, the alkyl aryl ketone homologues

Co

Co2

Coq

0 1 2 3

4. 5 6 7

Time (minutes)

Fig. 7. Separation of C,,, C,,, C,, alkyl aryl ketone homologues using a high concentration of non-micellized CTAB. Conditions

as in Fig. 6.
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(Cis> Cy, Css, C,y) could be used as retention
index standards for the calculation of retention
indices of very hydrophobic analytes.

4. Conclusions

Clearly, the combination of both the SDS- and
CTAB-based HI-EKC methods represent a
powerful new way to analyze very hydrophobic
analytes. The rapid analysis times and high
resolution seen in HI-EKC are very advantage-
ous. If an organic solvent gradient system were
available, one could easily run MEKC to sepa-
rate the hydrophilic to moderately hydrophobic
compounds in a sample and then increase the
percentage of organic solvent to eliminate the
micelles so that the very hydrophobic com-
pounds could be separated as described here.
Our approach may serve to bridge the gap
between MEKC with predominately aqueous
buffer systems and MEKC with non-aqueous
buffers, the latter of which has yet to be ex-
plored.
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Abstract

The egg white glycoprotein, ovalbumin, is known to be microheterogeneous as a result of its varied glycan
content. The use of 1,4-diaminobutane (DAB) as a buffer additive has been shown to be key in the high-resolution
capillary electrophoretic separation of “glycoforms” of this protein [Anal. Biochem. 205 (1992) 115]. Although a
separation buffer consisting of 100 mM borate and 1 mM DAB allowed for adequate separation of ovalbumin
glycoforms, prolonged separation times of 35-45 min were undesirable. In the present study, the «,w-bis-
quaternary ammonium alkanes, hexamethonium bromide (C,MetBr), hexamethonium chloride (C,MetCl) and
decamethonium bromide (C,,MetBr) were tested as buffer additives for their effectiveness in the separation of
ovalbumin glycoforms. Where 1 mM DAB gave optimal separation in ca. 45 min, 100 uM C MetCl or C,,MetBr
yielded comparable resolution in less than 20 min. Results with the C,,MetBr were better than those obtained with
C,MetBr, indicating that there may be a correlation between effectiveness and alkyl chain length. Use of the
chloride salt of C Met afforded the same resolution as the bromide salt in slightly shorter analysis time. The rank
order for their effectiveness was found to be C, MetBr > C MetCl> CMetBr>DAB. These results allow for
speculation on the mode through which these additives exert their effect on resolution. Included in these are
additive-wall coating interactions, protein—additive interactions, protein-wall interactions or any combination of

these.

1. Introduction

High-performance capillary electrophoresis
(HPCE), a relatively new analytical tool, has
been shown to be capable of attaining separation
efficiencies superior to those with high-perform-
ance liquid chromatography (HPLC). Electro-
phoretic separation carried out in 75 pm L.D. (or
less) capillaries allows for the efficient dissipation
of Joule heat and, therefore, non-denaturing
electrophoretic separations can be carried out in

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00219-Y

simple buffers under high fields (up to 30 000 V).
HPCE has been shown to be useful for the
separation of a diverse array of molecules includ-
ing ions [1], small organic molecules [2], carbo-
hydrates [3,4], peptides [5] and oligonucleotides
[2].

One of the areas where HPCE has had a
dramatic impact is with the analysis of glycopro-
teins. Surface carbohydrates on proteins, once
thought to be artifacts, are now known to impart
a number of important biological functions in-
cluding antigenicity, transport, folding and bio-
logical activity. HPCE has been shown to be

© 1994 Elsevier Science B.V. All rights reserved
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useful for resolving the glycoforms of a variety of
proteins including ribonuclease [5], recombinant
T4 receptor [7], human recombinant erythro-
poietin [8], leech-derived O-linked glycopeptides
[9], and transferrin {10,11].

Determining conditions for the electrophoretic
separation of proteins in uncoated fused-silica
capillaries has been problematic, mainly due to
the inherent nature of proteins for interacting
with the capillary wall or other proteins. One of
the main ways in which this problem has been
circumvented is through the use of buffer addi-
tives that either coat the inner wall or augment
the buffer to reduce protein—wall interactions
[12-16]. We [17] and others [18] have demon-
strated the utility of alkyl diamines for the
analysis of glycoprotein microheterogeneity. In
the present study, a similar class of alkyl com-
pounds, in which the terminal diamino groups
have been replaced with quaternary ammonium
moieties, is tested. It will be shown that a,w-bis-
quaternary ammonium alkanes not only allow
for analysis of microheterogeneity, but are much
more efficient than their diamino counterparts.

2. Experimental
2.1. Materials

Sodium hydroxide was purchased from Fisher
Scientific. All chemicals for peptide sysnthesis
were purchased from Applied Biosystems (Fos-
ter City, CA, USA). Borax (sodium tetrabor-
ate), boric acid, hexamethonium bromide (Cg-
MetBr), hexamethonium chloride (CMetCl),
decamethonium bromide (C,,MetBr) and
diaminobutane (DAB) were purchased from
Sigma (St. Louis, MO, USA). Dimethylform-
amide (DMF) was purchased from Aldrich (Mil-
waukee, WI, USA). Ovalbumin was purchased
from Pharmacia (Piscataway, NJ, USA) or
Sigma.

2.2. Buffer and sample preparation
Borate buffer was made by titrating 25 mM

sodium tetraborate with 100 mM boric acid until
the desired pH was obtained. For use in the

separation buffer (100 mM borate), C,MetBr
and other additives were diluted from a stock
solution (1 M, in Milli-Q purified water) to the
desired concentration. All buffers were made
with Milli-Q (Millipore) water, and filtered
through an 0.2-pum filter (Gelman) before use.
Proteins were dissolved in the running buffer
without modifier and filtered through an 0.22-
pm micro-centrifuge filter (Millipore).

2.3. Instrumentation

HPCE was carried out on a Beckman P/ACE
System 2100 interfaced with an IBM 558X com-
puter utilizing System Gold software (version
7.1) for instrument control and data collection.
All peak information (migration time) was ob-
tained through System Gold software.

Reversed-phase (RP) HPLC of 25 pg of oval-
bumin was carried out on an ABI 130A mi-
croseparation system with an ABI RP-300 C,
reverse-phase column (100 X 2.1 mm) (Applied
Biosystems).

2.4. HPCE separation conditions

Capillaries were bare fused-silica (Polymicro
Technologies, Phoenix, AZ, USA) of 87 cm (80
cm to the detector) X375 um O.D.X50 um
I.D. For analyses, the following method was
typically used: a three column-volume rinse with
separation buffer, 3-s pressure injection of a
protein solution in separation buffer or water
(3.3 nl; 0.5-1.5 mg/ml), followed by a 3-s
pressure injection of the neutral marker, DMF
(1:5000 in water); separation at 25 kV (constant
voltage with the inlet as the anode and the outlet
as the cathode), a three column-volume wash
with 0.1 M NaOH followed by a three column-
volume rinse with separation buffer. All electro-
phoretic separations were carried out at constant
voltage (typically 25 kV) and capillary tempera-
ture was maintained at 28°C. Detection was by
absorbance at 200 nm.

3. Results and discussion

Ovalbumin is a glycoprotein found in avian
egg white and has a M, of ca. 43 000. It has two
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potential asparagine-linked glycosylation sites,
one on amino acid 292 and the other on 312
(total of 385 amino acids). Studies have demon-
strated that only the Asn,,, is glycosylated in
vivo [19] and that Asn,,, can be glycosylated in
vitro [20]. As with the carbohydrate component
of many glycoproteins, the glycan structure of
ovalbumin is heterogeneous [21]. A total of nine
different oligosaccharide chains have been iden-
tified {22-26], all of which have been classified as
high-mannose or hybrid structures. The hybrid
and high-mannose forms are present at approxi-
mately a 1:1 ratio.

The RP-HPLC separation of ovalbumin on a
C; column is shown in Fig. 1A. The resolution is
relatively poor and the presence of multiple
broad peaks is suggestive of glycoprotein hetero-
geneity. The profile in Fig. 1B represents the
electrophoretic separation of the same oval-
bumin solution in an 87 cm capillary (effective
length of 80 cm) in 100 mM borate, pH 8.4.
While the analysis time is decreased significantly
in comparison with RP-HPLC, the resolution has
only been moderately enhanced. Electrophoretic
separation of the same sample in the same
capillary with borate buffer containing 1 mM
DAB results in the resolution of the multitude of
components present in the sample (Fig. 1C).
Decreasing the DAB concentration below 1 mM
has been shown to lead to loss of resolution [17].
Concomitant with the enhanced resolution is a
decrease in electroosmotic flow (EOF), consis-
tent with observations reported in earlier studies
[17,27]. Tt is reasoned that the enhanced res-
olution results from an increase in analyte resi-
dence time brought about by the combination of
decreased EOF (from addition of 1 mM DAB)
and a longer than normal effective capillary
length (80 cm vs. 40-50 cm capillaries typically
used in HPCE) [17]. The type of buffer used also
appeared to play a key role in the resolution.
Although the details of the mechanism are not
completely understood, DAB has been postu-
lated to exert its effect on the separation through
a masking of silanol groups. This affects the {
potential and, subsequently, the EOF.

In a study aimed at understanding the mecha-
nism through which a,w-diaminoalkanes like
DAB function, both the bifunctional character

A

Absorbance (220 nm)

—

10.9 21.4 35.5

Absorbance (200 nm)

— T T

30 40 50

Time (min)

Fig. 1. The effectiveness of DAB for the resolution of
ovalbumin isoforms. (A) RP-HPLC of ovalbumin (1 mg/ml;
25-u1 injection). Column: ABI RP-300 (C;, 100 x 2.1 mm).
Buffers: A =5% acetonitrile in water, 0.1% trifluoroacetic
acid (TFA); B = 70% acetonitrile in water, 0.1% TFA. Flow-
rate: 0.2 ml/min with a gradient of 50% to 100% B over 50
min. (B) Capillary electrophoresis of ovalbumin [1 mg/ml,
3-s pressure (0.5 p.s.i., 1 p.s.i.=6894.76 Pa) injection].
Buffer: 100 mM borate, pH 8.4, no additives. (C) Capillary
electrophoresis of ovalbumin [1 mg/ml, 3-s pressure (0.5
p.s.i.) injection]. Buffer: 100 mM borate, pH 8.4, 1 mM
DAB. Capillary: bare silica, 87 cm (80 c¢m to the detector) X
50 wm I1.D. Separation: 25 kV (17 nA); 28°C.

and the length of the alkyl chain were found to
play a role in their effectiveness for glycoform
resolution [6]. Furthermore, there was an excel-
lent correlation between those alkyl diamines
which effected ovalbumin resolution and those
which optimally affected EOF. It was, therefore,



88

Br
" "o FH
> 3C\T\CH3
NH
|38 GH2
M2 G2
2 o
G2 GHa2
GH, cH
NH
o3 GH2
HE~\N—cH
7 _ 3
CH, Br

1,4-Diaminobutane = Hexamethonium bromide

Fig. 2. Structures of DAB and C MetBr.

of interest to determine whether similar com-
pounds containing a,w-quaternary ammonium
groups (vs. protonatable amines) were capable of
similar effects. Fig. 2 illustrates the structure of
the two classes of compounds, highlighting the
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differences in charge at the termini of each
molecule. In theory, quaternary ammonium
compounds are advantageous over the o,w-
diaminoalkanes as a result of two properties:
their ionization state is not pH-dependent and
addition does not alter the buffer pH.

The electropherograms in Fig. 3 show the
effect on ovalbumin resolution of hexamethon-
ium bromide (C,MetBr) added to 100 mM
borate buffer, pH 8.3 (micromolar values on the
z-axis represent the final concentration in the
separation buffer). Under these conditions,
baseline resolution of all peaks could be
achieved with 1 mM C MetBr at the expense of
undesireably long analysis times ( > 60 min). The
optimal concentration for adequate resolution
within a reasonable analysis time-frame was 300
uM CMetBr (25-35 min). These results were
somewhat surprising since faster separation was
attained with an additive concentration 3-fold

f
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Migration Time (minutes)
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T T T T T T T F S e W S e a—
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Fig. 3. The dependence of ovalbumin resolution on hexamethonium bromide concentration in the separation buffer. The top part
shows the separations on the same time scale. The lower panels, which are expanded time scales (min) profiles of the upper
traces, depict the enhanced resolution with increasing concentrations of hexamethonium bromide. From left to right, 30, 70, 100
and 300 uM C,MetBr final concentration in 100 mM borate, pH 8.4. Sample: ovalbumin [1 mg/ml, 3-s pressure (0.5 p.s.i.)
injection]. Capillary: bare silica, 87 cm (80 cm to the detector) X 50 um I.D. Separation: 25 kV (17 nA); 28°C.
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lower than DAB. Reproducibility for replicate
analyses with 300 uM C MetBr in the separation
buffer (n = 3) was found to be 0.53, 0.53, 0.54,
0.54 and 0.54% R.S.D. for peaks 1-5 (as la-
belled in Fig. 1C), respectively. The level of
reproducibility and resolution associated with
C,MetBr addition to the separation buffer make
it ideal for preparative-scale analyses. This con-
trasts with the use of higher concentrations of
DAB (e.g., 3-5 mM) where baseline resolution
was associated with significant band broadening
and extremely lengthy migration times [17].
The importance of the counterion in the over-
all separation was evaluated by comparing sepa-
rations carried in the presence of C,MetCl and
C MetBr (Fig. 4). It was interesting to find that
the dependence on concentration with C;MetCl
was significantly different than that with
C MetBr. One significant difference is the fact

A

21 22

Absorbance (200 nm)
24

20 22

30 40 50 60 70

Time (minutes)

Fig. 4. The dependence of ovalbumin separation on
C,MetCl concentration. (A) 100 uM, (B) 300 uM and (C) 1
mM CMetCl. Sample and other conditions as in Fig..3.

that adequate separation is attained with 100
wM, a concentration 3-fold lower than that
required with C;MetBr and 10-fold lower than
that required with DAB. More important is that
adequate resolution is attained in less than 20
min (in comparison with 300 uM C,MetBr in 33
min and 1 mM DAB in 40 min). This is sug-
gestive of the chloride salt being more effective
than bromide salt and may be the result of the
higher mobility of chloride as a counterion.

To determine whether the a,w-quaternary
ammonium compounds shared some of the chain
length-dependent structure—activity relationships
observed with the a,w-diaminoalkanes [6],
C,,MetBr was tested for its ability to effect
ovalbumin separation (Fig. 5). Similar to the
C¢MetCl, resolution of the ovalbumin isoforms
was achieved with a concentration of 100 uM
C,,MetBr. Adequate resolution is attained in
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Fig. 5. The dependence of ovalbumin separation on
C,,MetBr concentration. (A) 100 M, (B) 300 M and (C) 1
mM C,,MetBr. Sample and other conditions as in Fig. 3.
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slightly less time (18 min) than observed with
CsMetCl (20 min) with a reproducibility (n = 3)
of 0.37, 0.37, 0.38, 0.38 and 0.38% R.S.D. for
peaks 1-5, respectively. Comparison of the mi-
gration times obtained with a 300 uM concen-
tration of each of the additives in separation
buffer shows the order of effectiveness to be
C,oMetBr > C,MetCl > CMetBr (Fig. 6). This
suggests that the alkyl chain length may be a
more important parameter than the counterion
in effecting resolution.

Based on the markedly shorter analysis times
required for resolution of the isoforms in the
presence of C;(MetBr (18 min) and CMetBr
(33 min), it was assumed that these additives

A
2% 26 28 30 ) 3% 36
E
B
=
o
S
Q
S’
%]
(¥
£
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[
g
r T T T T 1
2 20 2 2% 26 28 30
C
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18 20 22 24 26

Time (minutes)

Fig. 6. A comparison of effect of 300 uM concentration of
each of the bis-quaternary ammonium additives on oval-
bumin resolution. (A) 300 uM CMetBr, (B) 300 uM
CcMetCl, (C) 300 uM C  MetBr. Sample and other con-
ditions as in Fig. 3.

701
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Fig. 7. The effect of DAB (O), C,MetBr (O) and C,,MetBr
(O) on EOF. The two amines were added to 100 mM borate
buffer, pH 8.4 at the indicated final concentrations. The
effect on EOF was determined by the migration time of a
neutral marker, DMF. Capillary: bare silica, 87 cm (80 cm to
the detector) X 50 um L.D. Separation: 25 kV (17 nA); 28°C.

would have less effect on the slowing of EOF
than that observed with DAB (45 min). EOF
was monitored in each analysis by the co-in-
jection of DMF with the sample. Surprisingly,
the effect of C,MetBr and C,,MetBr on the
slowing of EOF was found to be similar to that
of DAB (Fig. 7). This indicates that, despite a
significant repression of EOF, quaternary am-
monium alkane additives allow for ovalbumin
glycoforms to be resolved in less than half the
analysis time (18 min with C,,MetBr vs. 40 min
with DAB). This is suggestive that alteration in
EOF is not the only parameter involved in the
additive-induced enhancement of resotution.

As a final step in the evaluation of the quater-
nary ammonium compounds as additives, we
determined whether they could effect the sepa-
ration of other microheterogenous glycoproteins.
Fig. 8 shows the resolution of the isoforms of
human chorionic gonadotropin (hCG) with 1
mM hexamethonium bromide and 25 mM borate
buffer, pH 8.4. Seven of the eight isoforms are
clearly resolved. This presents the possibility that
bis-quaternary ammonium alkyl compounds may
be effective buffer additives for the resolution of
isoforms of other glycoproteins.
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Fig. 8. Effect of hexamethonium bromide on the resolution
of hCG isoforms. Human chorionic gonadotropin {5 mg/ml,
5-s pressure (0.5 p.s.i.) injection]. Buffer: 25 mM borate, pH
8.4 containing 1 mM hexamethonium bromide. Capillary:
bare silica, 87 cm (80 cm to the detector) X 50 um LD.
Separation: 25 kV (8.5 uA); 28°C.

4. Conclusions

This study has demonstrated that bis-quater-
nary ammonium alkyl compounds appear to be
more effective at resolving glycoprotein isoforms
than their alkyl diamine counterparts. This stems
not only from the fact that resolution is obtained
at lower concentrations, but that adequate res-
olution is obtained in dramatically shorter analy-
sis times. The observed order of effectiveness
(C,,MetBr > C,MetCl > CsMetBr > DAB) indi-
cates that the ideal quaternary ammonium addi-
tive possesses a long alkyl chain (C,;) and has
chloride as a counterion (i.e., decamethonium
chloride). From a mechanistic perspective, the
fact that similar resolution from two different
additives with a greater than 2-fold difference in
analysis time and minimal differences in EOF is
suggestive that the magnitude of EOF is not the
only factor leading to the enhanced resolution.
One likely difference between the alkylamines
and the quaternary ammonium-type compounds
is that the latter tend to be better “ion ex-
changers”. The fact that both classes of amines
have a tendency for wall (silanol) interaction
suggests that additional parameters, such as the

interaction of the additive with protein analytes
or interaction of the protein with wall-bound
additive (chromatography?) should be consid-
ered.
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Abstract

A microbore liquid chromatographic system was developed for gradient elution using capillary columns with
inner diameters of 50 and 100 wm. In addition, voltage gradients up to 30 000 V can be applied across the length of
the column. The dramatic improvement of reversed-phase separations of charged analytes is demonstrated by a
separation of detritylated oligonucleotides on 5 pm C,, reversed-phase silica gel. Several examples are given,
illustrating the influence of applied voltage gradients up to 400 V/cm upon the separation in both isocratic and

gradient elution modes.

1. Introduction

Liquid chromatography in capillary columns is
a fast developing technique offering the potential
of increased performance in comparison to the
well established wide-bore methods. Three
modes can be distinguished: conventional pres-
sure-driven chromatography [1-4], electroosmot-
ic flow-driven electrochromatography [5-8] and
combinations of these [9-11]. The use of packed
and open-tubular columns in all three modes has
been investigated. Electroosmotic flow arising
from an electrical field provides eluent transport
with a nearly flat flow profile thus increasing the
efficiency. In addition, the electroosmotic flow is
independent of the particle diameter, as has
been experimentally verified for particle diame-
ters as small as 1.5 pm in packed capillary
columns of up to 0.6 m length. The resulting
very high efficiency in chromatographic perform-
ance has recently been demonstrated {7,8]. The
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combination of pressure and voltage gradients
has been investigated by Tsuda [11], who showed
that bubble formation could be diminished by
applying pressure to the system.

So far all electrochromatographic techniques
use the isocratic approach with capillary columns
with very small inner diameters. However, gra-
dient elution is a necessity for many HPLC
separations and restriction to isocratic separa-
tions greatly limits the range of practical ap-
plicability. We have developed a gradient system
for liquid chromatographic techniques with
packed columns of 50 to 100 um inner diameter
and evaluated the performance of this system in
electro-HPLC.

2. Experimental

2.1. Preparation of slurry-packed capillary
columns

Fused-silica capillaries of 50 and 100 pm I1.D.
and 360 wm O.D. were obtained from Polymicro

© 1994 Elsevier Science B.V. All rights reserved
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Technology (Phoenix, AZ, USA). The frits were
prepared by sintering 5-um spherical silica gel
(Gromsil; Grom, Herrenberg, Germany) using a
self-made heater. For the packing procedure of
either silica gel or reversed-phase material, a
slurry of 5-um particles (Gromsil ODS-2, Grom)
in acetone (1:10, w/v) was ultrasonicated for 5
min and transferred to a stainless-steel slurry
chamber (25 mm X1 mm I.D.). The capillary
protruded about 5 mm into the chamber which
was placed into an ultrasonic bath during pack-
ing. The slurry was pumped into the capillary at
400 bar using a liquid chromatographic pump
(Model S1100; Sykam, Gilching, Germany).

The production of a packed capillary column
proceeded as follows. First a temporary end-frit
was prepared by tapping the capillary into silica
gel wetted with water, drying and heating. The
capillary was then packed with silica gel. The
outlet frit was formed by sintering at a distance
of approximately 20 cm from the end of the
capillary, after which the end-frit was cut off and
the capillary emptied on both sides of the frit by
flushing with water under ultrasonication. After
packing the column with the 5-um reversed-
phase particles ca. 1 cm stationary phase was
removed by heating the tip of the capillary, thus
causing rapid solvent evaporation and ejection of
slurry. Finally this end of the capillary was filled
up with silica gel and an inlet-frit sintered after
drying.

2.2. Apparatus

In order to use the electrochromatographic
system in the gradient mode a modular capillary
electrophoresis system (Grom) was combined
with a gradient HPLC system (Sykam) as shown
in Fig. 1. A stainless-steel six-port rotary valve
including an injection port (Rheodyne, Cotati,
CA, USA) was used for sample injection. The
splitting of eluent was achieved by a stainless-
steel T-piece connected to a narrow-bore mi-
croparticle-packed column functioning as a flow
resistance. The splitter was grounded to protect
the pump from any damage that may be caused
by the high voltage. The electrolyte block on the
inlet side of the capillary column was connected

Gradient Mixer

HPLC Pump
]

Data Aquisition

Waste

Capillary Column Detector

-E’m

Electrolyte Reservoir Electrolyte Reservoir,

High-Voltage
Power Supply

Fig. 1. Schematic representation of an electrochromato-
graphic system.

to the splitter by a laboratory-made interface. A
Chromatopac C-R6A (Shimadzu, Kyoto, Japan)
was used for data processing.

2.3. Electrochromatography

The chromatographic columns of 50 cm overall
length were packed with 5-um reversed-phase
particles to a length of 30 cm. Removal of the
polyimide coating allowed on-line UV absor-
bance detection (260 nm) at 30.2 cm. The flow-
rate was 0.5 ml/min at 200 bar. The mobile
phase used under isocratic conditions was ace-
tonitrile—buffer containing 10 mM triethylam-
monium acetate (TEAA) (12:88). In the gra-
dient elution mode the buffer was 10 mM am-
monium acetate at pH 8 containing (A) 0% and
(B) 10% acetonitrile. The gradient was 0 to
100% B in 30 min. The buffers were prepared
from double-distilled water and thoroughly de-
gassed. The pH was adjusted with a 0.01 M
triethylamine solution.

Two modes of injection were used. By injec-
tion of the sample into the rotary valve only a
small fraction entered the chromatographic col-
umn after splitting. A second approach was
accomplished by filling the electrolyte reservoir
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on the inlet side of the capillary with 5 u1 sample
and pressurizing for 15 s at 200 bar. The reser-
voir was then flushed with eluent. The con-
centrations of deoxyoligonucleotides were 5 mg/
ml in the split injection mode and 300 pg/ml by
injection directly from the electrolyte reservoir.

2.4. Micellar electrokinetic capillary
chromatography (MECC)

For electrophoresis the modular capillary elec-
trophoresis system (Grom) was used. Capillaries
of 50 pm L.D. and 360 um O.D. (Polymicro
Technology) were flushed for 10 min with 1 M
NaOH, water and buffer. Overall length of the
capillaries was 0.7 m with on-line UV absorbance
detection at 0.5 m. The buffer for MECC con-
sisted of 5 mM tris(hydroxymethyl)amino-
methane, 5 mM borate, 7 M urea and 50 mM
sodium dodecyl sulfate at pH 8.9 (HCl). Sample
solutions were injected by hydrostatic loading
(30 s, 0.1 m). Electrophoresis was performed at
17 kV and 20 uvA.

2.5. Chemicals

Oligodeoxyribonucleotides were synthesized
on an ABI 38m0B DNA synthesizer using the
phosphoramidite approach. The chemicals were
purchased from MWG-Biotech (Ebersberg, Ger-
many), Roth (Ulm, Germany) and Merck
(Darmstadt, Germany). All chemicals for buffer
preparation were of research grade (Merck).

3. Results and discussion
3.1. Microbore HPLC system

Packed fused-silica capillaries used as chro-
matographic columns provide several advan-
tages. The high mechanical strength allows inlet
pressures of up to 800 bar so that long columns
can be packed with particles of smaller diameters
down to 1.5 um and used in chromatography
[7,8]. Due to the flexibility of the fused-silica
capillaries even very long columns can be hand-
led easily. The good optical transparency allows

on-column detection in the UV-Vis absorption
range. The most important feature for their
optional use in electro-HPLC is the isolating
property of the fused silica.

A microbore HPLC system was constructed
combining a capillary electrophoresis system
with an HPLC pump and gradient mixer. The
use of capillary columns with inner diameters of
50 to 100 pm demanded a solvent splitter.

Two different injection modes were de-
veloped. Split injection via a rotary valve was
reproducible but was wasteful of analyte because
only a small fraction of the sample volume
entered the capillary after splitting. A better
approach was the direct injection of sample into
the electrolyte reservoir followed by pressuriza-
tion of the chamber for several seconds. This
proved to be an appropriate injection mode
although some difficulties were encountered in
reproducing the injected amount of the sample.

The development of an interface with minim-
ized dead volume between the HPLC system and
the electrolyte reservoir allowed micro-HPLC
separations in the gradient mode with columns of
50 wm 1.D. While isocratic separations are lim-
ited in their application range, the gradient mode
offers the tremendous advantage of tuning the
selectivity by eluent composition in the same
separation. The gradient elution mode also of-
fers the opportunity of easy access to sample
enrichment.

This microbore HPLC system allows the scale-
down of well established HPLC separations to
micro dimensions. In addition, the advantages of
plug flow, characteristic of electroosmotically
driven systems, upon the chromatographic ef-
ficiency can be realized.

3.2. Micro-HPLC separation of oligonucleotides

A comparison of the different modes of micro-
HPLC is made on the basis of the separation of
oligonucleotides. With isocratic micro-HPLC
using 12% acetonitrile only the 9- and 10-mers of
a mixture of 1-10-mers could be separated (Fig.
2A). Using 14% acetonitrile the 10-mer oligo-
nucleotide mixture was not retarded at all, while
at 10% acetonitrile it was not eluted within 2 h.
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Fig. 2. Comparison of the different modes of micro-HPLC and MECC in analysis of a 10-mer oligonucleotide d(GAT-
GCATAGG-OH) and its by-products. (A) Isocratic micro-HPLC; (B) isocratic electro-HPLC, applied voltage 10 kV; (©)
gradient electro-HPLC, applied voltage 15 kV; (D) MECC. Conditions as described in the Experimental section. Peak 1 is the
main synthesis product d(GATGCATAGG-OH), all other peaks are by-products.

A variation of the concentration of acetonitrile
in the eluent mixture by only 4% under isocratic
conditions had a great effect on the selectivity.
However it did not result in a decent separation.
By ways of contrast, the separation of the
mixture of 1-11-mers was easily obtained in the
gradient mode (Fig. 3A) thus demonstrating the
advantages of the gradient system.

3.3. Electro-HPLC

Electro-HPLC is the combination of micro-
bore HPLC with an applied voltage gradient.

Depending on the electric field strength, electro-
osmotic flow can occur and charged analytes
show electrophoretic behavior. There are several
advantages arising from the combination of pres-
sure and high voltage. The applied pressure
provides stability and reproducibility of the chro-
matographic performance and prevents bubble
formation. Therefore one of the major draw-
backs of electrochromatography solely driven by
electroosmotic flow, is diminished. Even if some
bubbles are formed they are simply swept out
thus preventing breakdown of the electric cur-
rent. Columns with inner diameters up to 150
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Fig. 3. Influence of applied voltage on the chromatographic separation of oligonucleotides (dC,—-dC,,) and comparison with
MECC. (A) Gradient micro-HPLC; (B) electro-HPLC, applied voltage 10 kV; (C) electro-HPLC, applied voltage 20 kV; (D)
MECC. Conditions as described in the Experimental section. Peaks 3, 7, 10 and 11 correspond to dC,, dC;, dC,, and dC,,,

respectively.

pm can be used with a field strength of 400 V/cm
in the pressurized system providing high loading
capacity and detection sensitivity.

Applying a high-voltage gradient to the chro-
matographic column results in electroosmotic
flow. Its contribution to the overall velocity of
the eluent increases with the electric field
strength. Using this technique analysis time is
shortened and efficiency increases dramatically.

Electric field strength, direction of the voltage
gradient, pH, applied pressure, eluent composi-
tion and gradient are the most important among
various parameters that can be varied to opti-

mize the performance of this highly selective and
efficient separation technique.

3.4. Electro-HPLC of oligonucleotides

The higher oligonucleotide homologues in the
range 1-11-mer have increasing capacity factors
in reversed-phase chromatography and increas-
ing electrophoretic mobility. The direction of the
electric field can be used to retard the elution of
the higher homologues in order to optimize the
selectivity of the separation.

With an electric field strength of 200 V/cm
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(Figs. 2B and 3B) the contribution of the elec-
troosmotic flow to the overall velocity was still
negligible compared to the pressurized flow
(Figs. 2A and 3A). The isocratic electro-HPLC
analysis of a 10-mer oligonucleotide mixture
(Fig. 2B) revealed the improved separation due
to the upstream migration of the analyte mole-
cules resulting in longer retardation and higher
selectivity in comparison to the mere HPLC
separation (Fig. 2A).

The gradient electro-HPLC separations of an
oligonucleotide mixture (dC,-dC,;) shown in
Fig. 3B and C demonstrated the optimization of
efficiency and speed with increasing participation
of electroosmotic flow. Applying a voltage gra-
dient improved drastically the efficiency of the
gradient microbore separation of a 10-mer oligo-
nucleotide (Fig. 2C).

These separations were compared with
MECC. As in electro-HPLC, MECC discrimi-
nates between analytes by a combination of both
chromatographic and electrophoretic mecha-
nisms [12]. Both methods show similarly excel-
lent resolution and selectivity (Figs. 2D and 3D),
above that which can be accomplished by micro-
HPLC.

4. Conclusions

Electro-HPLC combines the advantages of the
two basic analytical techniques, chromatography
and electrophoresis. The excellent selectivity of
gradient-mode chromatography adds to the high
efficiency of electrophoretic separations. Using
supplementary pressure stable flow conditions
are readily obtained, overcoming one of the

major problems of chromatography solely driven
by electroosmotic flow. Electro-HPLC provides
an easy access to dramatically improved HPLC
separations optimized in resolution and analysis
time by simple scale-down to a micro system and
application of a high-voltage gradient.
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Abstract

The withdrawal of a capillary structure from a sample solution causes a droplet to be formed at the end of the
capillary. Because of the interfacial pressure difference across the curved surface of the droplet, the droplet is
driven into the entrance of the capillary, thereby causing injection of the sample. Assuming negligible sample
penetration by diffusive or convective mixing, this injection is intrinsically the smallest possible for a capillary.
Moreover, the injection volume can be varied by changing the shape of the capillary structure, specifically the outer
diameter of the capillary. This injection method eliminates the need for external pressure differences, applied fields
across the capillary, or precise timing, thus offering several advantages over conventional procedures. Studies using
capillary electrophoresis as the separation procedure show that approximately 3.5 nl (66 um 1.D. capillary) sample
volumes can be injected by hand with a reproducibility of 5.8 +0.7% R.S.D. Parameters that affect the variability

of the injection are discussed.

1. Introduction

Microchannel separation techniques, such as
capillary electrophoresis (CE) and open tubular
liquid chromatography, are emerging as power-
ful methods for analyzing complex mixtures in
subnanoliter volumes [1]. In CE, sample can be
introduced into the column by either electro-
kinetic or hydrodynamic injection [2,3]. Electro-
kinetic injection discriminates among the sample
ions based on differences in the electrophoretic
mobility and complicates quantitation [4]. Hy-
drodynamic injection based on pressure differ-
ences between the inlet and outlet buffer reser-
voirs is more reproducible but requires timing
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among pressure valves and moving parts [3]. In
both methods, a reduction in the injection length
improves the separation efficiency but tends to
lower the run-to-run reproducibility [5-7].

We describe a method for injection called
spontaneous fluid displacement that offers sever-
al advantages over conventional injection pro-
cedures. Briefly, the injection is based on the
formation of a curved meniscus (droplet) at the
inlet of a capillary as it is removed from a sample
solution [8]. Interfacial pressure differences ac-
ross the curved surface provide the driving force
to inject the sample into the column. In previous
work, we identified that this spontaneous in-
jection was largely responsible for the phenom-
enon called “ubiquitous injection” [8] and of-
fered ways to minimize it. Here, we demonstrate

© 1994 Elsevier Science B.V. All rights reserved
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that spontaneous fluid displacement, previously
considered an extraneous injection effect, can
itself be used as a reproducible injection method.
Because no externally applied pressure or elec-
tric field is required for injection, this method
may simplify automated injection, and may be
useful for a miniaturized CE system or for
applications where electric fields or external
pressure differences cannot be used. Further-
more, precise timing is unimportant because the
entire injection process occurs spontaneously
and is complete when the sample has penetrated
into the column. This injection method makes
possible smaller injection lengths for improve-
ment in separation efficiency in CE [9]. Al-
though the method is applicable to all micro-
column separations of liquid samples, we demon-
strate its feasibility as an injection method in
CE.

2. Theory

The action of removing a capillary from a
solution has been shown to result in the attach-
ment of a small droplet and its subsequent
spontaneous penetration into the column [8]. By
considering the mechanism involved, we can
identify parameters that should affect the repro-
ducibility of sample injected into the column.
The injection mechanism can be divided into two
steps: (a) liquid thread breakup to form the
droplet, and (b) droplet penetration into the
column by spontaneous fluid displacement (Fig.

1).
2.1. Solution breakup

When the capillary is removed from the sam-
ple solution, a thread of liquid spans from the
capillary inlet surface to the bulk solution.
Eventually, the thread of liquid becomes un-
stable toward the necking and breaks to form a
droplet that adheres to the capillary inlet surface
[8]. Rigorous theories to explain mechanisms for
solution breakup have been developed for long
cylindrical fluid bodies such as liquid jets [10-16]
and liquid films supported by fibers (analogous to

(a) (b)
2 B A 7
% ; / %
%
7. Z.
WY -
Time

Fig. 1. Schematic depiction of an injection by spontaneous
fluid displacement: (a) liquid thread breakup and (b) droplet
penetration.

a liquid thread supported by a capillary column)
[17]. Because the breakup process of a necking
liquid thread supported by a thin fiber shares
some of the physical characteristics of that of a
liquid jet, considering the more general process
of liquid jet instability is useful.

Liquid thread breakup can result from capil-
lary instability [10-17] (Rayleigh instability) or
extensional necking [18], and theory describing
each phenomenon has been verified experimen-
tally. Moreover, these two breakup processes do
not necessarily act independently. For a given set
of conditions, the mechanism that causes earlier
liquid breakup will determine the droplet vol-
ume.

For a cylindrical thread of liquid, small distur-
bances on the free surface can generate axi-
symmetric deformations (surface waves) [10].
Because the total surface area is reduced, the
resulting liquid structure is thermodynamically
more stable than that of a cylinder. The cross-
sectional radius, r, of the surface of the thread is
then given by [11]

2nX
r=ry,+e cos 7; (€))

where r, is the initial radius of the liquid thread,
e is the amplitude of the surface wave of length A
and X is the distance measured along the axis of
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/f\\./

Fig. 2. Schematic illustration of the structure of a liquid jet
during breakup by capillary instability. Note the sinusoidal,
axisymmetric surface waves.

f

the thread (Fig. 2). When A is greater than the
circumference of the thread (27rr), the amplitude
of the surface wave grows spontaneously until it
equals the radius, r,, which causes the thread to
pinch off into droplets [10]. Based on this analy-
sis, the drop shapes are determined by a single
harmonic waveform [16]. Experiments using
stroboscopic photography [16] show, however,
that small satellite drops form between the main
drops. A refined theoretical model based on a
nonlinear analysis can be used to predict this
satellite drop behavior [14,16]. As a first approx-
imation though, the amplitude, €, of the wave
grows in magnitude according to the expression
[11,15]:

€ =g, exp ot 2)

where o is the characteristic growth rate and ¢ is
the time. If there are axisymmetric wavelike
disturbances of equal amplitude distributed over
all wavelengths at the start (white noise), the
fastest growing mode (wave) will dominate the
breakup and occur at its characteristic growth
rate [11,15]. The growth rate for the mode of
maximum disturbance has been determined in
dimensional form as [15]:

Y 1/2
o =0.3433- <T> 3)
r’p

where vy is the surface tension, r is the radius of
the liquid thread and p is the density. The
characteristic time for liquid thread breakup is
given by 1/0.

If there is a large enough applied tensile force
on the liquid thread, then solution breakup can
occur by extensional necking, also called cohe-

sive fracture [18]. During extensional necking, a
cohesive fracture results when the applied tensile
force exceeds some critical level of stored elastic
energy. In the presence of a small tensile force
on the liquid, breakup by capillary wave in-
stability does not act independently of this cohe-
sive mechanism; in particular, once the diameter
of the thread at the node decreases sufficiently,
the liquid cohesively fractures because of the
tensile forces acting on it, before it separates into
complete droplets.

Presently, the exact mechanism for solution
breakup of the thread of liquid supported by a
capillary column in this work is unknown. Never-
theless, some conclusions can be drawn from the
above discussion. For a given solution, the
extensional velocity of removing the capillary
from the sample solution favors one mechanism
over the other, and may result in a different
droplet volume. The extensional velocity, v, can
be expressed as:

v =éx )

where é is the extensional rate and x is the
maximum distance spanned between the capil-
lary inlet surface and the bulk solution before a
cohesive breakup (Fig. la). Breakup will most
likely occur by capillary instability as long as the
capillary is removed from the sample solution at
an extensional rate, é, slower than the growth
rate, o. For a capillary with 360 um O.D. and a
20 mM phosphate sample solution, the charac-
teristic time for breakup is approximately 3 ms.
As an approximation, breakup is more likely to
occur by capillary instability if the extensional
velocity of the capillary inlet does not exceed 10
cm/s.

In practice, the actual wavelength that forms
on the liquid thread is affected by background
noise [11] as well as satellite drop formation [16].
In a typical laboratory, noises (from pump
sources or other vibrations) can create surface
disturbances at any wavelength and prevent
breakup at the mode of maximum instability. To
overcome random noise and achieve better
wavelength control, audio frequency distur-
bances can be imposed on the thread and tuned
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to the mode of maximum instability [11]. For a
liquid jet, when experimental parameters are
constant and the amplitude of the applied dis-
turbance is controlled using audio modulations,
solution breakup can be made reproducible to
better than 10% [11]. In fact, this high level of
regularity of droplet formation has been used in
ink-jet printing [16].

Still other factors may contribute to droplet
formation in liquid structures supported by a
fiber (or capillary). For instance, refinements in
liquid instability theory that take into account
experimental differences between breakup in a
liquid jet and breakup in a liquid thread that is
supported by a fiber have been developed [17].
Because droplet formation may be affected by
any factor that distorts the structure of the liquid
thread, reproducibility of this structure is ex-
pected to require care. Parameters that may be
important include how the capillary is cleaved
(because overall surface morphology affects fluid
attachment), the wetting properties of the sur-
face surrounding the inlet (which affects the
contact angle of fluid attachment), the position
and angle of the capillary upon removal, and the
radius of curvature of the sample solution into
which the capillary is inserted. The precise
control of these parameters would therefore be
expected to improve reproducibility.

2.2. Spontaneous fluid displacement

Injection of the droplet results from an interfa-
cial pressure difference formed across the curved
droplet surface (meniscus) [8]. This pressure
difference is large enough to support a 4 cm X 50
pm column of buffer. If similar droplets are
formed, then reproducible injection should occur
if the droplet is localized to the tip of the
capillary, and sample is not lost from spreading
or sticking to the surface or from effects of
solvent evaporation {8]. Several key factors that
may affect reproducibility of droplet volume and
shape include surface tension of the sample
solution, surface wettability of the inlet end of
the capillary, and vapor pressure surrounding the
capillary [8].

The penetration kinetics of the injection are

characterized by an initial high penetration ve-
locity, followed by a leveling off until the droplet
has completely entered the column [8]. Allowing
the droplet to completely penetrate causes less
dependence on precise timing, which should
afford high run-to-run reproducibility. For a
given capillary structure, penetration kinetics are
governed by the surface tension of the sample
solution. Thus, two different samples may have
slightly different penetration kinetics. In each
case, however, equivalent injection volumes will
result from waiting until the sample droplet has
completely penetrated into the column. More
importantly, differences in surface tension be-
tween samples will have a greater differentiating
affect on losses from surface spreading or from
non-uniformities in droplet formation during
solution breakage.

3. Experimental
3.1. Chemicals and reagents

All solutions were prepared from a Millipore
water-filter system (Milli-Q Plus/UV, Milli-RO 6
Plus; Waters, Bedford, MA, USA). For the CE
runs, a 20 mM phosphate buffer, pH 8.7 (Mal-
linckrodt, San Francisco, CA, USA), was filtered
through 0.2-um pore size syringe filters and used
for all studies. Imaging studies were carried out
using a 0.4 mM 2’,7'-dichlorofluorescein solution
(Kodak, Rochester, NY, USA) dissolved in 15
mM, pH 8.9 phosphate buffer. Stock solutions of
N¢-dansyl-L-lysine, N*-dansyl-L-tryptophan, and
dansyl-L-alanine, (Sigma, St. Louis, MO, USA)
prepared in the phosphate running buffer were
stored in the refrigerator and serially diluted as
needed.

3.2. Capillary treatments

The inlet end of a fused-silica capillary column
(52 pm I.D. X131 pm O.D., 50 pm 1.D. X 345
pm O.D., 66 pum 1.D. X352 um O.D.) (Poly-
micro Technologies, Phoenix, AZ, USA) was
cleaved by first scoring the polyimide coating
with a ceramic cleaving square (Polymicro Tech-
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nologies) and then carefully bending the capillary
to fracture it. With care, this procedure con-
sistently produced a nearly flat surface (as ob-
served under a stereomicroscope) with an angle
of 87+3° A 5-mm section of the polyimide
coating at the inlet end was removed with a
Bunsen burner flame. All capillaries were pre-
conditioned with 0.1 M sodium hydroxide (Mal-
linckrodt), and buffer was then electrophoresed
through the column for 1 h. For some studies,
the outer surface of the capillary was silanized by
holding an air-filled column in a solution of
dimethyldichlorosilane in toluene (silanization
solution from Supelco, Bellefonte, PA, USA) for
40 min. Afterward, the column was purged with
nitrogen and air dried for several minutes. The
outer diameter of some capillaries was chemical-
ly etched with 0.1 M hydrofluoric acid (Sigma)
for 40 min. To maintain a constant inner diam-
eter, the other end of the column was attached
to a pressure-regulated nitrogen tank, thereby
creating a constant flow of nitrogen through the
column to prevent acid from entering the inside
of the column. The capillary was rinsed with
water before use.

To maintain uniform wetting on the outside
surface of the capillary (i.e., to reproduce the
surface conditions), excess water-droplet forma-
tion on the outside surface was minimized. For
the charge-coupled device (CCD) imaging ex-
periments, excess water formation could be
reduced by slowly withdrawing the analyte solu-
tion from contact with the capillary. Only runs
with no noticeable surface spreading after sam-
ple contact were used in the CCD imaging
studies. Using video imaging of the injection, we
found that silanating the outside walls of the
capillary inlet helped prevent both excess water
drop formation and surface spreading onto the
sides upon capillary removal. We silanated the
outer walls of the capillary inlet as a preventative
measure for the CE experiments.

3.3. CE detection system

Separations were performed using a labora-
tory-built CE system with an absorbance detec-
tor (Isco CV4, Lincoln, NE, USA). The detector
wavelength was set at 340 nm with a time

constant of 0.2 s. The voltage control is de-
scribed elsewhere [19]. The inlet of the capillary
was manually transferred from the sample solu-
tion (contained in a 1-ml vial) to the inlet
reservoir. The capillary was in contact with the
sample solution no longer than 5 s. Timing for
the transfer was accomplished using either a
stopwatch or an alarm timer. During the in-
jection, the sample solution was held approxi-
mately 5 mm below the level of the outlet
reservoir to prevent inadvertent hydrodynamic
injection. Similarly, to prevent loss of the sample
from inadvertent hydrodynamic outflow when
the capillary was reinserted into the inlet buffer
reservoir, we held the outlet reservoir approxi-
mately 5 mm below the inlet. A delay of approx-
imately 10 s occurred between reinserting the
capillary into the inlet vial and applying the
voltage across the capillary. Data were collected
with a 486 computer (Adisys, Santa Clara, CA,
USA) using Lab Calc data-acquisition software
and a Chrom-1AT data acquisition board
(Galactics, Salem, NH, USA). Peak areas and
heights were determined using Lab Calc.

3.4. Imaging system

Spontaneous fluid displacement injections
were quantitated using a fluorescence imaging
system described elsewhere [8]. Briefly, the inlet
end of a fused-silica capillary column was fixed in
position and imaged by a stereomicroscope onto
the focal plane of a liquid-nitrogen-cooled
(—126°C), scientific-grade =~ CCD  camera
equipped with a 512 x 512 CCD chip (PM512,
Photometrics).

3.5. CCD image processing

Image dimensions were estimated by using the
premeasured outer diameter of the capillary as
an internal calibration. Images of the capillaries
had similar cross-sectional profiles. From these
images we could estimate the position of the
edge of the outer capillary wall with an uncer-
tainty of 3 pixels, thus making the absolute
internal calibration distances accurate to within 6
pixels (final injection lengths ranged from 50 to
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165 pixels). The front end of the capillary was
identified by a bright spot that appeared at the
front end of all capillaries before and after the
fluorescein solution entered the column. The
fluorescence response from the channel of the
capillary filled with a homogeneous solution of
fluorescein was roughly uniform and varied
linearly with the concentrations used in these
studies.

To determine spontaneous injection lengths, a
plot of the fluorescence intensity along the length
of the capillary channel was obtained. First,
pixels across the width of the channel were
averaged. This averaging resulted in a single
intensity value for each point along the length of
the column, which yields a one-dimensional
image slice along the capillary. These slices were
converted to one-dimensional text file arrays and
then analyzed on a Macintosh Ilci using pro-
grams written in Igor (WaveMetrics, Lake Os-
wego, OR, USA). Plots of the image slice
showed the concentration profile along the
length of the injection plug. For clarity of pre-
sentation, the bright spot present in all of these
image slices was removed.

4. Results and discussion
4.1. Injection volume

Spontaneous fluid displacement establishes the
feasibility of successively injecting small, fixed
volumes in a reproducible manner. A particular
capillary inlet has an inherent maximum injec-
tion volume that is dependent on its physical
characteristics (for, e.g., its morphology, size,
etc.). Within this maximum value, the injection
volume can be varied in several ways. One
method is to reinsert the capillary into the inlet
vial at different times during the penetration
process, thus placing a larger demand on timing
but providing more flexibility for injection. A
potentially more reproducible way to vary vol-
ume is illustrated in Fig. 3. By changing the
outer diameter of the capillary, the amount of
droplet formed can be altered.

Fig. 4 shows a comparison of the longitudinal

Fig. 3. Schematic diagram of droplet formation at the inlet
rend of two capillaries with different outer diameters but the
same inner diameter.

fluorescence image “slice” of injections from
capillaries with different outer diameters but
approximately the same inner diameter. The
intensity (concentration) profiles along the length
of 345 pm O.D.X50 pm IL.D. and 131 um
0.D. X 52 um L.D. capillaries are shown in Fig.
4a and b, respectively. The capillary inlet was
surrounded by a saturated vapor atmosphere in
both cases. The complete injection for the thin-
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Fig. 4. Fluorescence intensity profiles along the length of an
,injection by spontaneous fluid displacement. The capillary is
surrounded by a vapor-saturated environment. Shown are
injections from (a) 50 um I.D. X 345 um O.D. capillary and
(b) 52 um LD.x131 pm O.D. capillary. The sample
consisted of 0.4 mM 2',7'-dichlorofiuorescein dissolved in 15
mM pH 8.9 phosphate buffer; the column length was ca. 58
lem for each case and was filled with 15 mM pH 8.9
phosphate buffer.
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walled capillary occurred within approximately 5
s after the capillary was removed from the
sample solution but required approximately 70 s
for the thick-walled capillary. As the O.D. of the
capillary becomes smaller, so does the radius of
curvature of the resulting droplet, which causes
the penetration velocity to increase [8]. For a
smaller injection, sample entry by diffusive or
convective mixing adds a larger component of
extraneous injection error [8]. Varying the size
between larger-O.D. capillaries is therefore im-
portant to minimize error from these mixing
processes.

Shown in Fig. 5 are electropherograms that
compare spontaneous fluid displacement injec-
tion that results from varying the O.D. of a
single capillary column (66 um L.D.). Fig. 5
shows a separation of three dansylated amino
acids after a 10-s delay in transfer (between
removing the capillary from the sample to inlet
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Fig. 5. Electropherograms that demonstrate different in-
jection amounts as a result of varying the outer diameter of a
capillary column. Shown are injections from a 66 um L.D. x
345 pm O.D. capillary (a) untreated and (b) etched in
hydrofivoric acid (0.1 M) for 40 min. The delay time
between transferring the capillary inlet from the sample
solution and reinserting it into the inlet reservoir was 15 s.
The capillary was transferred in an ambient atmosphere.
Each electropherogram shows a separation of ca. 0.5 mM
each of (1) dansyl-lysine, (2) dansyl-tryptophan and (3)
dansyl-alanine. The separation conditions are: capillary
length, 60 cm (27 cm to detector); buffer, 20 mM phosphate,
pH 8.7; voltage, 20 kV.

reservoir) for an untreated 352 um O.D. capil-
lary (Fig. 5a), and then for the same capillary
whose O.D. was reduced by etching the capillary
in hydrofluoric acid for 40 min (Fig. 5b). Al-
though etching the capillary was used here to
demonstrate the concept of varying the injection
volume by changing the outer diameter, it did
not result in a completely uniform annular sur-
face region, and better methods for manipulating
the O.D. should be used.

4.2. Reproducibility

Table 1 shows an initial demonstration of the
variability for an injection volume of approxi-
mately 3.5 nl (66 um LD.X352 um O.D.
capillary) by spontaneous fluid displacement.
Reproducibility in peak areas and peak heights
was 5.8+ .7% R.S.D. (n=11) for manual in-
jections using a 15-s injection transfer time with
the capillary surrounded by an ambient atmos-
phere. It is difficult to make valid comparisons
between different published reports on injection
reproducibility because of significant variations
in the components and run conditions used. It is
useful, however, to mention a range of the best
reported values. According to several studies on
injection reproducibility [3], variability in peak
area ranged from 1-3% R.S.D. for hydro-
dynamic injection using an automated instru-
ment and from 4-11% R.S.D. using manual
injection [7,20]. Moreover, a comparatively
higher variability occurred when using electro-
kinetic injection [3] or when injecting smaller
volumes [7,20]. Given that the small injections in
this study were performed manually, automated
control is expected to significantly reduce the
spread. Automated injection would be particu-
larly important for reproducing the extensional
necking velocity.

5. Conclusions

We have described an injection method based
on spontaneous fluid displacement. Although the
injections were made by hand, the reproducibil-
ity was approximately 6 = 1% R.S.D. Improve-
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Table 1

Comparison of peak area and peak height reproducibility for spontaneous fluid displacement injection of three dansylated amino

acids

Run Lys Trp Ala

Area® Height® Area Height Area Height

1 1.89 103.00 2.11 71.21 221 73.00
2 1.87 98.76 2.13 68.45 2.29 76.41
3 1.97 102.99 2.17 70.72 2.28 75.39
4 2.09 112.36 2.29 76.43 2.37 78.27
5 1.91 102.63 2.10 70.79 2.20 73.15
6 1.97 107.06 2.18 74.38 2.30 76.16
7 2.08 111.25 2.29 74.63 2.44 80.39
8 1.73 95.20 1.99 64.81 2.10 70.98
9 1.94 108.57 2.22 71.78 2.26 76.59

10 2.19 115.05 2.42 77.06 2.57 83.54

1 2.17 117.44 2.35 77.72 2.41 80.40

Mean 1.98 106.76 2.20 72.54 2.31 76.75

S.D. 0.138 6.93 0.125 3.94 0.130 3.7

R.S.D. (%) 6.98 6.49 5.66 5.43 5.61 4.83

Lys = Dansylated lysine; Trp = dansylated tryptophan; Ala = dansylated alanine.

* Arbitrary units.

ments are suggested for lowering the variability.
Specifically, we expect that reproducibility will
be improved by (1) automating the injection, (2)
providing a controlled atmosphere surrounding
the capillary entrance, (3) providing a flat,
uniform cut at the inlet end of the capillary, (4)
isolating the injection process from external
vibrations, and (5) preventing the droplet from
spreading onto the outside walls of the capillary.

This injection method should be applicable to
any microcolumn separation technology and
does not require the use of an electric field or
application of a pressure difference to the buffer
reservoirs. Because some limits exist to the
flexibility of injection volumes, this method
would be complementary to present forms of
injection for more conventional uses of CE. By
definition, whenever a capillary is removed from
a sample solution into the air, spontaneous fluid
displacement represents the smallest injection
for a capillary structure (assuming negligible
sample penetration by diffusion or convection).
Injection by spontaneous fluid displacement
could therefore be extremely useful in applica-

tions for which small, reproducible injections are
needed, such as calibration and sampling for
single-cell analysis. Moreover, for specialized
injections, such as sampling human tear film
from the eye [21], or for a miniaturized, portable
CE system [22,23], injection by spontaneous
fluid displacement may be distinctly advantage-
ous over injection by other means.
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Abstract

A new type of post-column flow cell with extended optical path length has been developed to improve sensitivity
of UV-visible absorbance detection for capillary electrophoresis. In this flow cell, the outlet of the capillary column
is connected vertically to the middle of a 3-mm microchannel. Auxiliary flows are employed to flush substances
eluted from the outlets of the microchannel. The optical path length is the full length of the microchannel. An
8-fold signal-to-noise ratio improvement over on-column detection has been demonstrated. However, the post-
column flow cell suffered 44% loss in resolution. A limit of detection of 3.2-1077 M has been obtained for

fluorescein isothiocyanate.

1. Introduction

Capillary electrophoresis (CE) is an elegant
separation technique for the analysis of a wide
variety of complex mixtures [1-6]. Typically, CE
uses fused-silica capillary columns with inner
diameters of 25-100 wm. The narrow diameter
columns provide CE with several advantages
such as short analysis times, remarkably high
separation efficiency, and minimal sample vol-
ume requirements. However, in the case of
conventional on-column UV-visible absorbance
detection, the short optical path length available
in such small capillaries limits the detection
sensitivity and typically results in limits of detec-
tion (LOD) of 10 °-107° M.

Recently, several interesting methods have
been employed to increase the path length for
UV-visible absorbance detection in CE [7-12].

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00679-2

Tsuda et al. [9] investigated the use of transpar-
ent rectangular borosilicate glass capillaries as an
alternative to cylindrical capillaries. Dimensions
of the rectangular capillaries ranged from 16
um X195 um to 50 wm X 1000 wm. Detection
across the long cross-sectional axis provided up
to 15-fold increase in sensitivity. Xi and Yeung
[10] devised a means of axially illuminating the
full length of the capillary, and obtained a 7-fold
increase in sensitivity for a 50-um I.D. capillary
and 3-mm injection plugs. Chervet et al. [11]
extended the short optical path lengths in mi-
crocapillaries by bending the capillary into a Z
shape and illuminating through the bend. A 6-
fold improvement in signal-to-noise ratio (S/N)
has been demonstrated with Z-shaped flow cells
where light is transmitted through a 3-mm bend.
The sensitivity of the Z-shaped flow cells has
been greatly enhanced by optimizing light
throughput in a 3-mm capillary section using a
quartz ball lens [12].

© 1994 Elsevier Science BV. All rights reserved
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Moring et al. [8] analyzed ray traces of light in
the capillary bend of Z-shaped flow cells. This
work has shown that the curved structure of the
Z-cells requires focusing incident light with a
special optics such as a quartz ball lens and
offsetting the lens from capillary axis to maxi-
mize the light path length and the total light
transmission through a bend. Moreover, the
maximum effective path length for light trans-
mitted through the bend was found to be much
shorter than the length of the optical segment of
a Z-cell. For example, the effective path length
for a 75-um capillary with outer diameter of 280
um was at best 1.33 mm corresponding to 44%
of the length of the optical segment (3 mm) of
the cell. Therefore, avoiding any bent parts
along the capillary’s longitudinal axis in the
optical segment of flow cells with extended
optical path length is a logical extention of the
Z-shaped cells for enhancing further the sen-
sitivity of UV-visible absorbance detection in
CE.

In this paper, we propose a new method of
increasing path length for UV-visible absor-
bance detection in CE. Fig. 1 schematically
shows the proposed extended path length flow
cell with a post-column configuration. At the
outlet of the capillary column, the eluted solu-
tion is splitted into two flows that travel in
opposite directions through the microchannel

eluted solution

1
i

capillary
column

microchannel

incident light transmitted light

auxiliary auxiliary
flow flow

Fig. 1. Schematic of the post-column microchannel flow cell.

positioned vertically to the column. The mi-
crochannel is connected to the column outlet at
the middle of the channel. Accumulation of
eluted substances at both outlets of the channel
is prevented by continuously flushing the outlets
with a buffer solution. The optical segment of
the proposed flow cell is the straight microchan-
nel. Illuminating the microchannel with light
collimated to the direction of the longitudinal
axis of the channel allows us to utilize the full
length of the channel as the optical path length.

In addition to the extended optical path
length, our post-column microchannel flow cells
enjoy several other potential advantages for
optical detection in CE. First, in the case of
extended path length on-column flow cells, such
as Z-shaped ones [11,12], the bent configuration
requires special optical couplings to optimize
light throughput [12]. However, the unbent
configuration of the post-column flow cells can
make the optical coupling easier. Secondly, if the
proposed post-column flow cells are provided
with an additional influent branch channel for a
derivatizing reagent around the outlet of the
capillary column, post-column derivatization and
sensitive detection can be accomplished at the
same time. Finally, because actual shapes and
materials of the flow cells can be changed, while
keeping essential features for the extended path
length post-column detection, the flow cells can
be adopted to nearly all kinds of coherent or
incoherent optical detection techniques (e.g..
absorption, fluorescence and thermo-optical ab-
sorption). The purpose of this paper is to demon-
strate the feasibility of the extended path length
post-column flow cells for UV-visible absor-
bance detection in CE.

2. Experimental
2.1. Reagents

All chemicals were of analytical-reagent grade
and used without further purification. Deionized
water was prepared with a Mega-Pure system
(Barnstead, Dubuque, IA, USA). Dansyl-amino
acids, fluorescein isothiocyanate (FITC) and all
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inorganic chemicals were purchased from Sigma
(St. Louis, MO, USA). Buffer solutions were
filtered through 0.2-um membrane filters (celiu-
lose nitrate; Whatman, Maidstone, UK) and
degassed by sonication for 5 min just before
using. Samples for CE analysis were prepared by
dissolving pure compounds in the buffer used for
running electrolyte solution.

2.2. Post-column microchannel flow cell

The flow cell consists of two parts (Fig. 2a).
One is a cylindrical rod-shaped (27 mm X 3 mm
diameter) structure. Inside the structure. there is
an “‘upside-down T shaped channel formed by
connection of the end part of the capillary
column and the post-column microchannel. The
column capillary extends from this assembled
structure to the buffer reservoir where (+) high
voltage is applied. The other is assembled with a
square quartz tubing (20 mm X 10 mm square
[.D.; Wale Apparatus, Hellertown, PA, USA)
and two square stainless-steel plates. The bottom
plate has an inlet for the buffer solution for
flushing substances eluted from the microchan-
nel. At the center of the cover plate, there is a

(a) capillary column

Pt electrode to drain

stainless steel
head

Squm'e
quartz tubing

microchannel
stainless steel
base

1

buffer flow

3-mm diameter hole into which the rod structure
fits. The cover plate has two additional small
holes; one is for the outlet of waste solution and
the other is for the mount of a Pt electrode used
to hold the cell at ground potential. The counter-
gravity flow of the flushing buffer helps bubbles
escape from the cell. The flow cell was con-
structed by putting all pieces together using
various kinds of epoxy resins. Great care was
taken of making the microchannel aligned verti-
cally to a pair of opposite faces of the square
quartz tubing.

Fig. 2b anatomically shows the cylindrical rod-
shaped assembly that also consists of two parts.
On the top of the lower part, the microchannel is
formed along the cross-sectional axis of a
borosilicate glass rod (10 mm X 3 mm diameter).
The body of the channel is a piece of bisected
fused-silica capillary. The procedure of making
the channel is as follows. First, a groove of 0.4
mm width and 2 mm depth is made on the top
surface of the rod using a diamond wafering
blade. A 3-mm long fused-silica capillary (100
um 1.D. and 375 pm O.D.; Polymicro Tech-
nologies, Phoenix, AZ, USA) is placed in the
groove and fixed with epoxy resin so that the

(b)
75 pm LD.
capillary column

heavy-wall
capillary

e

microchannel
"’ﬂ I

- 100 pm

3mmO.D.
glass rod

Fig. 2. (a) Whole construction of the post-column flow cell. (b) Anatomic view of the cylindrical rod-shaped assembly in the flow

o
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piece can be positioned vertically to the longi-
tudinal axis of the rod. Finally, the top of the rod
is finely ground until half of the cross section of
the capillary is remained evenly along the length
of the piece.

In the upper part of the cylindrical rod-shaped
assembly, the end part of the capillary column
(75 wm I.D. and 375 pum O.D.; Polymicro
Technologies) is inserted through a piece of
heavy-wall capillary (17 mm length, 0.4 mm 1.D.
and 3 mm O.D.; Wale Apparatus). The capillary
column is fixed with epoxy resin and the bottom
surface of the upper part is ground to form a fine
and flat surface.

The construction of the assembly is completed
by putting the two parts together using epoxy
resin so that the cross-sectional center of the
capillary column can sit on the middle of the
longitudinal axis of the bisected capillary. Glass
rod surfaces around the outlets of the microchan-
nel are painted with an optically opaque epoxy
(Epo-Tek 320; Epoxy Technology, Billerica,
MA, USA), which ensures that the only light
passing through the channel is detected by a light
sensor.

[ —
|

monochromator
D, lamp

o

2.3. CE apparatus with the post-column
detection scheme

Fig. 3 represents a schematic of the homemade
CE setup with the post-column UV-visible ab-
sorbance detector. A set of a deuterium (D,)
lamp and a monochromator built in the detector
component (SP8480XR; Spectra-Physics, San
Jose, CA, USA) of a commercial high-perform-
ance liquid chromatograph has been utilized as
the light source of our CE system. A mono-
chromatic light from the source is focused onto
one end of the microchannel using a quartz
plano-convex lens of 15.5 mm focal length.
Temporal changes of the transmitted light in-
tensity are transduced into corresponding voltage
signals by a photomultiplier tube (PMT) module
(HC120-01; Hamamatsu, Bridgewater, NI,
USA). The output signal from the PMT module
is converted to the corresponding current signal
via a 50-kQ) resistor. A current amplifier (428;
Keithley, Cleveland, OH, USA) converts the
current signal to an amplified voltage signal. The
amplified output signal is then digitized by a
14-bit analog-to-digital (A/D) converter, and the

capillary

HV supply

Pt electrode
buffer reservior

PMT module

rg@r_—’— A/D converter ———ﬁ e

current amplifier

Fig. 3. CE setup with a UV-visible absorbance detector employing the post-column flow cell.
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digitized signal is stored and processed using an
IBM XT-compatible computer. Electrophero-
grams are smoothed using the 7-point Savitzky-
Golay algorithm before plotting them out.

A high-voltage power supply
(EH60R1.5CT10; Glassman, Whitehouse Sta-
tion, NJ, USA) is used to apply (+) high voltage
across the fused-silica capillary column of 40 cm
length. The buffer solution for auxiliary flows is
fed into the flow cell by a HPLC pump (Spec-
troflow 4000; Kratos Analytical, Lancashire,
UK).

2.4. CE apparatus with the on-column detection
scheme

The CE setup built for the on-column UV
absorbance detection is essentially the same as
that for the post-column detection except for
some differences. A neutral density (N.D.) filter
of 1.0 N.D. (NDQ-100-1.00; CVI Laser, Al-
buquerque, NM, USA) is placed between the
light source and the focusing lens. A 0.5-mm
pinhole is used to confirm the dimension of the
incident light on the detection window that is 40
cm from the injection end of the capillary col-
umn.

2.5. Capillary electrophoresis

The capillary columns were pretreated with
0.1 M sodium hydroxide solution, deionized
water and running buffer solution in sequence.
Each solution was pumped into the capiliary for
3 min at a flow-rate of 15 ul/min using a syringe
pump (Syringe Infusion Pump 22; Harvard Ap-
paratus, South Natick, MA, USA). After each
CE run, the column was rinsed with running
buffer solution for 3 min.

Sample injection was accomplished manually
by siphoning with a height of 20 cm for 10 s. To
carry out CE separation, a high voltage was
applied to the injection end of the capillary so
that average electric field strength would be 300
V/cm. In the post-column detection method,
auxiliary flow was maintained at a flow-rate of
0.7 ml/min after the high voltage was applied to
the capillary for each CE run.

3. Results and discussion

According to Beer’s law, the magnitude of
absorbance for the same solution in absorbance
detection is proportional to the optical path
length of detection cell. In the case of the
conventional on-column detection in CE, the
effective path length of a parallel beam of light
through a capillary of diameter d is equal to
wd/4, which is due to the cylindrical cross
section of capillaries [13]. However, the detec-
tion scheme using the post-column microchannel
flow cell can utilize the full length of the mi-
crochannel as the optical path length.

Ideally, performance evaluation of the post-
column microchannel flow cell should be carried
out on commercial CE systems. Since no com-
mercial CE instruments, however, were available
to us, a simple homemade CE system was built
for the evaluation. The system is easily inter-
changeable between on-column and post-column
detection schemes without any changes in instru-
ment except for the cells. Although the system
has not performed as good as commercial ones,
comparison of the post-column detection method
with the on-column one gave us some qualitative
information on the performance of the post-
column flow cell.

Fig. 4 shows two electropherograms of FITC,
which were obtained using the on-column and
the post-column detection systems, respectively.
The split peak top in Fig. 4b was attributed to
superposition of noise signals on the FITC band.
Since the 1.D. of capillaries used was 75 wm and
the length of the microchannel was 3 mm, the
theoretical limit of sensitivity gain of the post-
column detection over the on-column one would
be 50. LODs (at S/N =2) of FITC in the on-
column and the post-column detection methods
were 2.6-107° M and 3.2-107" M, respectively.
Therefore, only an 8-fold enhancement of S/N
was achieved by using the post-column mi-
crochannel flow cell.

As shown in the enlarged circle of Fig. 2b, the
upper flat surface of the microchannel is a part of
the bottom surface of the heavy-wall capillary.
Because the refractive index of the heavy wall is
greater than that of the buffer in the channel,
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Fig. 4. Electropherograms of FITC. Capillary 75 pm 1.D.;
buffer, 10 mM phosphate (pH 6.9); sample injection, 10 s at
20 cm height difference; detection wavelength, 488 nm. (a)
On-column detection system; sample concentration, 5.5-107°
M; separation column, 60 cm total length (40 c¢m to detec-
tor); applied voltage, 18 kV (300 V/cm). (b) Post-column
detection system; sample concentration, 5.5-107" M; sepa-
ration column, 40 cm length; applied voltage, 12 kV (300
V/cm).

rays of light which are not parallel to the longi-
tudinal axis of the channel can not experience
any total internal reflections on the upper surface
of the channel. Therefore if incident light is not
collimated well, only a small portion of it can be
transmitted through the channel. In conse-
quence, probably, high background noise caused
by the low light transmission through the mi-
crochannel resulted in the poor S/N gain ob-
tained with the post-column design. Therefore a
more intense light source and collimation of the
light into a small-diameter beam are required to
approach the theoretical limit of sensitivity of the
post-column detection method. Because the
post-column flow cells need collimated incident
light to obtain greater sensitivities, coherent
optical techniques, such as laser-induced fluores-
cence, would be better detection methods to
which the cells can be applied.

The number of theoretical plates (N) was
10000 for the on-column detection and 3500 for
the post-column detection, which were obtained
from the migration times and the full width at
half maximum of peaks in both electrophero-

grams of Fig. 4. Thus compared with the on-
column detection, the post-column detection
suffers 65% loss in efficiency, which corresponds
t0 44% loss in resolution (Rg =~ N''?). The detec-
tion volume of the post-column flow cell is very
close to that of the 3-mm Z-cell with 75-um 1.D.
Therefore if the influence of cell configuration on
the electrophoretic process is similar to each
other, it is expected that the maximum N and the
loss in efficiency should not be very different in
both cases. Much greater loss in efficiency with
the post-column design, compared with the Z-
shaped flow cells (less than 14% [12]), indicates
that there must exist other sources of band
broadening in the post-column microchannel
flow cell. The auxiliary flows fed into the flow
cell can cause some pressure effects which in
turn can break the plug flow of electroosmosis.
In addition to this, the T-connection between the
capillary column and the microchannel may
produce turbulence in flow, which could also
cause band broadening.

The migration times of FITC in Fig. 4a and b
are 8.2 min and 8.8 min, respectively. Although
the length from the injection end of capillary
columns to the detection window is the same (40
cm) in both cases, the longer migration time was
obtained when the post-column microchannel
flow cell was used. The difference in migration
times may also be explained with the pressure
effect mentioned above.

Linearity and reproducibility of the flow cell
were evaluated with FITC electropherograms.
Fig. 5 shows that linearity covers the range from
55:1007 M to 1.0-107° M with the linear
correlation coefficient r of 0.992. The flow cell
provides a rather disappointing linear dynamic
range, compared with linearity over 4.0 orders of
magnitude for the ball lens-modified Z-shaped
cells [12]. Since the detector compartment of our
homemade CE system is not so light-tight as
commercial ones, deviation from Beer’s law
could begin at lower concentrations. Although
not shown in Fig. 5, the calibration curve begins
to flatten at about 1-107> M. However, any
band broadening and tailing have not been
observed up to about 1-10~* M, which indicates
that the upper limit of the linearity of the post-
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Fig. 5. Linear relationship between concentrations and peak
heights of FITC for CE analysis using the post-column flow
cell. Linearity covers sample concentrations from 5.5- 1077
M 10 1.0-10"° M and linear correlation coefficient r is 0.992.
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Fig. 6. Electropherogram of dansyl-amino acids obtained
using the post-column flow cell. Capillary, 75 pm I.D., 58 cm
length; buffer, 30 mM phosphate (pH 4.3); sample con-
centrations, 1.0- 10> M for each dansyl-amino acid; sample
injection, 10 s at 20 cm height difference; detection wave-
length, 216 nm; applied voltage, 17 kV (293 V/cm); Arg=
dansyl-arginine; Val = dansyl-valine; Pro = dansyl-proline;
Met = dansyl-methionine; Asp = dansyl-aspartic acid.

column flow cells is mainly attributed to stray
light. The lower limit of the linearity is due to
LOD that is limited by the high background
noise caused by low light transmission. Repro-
ducibilities in migration times and peak heights
were 3.7% and 5.7%), respectively, in terms of
relative standard deviation.

Fig. 6 demonstrates CE separation of a mix-
ture of dansyl-amino acids using the setup
equipped with the post-column flow cell. An
equimolar mixture of five dansyl-amino acids was
successfully separated by the system. LODs of
dansyl-amino acids (216 nm) were the same as
that of FITC (488 nm).

In the present design, the light incident to the
post-column flow cell travels through a 1-cm
thick buffer solution confined in a square quartz
tubing (Fig. 2a). Although the same solution has
been used for the running and the flushing
buffers, in order to prevent attenuation of light
intensity from scattering around the outlets of
the microchannel, absorption by solvent and
solute species (especially at short wavelengths)
may cause low light transmission to some extent.
Minimizing the distance between the flat optical
windows and the outlets of the channel will be
considered in future designs to improve per-
formance of the cell. In this study for evaluating
performance of the post-column flow cell as an
absorbance detector cell, the contribution of
absorption by buffer solutions to low light trans-
mission would be negligible, because a visible
wavelength of 488 nm has been mainly used.
Also, to minimize the possibility of this contribu-
tion, phosphate buffers that are useful even
below 215 nm, where the effect of background
absorption is often significant [14], have been
used throughout this study.

4. Conclusions

The post-column microchannel flow cell pro-
vides CE with an enhanced sensitivity for UV—
visible absorbance detection. An 8-fold S/N
improvement over on-column detection has been
demonstrated, but it is far smaller than the
expected 50-fold gain in sensitivity from the
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extended optical path length. Optimizing light
throughput, minimizing stray light and improving
cell design are demanded to realize and expand
practical usefulness of our post-column flow cell.
It is expected that refined detection techniques
employing the post-column microchannel flow
cell will utilize all potential advantages of the
cell, such as extended optical path length, easy
optical coupling, easy modification to post-col-
umn derivatization/sensitive detection, and ap-
plicability to nearly all kinds of optical detection
techniques for CE analysis.
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Abstract

Butyl acrylate—butyl methacrylate—methacrylic acid copolymers sodium salts (BBMA), high-molecular surfac-
tants (M, =~ 40 000), were utilized in micellar electrokinetic chromatography. Non-ionic test solutes were successful-
ly separated with a 2% BBMA solution in a borate—phosphate buffer (pH 8.0). BBMA showed significantly
different selectivity for naphthalene derivatives in comparison with sodium dodecyl sulfate. The capacity factors
were proportional to the concentration of BBMA, and the critical micelle concentration was found to be
substantially close to zero, suggesting that one BBMA molecule forms one micelle. Effects of the pH, the
composition and the molecular mass of BBMA were studied.

1. Introduction

Micellar electrokinetic chromatography
(MEKC) [1-4], which uses an ionic micellar
solution as the separation solution, is a mode of
capillary electrophoresis (CE). CE is a sepa-
ration technique of ionic analytes only, whereas
MEKC is capable of separating both ionic and
non-ionic analytes. Almost all advantages of CE
apply to MEKC as well and many applications of
MEKC separations have been reported [3,4].

The MEKC separation is based on the dif-
ferential partitioning of an analyte between the
micelle, which is a pseudo-stationary phase, and

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

0021-9673/94/$07.00
S§DI 0021-9673(94)00607-5

the surrounding aqueous phase, and therefore
the choice of surfactants and modifiers of the
aqueous phase is important for manipulating
separation selectivity [5]. The effect of surfactant
structure on selectivity has been discussed else-
where [5]. It is generally recognized that differ-
ent surfactants show different selectivity. In
particular, the polar group of the surfactant
affects selectivity more significantly than the
hydrophobic group. Most surfactants have a long
alkyl chain as a hydrophobic group but some
have different structures: semiplanar structures
such as bile salts or multiple-chain structures
such as lecithins or some synthetic surfactants
[6]. These surfactants are known to have some
advantages over the single-alkyl-chain surfac-
tants: bile salts have low solubilizing capability
[7-9] and can recognize chirality [10-14]; a

© 1994 Elsevier Science B.V. All rights reserved
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double-chain surfactant has shown significantly
different selectivity [6].

The micelle is in equilibrium with the mono-
meric surfactant, whose concentration is called
critical micelle concentration (CMC) and is con-
stant irrespective of the concentration of the
surfactant. Since the micelle works as the
pseudo-stationary phase in MEKC, the volume
of the micelle, V,_, is directly related to the

mc¢?

capacity factor, k', through
k, =K(Vmc/Vaq) (1)

where K is the distribution coefficient and V, is
the volume of the aqueous phase excluding the
volume of the micelle. 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 and C,; is the
concentration of the surfactant. CMC depends
on experimental conditions such as temperature,
salt concentration and other additives.

When a high voltage is applied agross the
capillary length, the temperature inside 'the capil-
lary will rise due to Joule heating even with a
thermostated capillary [15-18]. The temperature
rise of the running solution inside the capillary
probably causes a change in CMC, the distribu-
tion coefficient and hence the capacity factor in
addition to the viscosity. Therefore, the effect of
the temperature rise on the migration time will
be more serious in MEKC that in capillary zone
electrophoresis (CZE).

High-molecular surfactants called oligo-soaps
or poly-soaps are oligomers of monomeric sur-
factants or' polymers that show surface active
properties as a whole. The high-molecular sur-
factant is considered to form the micelle from a
single molecule, which may be called a molecular
micelle. The CMC can be zero or meaningless.
Therefore, we can expect a constant concen-
tration of the micelle for the high-molecular
surfactant irrespective of the experimental con-
ditions. Although the micelle formed from low-

molecular surfactants exists in a dynamic equilib-
rium and has a limited life time less than 1 s, the
molecular micelle is stable. Therefore, the high-
molecular surfactant is expected to show differ-
ent characteristics for the use in MEKC.

The size of the micelle has a distribution,
which contributes to the band broadening in
MEKC [19]. The effect of the size distribution
on efficiency is significant only for analytes
having a large capacity factor [19]. The effect of
the size distribution can be leveled out by the
dynamic exchange of the micellar size in the case
of low-molecular surfactants. The distribution of
the micellar size of the high-molecular surfactant
will be wider than that of the low-molecular
surfactant and may adversely affect efficiency of
MEKC. However, the high-molecular surfactant
will have other advantages over the low-molecu-
lar surfactant: a high content of organic solvent
will not break down the micelle; very low con-
centrations of the micelle will be available; no
monomeric surfactant that does not contribute to
the separation is present.

So far, only one high-molecular surfactant has
been reported for MEKC; Palmer et al. [20,21]
synthesized undecylenate oligomer by polymeriz-
ing micellized sodium 10-undecylenate in aque-
ous solution. The oligomer was successful for the
separation of hydrophobic compounds with rela-
tively high concentrations of acetonitrile.

Butyl acrylate—-butyl methacrylate—methacrylic
acid copolymers sodium salts (BBMA) are a
group of high-molecular surfactants, whose mo-
lecular structure is shown in Fig. 1. We tried to
utilize BBMA as a pseudo-stationary phase for
MEKC [22]. This paper describes some charac-
teristics of BBMA as the pseudo-stationary
phase in MEKC. Some other natural or synthetic
high-molecular surfactants were also examined
for use as pseudo-stationary phases in MEKC.

H Me Wie
CHZ—? CH~—C CH—G

|
COOBu|, COOBu COONa

m n

Fig. 1. Molecular structure of BBMA. Me = Methyl; Bu=
butyl.
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2. Experimental
2.1. Reagents

BBMAs were supplied by Dai-ichi Kogyo
Seiyaku (Kyoto, Japan) as aqueous solutions.
Most of this work was performed with a grade of
BBMA, which was a 23% aqueous solution
having a viscosity of 170 cP at 25°C. The molecu-
lar mass of the BBMA was about 40 000 from gel
permeation chromatography (GPC) using stan-
dard polyethylene glycols. Since BBMA con-
tained a minor amount of low-molecular com-
ponents, it was purified by a reprecipitation
method as follows: a portion of the BBMA
solution was mixed with 50 portions of acetone;
a precipitated polymer was separated by de-
cantation and dried in vacuo at room tempera-
ture. Thus purificd BBMA was used in this work
if it is not mentioned otherwise. Three grades of
BBMA having a different content of methacrylic
acid (MAA) were used: 50, 40 and 30% of MAA
with the same composition of butyl acrylate—
butyl methacrylate. BBMAs having different
viscosities are also employed: 3300, 250 and 60
cP. :

Alginic acid, carboxymethylcellulose sodium
salt and poly(N-vinyl-2-pyrrolidone) were pur-
chased from Tokyo Kasei Kogyo (Tokyo,
Japan). SDS and Chitosan were from Nacalai
Tesque (Kyoto, Japan). Other reagents were of
analytical grade and water was purified with a
Milli-Q system.

Phenanthrene was used as a tracer of the
micelle. Sample solutes were dissolved in 25%
aqueous methanol, which was also a marker of
the electroosmotic flow.

2.2. Apparatus

MEKC was performed with a Bio-Rad
BioFocus 3000 (Hercules, CA, USA) using a
fused-silica capillary of 36.5 cm (32 cm to the
detector) X 50 pm L.D. obtained from Polymicro
Technologies (Phoenix, AZ, USA). The tem-
perature of the capillary was thermostated at

30°C. Samples were injected by the pressuriza-
tion method and detected at 210, 250 and 280
nm simultaneously under the multi-wavelength
mode. The electropherograms were recorded at
210 nm.

GPC was carried out with a Shimadzu LC-9A
liquid-delivery pump (Kyoto, Japan) and a
Shodex RI SE-51 refractive index (RI) detector
(Tokyo, Japan) using Tosoh (Tokyo, Japan)
TSK-gel G3000SW (60 cm x8 mm 1.D.) and
G2000SW (60 cm x 8 mm 1.D.) columns in series
at room temperature. A sodium chloride solu-
tion (50 mM) containing 20% acetonitrile was
employed as a mobile phase.

3. Results and discussion

3.1. GPC of BBMA

A gel permeation chromatogram of BBMA is
shown in Fig. 2. The main peak was eluted early
and assigned to BBMA. The peak is relatively
sharp and hence the molecular mass will not be
widely distributed. The weak negative peak was
due to the sample solvent, water. The low and
broad peak between the two peaks was consid-
ered to show a low-molecular compound. Al-
most the same chromatogram was observed for

30 60
Time/min
Fig. 2. Gel permeation chromatogram of BBMA. Column,

o T l RI response

. TSK-gel G3000SW + G2000SW; mobile phase, 50 mM NaCl

containing 20% acetonitrile; flow-rate, 1 ml min~'; tempera-
ture, ambient; detector, refractometer.
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the purifitd BBMA as described in the Ex-
perimental section.

3.2. Separation by MEKC with BBMA and
other high-molecular surfactants

MEKC separations of three test mixtures,
benzene derivatives, cold medicines, and naph-
thalene derivatives, are shown in Fig. 3, ob-
tained with unpurified BBMA. The benzene
derivatives were successfully separated, as shown
in Fig. 3A, and the migration order was the same
as that obtained with SDS [2]. The separation of
the cold medicines was not very successful, as
shown in Fig. 3B. The capacity factors were too
small for the cold medicines but the migration
order was the same as that observed with SDS.
The naphthalene derivatives were well resolved,
as shown in Fig. 3C. The migration order of the

6
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Fig. 3. MEKC separations of benzene derivatives (A), cold
medicines (B) and naphthalene derivatives (C) using BBMA.
Peaks: 1 = resorcinol; 2 = phenol; 3 = p-nitroaniline; 4 =
nitrobenzene; 5 = toluene; 6 = 2-naphthol; 7 = acetamino-
phen; 8 = caffeine; 9 = guaifenesin; 10 = ethenzamide; 11 =
isopropylantipyrine; 12 = trimetoquinol; 13 = 1-naphtha-
lenemethanol; 14 = 1,6-dihydroxynaphthalene; 15 = 1-naph-
thylamine; 16 = 1l-naphthaleneethanol; 17 = 1-naphthol.
Conditions: capillary, 36.5 cm (32 cm to the detector) X 50
pm; running solution, 2% unpurified BBMA in 50 mM
phosphate~100 mM borate buffer (pH 8.0); applied voltage,
20 kV; detection wavelength, 210 nm.

naphthalene derivatives was significantly differ-
ent from that obtained with SDS. Efficiency was
slightly lower than that usually obtained with
low-molecular-mass surfactants, but it was still
high enough for most purposes. The high ef-
ficiency shown in Fig. 3 suggests that the dis-
tribution of the molecular mass of BBMA does
not cause a serious loss of efficiency.

The separation selectivity was extremely dif-
ferent especially for naphthalene derivatives in
comparison with that observed using SDS. In
particular, it is interesting that 1-naphthol mi-
grated much slower than 1-naphthalenemethanol
or I-naphthaleneethanol. This has also been
observed with a double-chain surfactant, 5,12-
bis(dodecylmethyl) - 4,7,10,13 - tetraoxa - 1,16 -
hexadecanedisulfonate (DBTD) [6]. The cold
medicines had lower capacity factors than those
with SDS, which is probably due to the differ-
ence in the polar group of the surfactants: a
carboxyl group in BBMA, whereas a sulfate
group in SDS. A similar difference in selectivity
has also been observed between SDS and sodium
trioxyethylene alkyl ether acetate (ECT), which
has a carboxyl group [23]. Timepidium bromide,
which is often used as a good tracer of the SDS
micelle [24], migrated faster than Sudan IV and
phenanthrene, which had the same migration
times. Therefore, timepidium bromide cannot be
used as a tracer of the BBMA micelle.

Solutions (2%) of alginic acid and carboxy-
methylcellulose in the phosphate—borate buffer
(pH 8.0) were viscous and not suitable for use in
MEKC. A 0.5% solution of chitosan in 0.33 M
phosphoric acid was employed in MEKC. No
resolution was obtained for the test mixtures but
only a broad single peak was observed by apply-
ing —5 kV. Polyvinylpyrrolidone solution (2%)
in the buffer (pH 7.0) was not effective for the
separation of the test mixtures. Only a single
peak was observed at about 10 min by applying
10 kV (40 pA).

3.3. Effects of concentration of BBMA and pH
on migration time

The dependence of the capacity factors of
naphthalene derivatives on the concentration of
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Fig. 4. Dependence of the capacity factor (k') on the
concentration of BBMA. Solutes: O = 1-naphthalenemeth-
anol; O =1,6-dihydroxynaphthalene; A = 1-naphthylamine;
< = 1-naphthaleneethanol; O = 2-naphthol; O = 1-naphthol.
Conditions as in Fig. 3 except for the concentration of
BBMA.
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BBMA is shown in Fig. 4. The capacity factors
were proportional to the BBMA concentration
and the plotted line for each analyte passed the
origin closely when it was extrapolated. The
results clearly demonstrate that the CMC of
BBMA is virtually zero, as deduced from Eq. 2.
Thus, the micelle of BBMA can be assumed to
be formed from one molecule by considering the
molecular mass of BBMA.

The dependence of the migration-time window
(t.c/ty, where t__ and t, are migration times of
the micelle and the aqueous phase) on pH is
given in Fig. 5. The concentration of BBMA was
0.17%, because the solubility of BBMA was low
at low pH. The migration-time window became
wider with increasing pH values and it was
almost constant between pH 7 and 9, although
the results were not shown in Fig. 5. BBMA
precipitated below pH 4 probably due to the
decrease of the surface charge. The capacity
factors of the naphthalene derivatives decreased
with an increase in pH as shown in Fig. 6, which
means that the solubilizing power of BBMA is
reduced probably due to the increased surface
charge or ionization of the carboxyl group. The
results strongly suggest that although the solutes
are neutral, the surface charge of the micelle
significantly affects the distribution coefficient.

6

4.5 5 55 6 65 7
pH
Fig. 5. Dependence of the separation window {¢,./¢,) on pH.

Running solution was 0.17% BBMA in 50 mM phosphate
buffer. Other conditions as in Fig. 3.

3.4. Effects of the composition and molecular
mass of BBMA on the separation

Three BBMAs having different contents of
MAA were employed to study the effects of the
composition on separation. Fig. 7 shows the
separations of the naphthalene derivatives at pH
8.0 and Fig. 8 gives the dependence of their
capacity factors on the MAA content. The
migration-time window increased with an in-
crease in the MAA content, as is clearly seen
from Fig. 7, which was ascribed to an increase of
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Fig. 6. Dependence of the capacity factors (k') of naph-
thalene derivatives on pH. Solutes and conditions as given in
Fig. 4.
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Fig. 7. Separation of naphthalene derivatives using BBMAs
having different contents of MAA: (a) 50%, (b) 40% and (c)
30%. Peaks: 1= 1-naphthalenemethanol; 2 = 1,6-dihydroxy-
naphthalene; 3 = 1-naphthylamine; 4 = 1-naphthalene-
ethanol; §=2-naphthol; 6 =1-naphthol. Running solution,
2% BBMA in a 100 mM borate-50 mM phosphate buffer
(pH 8.0). Other conditions as in Fig. 3.

7
[
6 L\‘
) \
_ 4 \J'\
Xx
3 \\\1
4 >
2 >~\\§\§\\\\\\*
1@===== ———
o} SN [SNNN— I —— ]
30 35 40 45 50
[MAA] /%

Fig. 8. Dependence of the capacity factor (k') of naph-
thalene derivatives on the content of MAA in BBMA.
Solutes as in Fig. 4; conditions as in Fig. 7.

the surface charge owing to the increased num-
ber of carboxyl groups. The capacity factors
decreased with an increase of the MAA content.
The dependence of the capacity factor on the
content of MAA was very similar to that on the
pH described above. Both dependencies can be
superficially explained in terms of surface
charge. However, it should be mentioned that
the electroosmotic flow is independent of the
MAA content, whereas it is significantly depen-
dent on the pH in the acidic region. Therefore,
the use of BBMAs having different MAA con-
tents is more advantageous than varying the pH
to manipulate the migration-time window or
capacity factor. One more disadvantage of the
pH change is that BBMA tends to precipitate
below pH 5.

Three BBMAs with different viscosities but
same composition were employed to see the
effect of molecular mass on the separation of
naphthalene derivatives. The three BBMAs gave
almost the same chromatograms for the naph-
thalene derivatives, which suggests that the
solubilizing power and the electrophoretic mo-
bilities of the BBMAs are independent of the
molecular mass provided the composition is
unchanged. Therefore, we can conclude that the
molecular mass distribution will not be critical
for the reproducibility of the migration time and
selectivity, although a wider distribution of mo-
lecular mass values may cause lower efficiency.

4. Conclusions

BBMA has been found to be a useful high-
molecular surfactant for the use in MEKC and
has some advantages over low-molecular surfac-
tants: zero CMC or molecular micelle; different
selectivity; and possible manipulation of the
migration-time window and capacity factor by
changing the pH or content of MAA. The
molecular micelle is characteristic of high-molec-
ular surfactants and ensures the constant con-
centration of the micelle irrespective of the
conditions. Although its constant concentration
was not confirmed in this study, the advantage of
constant concentration will be taken to produce
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highly reproducible migration time data in a
further work. The molecular micelle will be
stable in a running solution containing a high
concentration of an organic solvent. Since
BBMA has carboxyl groups, it does not dissolve
in acidic solution below pH 4. However, other
high-molecular surfactants having phosphate or
ammonium groups are expected to be usable in a
wider pH range, and the use of such high-molec-
ular surfactants is under investigation.
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Abstract

A novel chiral surfactant was prepared as both enantiomeric forms, (R)- and (S )-N-dodecoxycarbonylvaline, and
employed for the separation of enantiomeric mixtures by micellar electrokinetic capillary chromatography
(MECC). The enantioselectivities (a) obtained for twelve typical pharmaceutical amines using the ($)-surfactant
were compared to those obtained with (§)-N-dodecanoylvaline, a chiral surfactant described in the literature.
Higher enantioselectivities were seen for ten of the twelve compounds using (S)-N-dodecoxycarbonylvaline.
Furthermore, (S)-N-dodecoxycarbonylvaline had significantly less background absorbance in the low UV. It is
shown that exact enantiomer migration order reversal can be obtained by individually employing both enantiomeric
forms of the surfactant. For ionizable compounds like the amines examined here, enantioselectivity can be
optimized by changing the pH of the MECC buffer. Partitioning is optimized through surfactant concentration,
organic additives and pH. The ability to achieve fast chiral separations is shown. A separation of ephedrine

enantiomers in urine is shown, with the only sample preparation being filtration.

1. Introduction

An emerging trend in the pharmaceutical
industry is the development of drugs as pure
enantiomers (enantiopure drugs) rather than as
racemic mixtures [1]. This change is due to the
realization that the two enantiomers of a chiral
compound can have widely different biological
activities. The common analgesic, ibuprofen,
now marketed by several firms as the racemic
mixture, is a case in point. It has been de-
termined that (S)-ibuprofen takes effect three
times faster than (R)-ibuprofen. In other cases,
the undesired enantiomer can lower the efficacy
of the beneficial enantiomer, and in the worst
case it can have adverse side effects. Regulatory
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agencies worldwide have realized the potential
benefits of enantiopure drugs and have published
guidelines for the development of chiral drugs
[2]. It is expected that many commercial racemic
drugs will soon be available as the ‘“‘pure”
enantiomer. As a result, there exists a tremend-
ous need for improved methods of determining
optical purity. Since most “enantiopure” drugs
have optical purity in excess of 95%, enan-
tioselective chromatographic methods are re-
quired.

The use of LC chiral stationary phases is
currently the predominant method for the sepa-
ration of enantiomeric mixtures [3]. Pirkle-type,
cyclodextrin, protein, cellulose and ligand-ex-
change chiral stationary phases are the most
common. The 40-50 commercially available col-
umns reflect the major problem associated with

© 1994 Elsevier Science B.V. All rights reserved
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chiral LC. Specifically, because total plate num-
bers in chiral LC range from 1000-10 000, the
minimum « value required to achieve baseline
separation of an enantiomeric mixture is large.
For example, with N=5000 and k=1, the
minimum « required for baseline separation
(R, =1.5) is 1.20. Since a given chiral phase only
shows this o for a small number of compounds,
it is typically necessary to screen several different
types of chiral columns to achieve separation of a
single enantiomeric mixture. Furthermore, sim-
ple changes in the mobile phase, such as con-
centration and type of modifiers, pH and ionic
strength, often lead to unpredictable changes in
enantioselectivity. Therefore, methods develop-
ment in chiral LC is a tedious, empirical process.

Given a limit of 5000-10 000 plates, the goal
in chiral LC has been to develop phases with
higher « values. However, in view of the large
number of chiral columns available, the goal of
finding a single chiral phase which shows suffi-
cient « for a broad range of compounds is likely
to remain elusive. To achieve an improved
situation whereby two to five chiral phases can
separate the majority of chiral compounds, a
separation format affording significantly higher
efficiencies than LC is required.

Capillary electrophoresis (CE) is an attractive
system for chiral separations because plate
counts for small molecules are typically 100 000
or greater. In the example above, if N = 100 000,
with k =1 and R, = 1.5, the required a drops to
1.04. Therefore, a given chiral selectand will
resolve a significantly higher percentage of en-
antiomeric mixtures in a CE versus an LC
format. Furthermore, because the chiral selec-
tand is dissolved in the CE buffer, several
selectands and conditions can be automatically
screened with a single CE instrument and capil-
lary.

Many of the chiral separations by CE have
employed natural products as the chiral selec-
tand. These selectands include cyclodextrins [4—
9] and proteins [10]. Cyclodextrin-containing
electrolytes have successfully separated many
different types of enantiomeric mixtures. How-
ever, both cyclodextrins and proteins are only
available as the single enantiomer, making exact

enantiomer migration order reversal impossible.
This ability is important to both improve quanti-
tation of optical purity and to confirm if a
resulting separation is a chiral one.

Micellar electrokinetic capillary chromatog-
raphy (MECC), introduced by Terabe et al. [11]
and recently reviewed [12], is a form of CE
which has the ability to separate charged and
uncharged compounds simultaneously. It is a
very powerful separation method because high
efficiencies are generally obtained (100 000
plates or more) and many parameters can be
varied to optimize resolution.

Chiral CE separations have been achieved by
MECC through the use of bile salts [13-15],
which are naturally occurring surfactants. Only
limited applications with bile salts have been
reported so far. Like cyclodextrins and proteins,
bile salts do not allow enantiomer migration
order reversal. Furthermore, because of their
low aggregation number, bile salts have only
found use for hydrophobic analytes.

In 1989, Dobashi et al. [16,17] described the
synthesis of ($)-N-dodecanoylvaline and its use
to separate neutral enantiomeric mixtures by
CE. Subsequently, Terabe and co-workers [18—
20] performed enantiomeric separations in
MECC with the same surfactant. In both cases,
the analytes were neutral amino acid derivatives.
Otsuka and Terabe [19] found that adding
methanol and/or urea to the MECC buffer
improved the peak shape of the phenylthio-
hydantoin-amino acids investigated. A mixed
micellar system with sodium dodecyl sulfate was
employed to increase both the migration-time
window and analyte capacity factors [20].

In principle, a chiral MECC system using
synthetic chiral surfactants offers several advan-
tages as a chiral separation system. These advan-
tages include high efficiency, the ability to exact-
ly reverse enantiomer migration order, tolerance
of complex sample matrices, and simultaneous
chiral and non-chiral separations. Because of the
high efficiencies of MECC, we believe that only
a few chiral surfactants will be needed to sepa-
rate the majority of chiral compounds. To dem-
onstrate these potential benefits, we have begun
a program to synthesize novel chiral surfactants
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and test their ability to separate enantiomeric
mixtures in an MECC mode. Here, we report
the results obtained using one of these chiral
surfactants, (S)- and (R)-N-dodecoxycar-
bonylvaline.

2. Experimental

All CE separations were performed on either
a Quanta 4000 or 4000E CE system (Waters,
Milford, MA, USA). Buffers were prepared with
surfactant and disodium phosphate and/or di-
sodium tetraborate. The pH was then adjusted
with either sodium hydroxide or phosphoric acid
(J.T. Baker). Prior to use, AccuSep (Waters)
capillaries, 60 cm (52.5 cm effective length) X 50
um 1.D., were rinsed for 5 min with 0.5 M
NaOH. Between injections, the capillaries were
rinsed with 0.1 M NaOH (3 min) and buffer (3
min). Unless indicated separations were per-
formed with UV detection at 214 nm and a
voltage of + 12 kV. Hydrostatic injection times
ranged from 2 to 20 s. All buffers and samples
were filtered through a 0.45-pm filter (Millipore,
Bedford, MA, USA). Separations were per-
formed at ambient temperature. Samples were
prepared as 10 mg/ml stock solutions in metha-
nol and then diluted to 0.1 mg/ml in buffer. The
micelle migration time was measured with the
hydrophobic compound sulconazole. Racemates
and the individual enantiomers (when possible)
were purchased from Sigma (St. Louis, MO,
USA) and Aldrich (Milwaukee, W1, USA).

2.1. Synthesis of (S)-N-dodecanoylvaline

(S)-N-Dodecanoylvaline was prepared accord-
ing to the procedure of Miyagishi and Nishida
[21] by adding dodecanoyl chloride (Aldrich) to a
1 M sodium hydroxide solution containing (5)-
valine (Aldrich). The structure was confirmed by
'H NMR spectroscopy and HPLC analysis
showed the product to be pure (=95%). 'H
NMR (C*H,0°H, 300 mHz) § 0.90 (t, J=6.7
Hz, 3H), 0.965 (d, J=6.9 Hz, 3H), 0.973 (d,
J=6.9 Hz, 3H), 1.29 (bs, 16 H), 1.62 (m, J =

7.1 Hz, 2H), 2.15 (m, J = 6.8 Hz, 1H), 2.28 (1,
J=17.5 Hz, 2H), 4.32 (d, J=5.8 Hz, 1H).

2.2. Synthesis of dodecyl chloroformate

Dodecyl chloroformate was prepared accord-
ing to the procedure of Eckert and Forster [22]
by reacting 1-dodecanol with triphosgene. The
product was used without further purification.
The structure was confirmed by 'H NMR
(C*HCl,, 300 MHz) & 0.88 (t, J = 6.6 Hz, 3H),
1.26 (bs, 18H), 1.72 (m, J=7.0 Hz, 2H), 4.31
(t, J=6.7 Hz, 2H).

2.3. Synthesis of (S)- and (R)-N-dodecoxy-
carbonylvaline

The (§)- and (R)-isomers of N-dodecoxycar-
bonylvaline were synthesized according to the
procedure of Miyagishi and Nishida [21] by
adding dodecyl chloroformate to individual 1 M
sodium hydroxide solutions containing (S)- and
(R)-valine (Aldrich), respectively. The structure
was confirmed by 'H NMR spectroscopy and
HPLC analysis showed the product to be pure
(=99.5%). '"H NMR (C’H;0’H, 300 mHz) &
0.09 (t, J=7.0 Hz, 3H), 0.94 (d, J=6.9 Hz,
3H), 0.98 (d, J = 6.9 Hz, 3H), 1.29 (bs, 18 H),
1.63 (m, J =6.85 Hz, 2H), 2.14 (m, J = 6.5 Hz,
1H), 4.04 (m, 3H).

3. Results and discussion

The enantiomeric surfactants (R)- and (S5)-N-
dodecoxycarbonylvaline were readily soluble in
typical MECC buffers (i.e. phosphate—borate
and phosphate). At pH< 6.5, the surfactants
precipitated from solution. Consequently, they
were only used at pH=7.0 in this work. Tests
showed the surfactants to be soluble at 200 mM.
Since joule heating effects became severe (even
at low voltages) above this concentration, an
upper solubility limit was not determined.

MECC is a true chromatographic technique.
Thus, chromatographic figures of merit such as
capacity factor (k) and selectivity (a) can be used
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to describe analyte interactions with the micelles.
Enantioselectivity («) is an important parameter
which allows comparison of different chiral sur-
factants. Thus, accurate & measurements must
be obtained.

In MECC, k is defined as [23]:

r ‘agq

where ¢, is the observed migration time of the
solute, ¢,
is completely partitioned into the micelle (k = «)
and ¢,, is the migration time of the solute if it
does not interact with the micelle. We have
substituted ¢,,, or the time in the aqueous phase,
for the more commonly used ¢,, or electroosmot-
ic flow time, to account for the fact that charged
compounds will not migrate with the electro-
osmotic flow when in the aqueous phase.

For a neutral solute, ¢, is equal to the electro-
osmotic flow time (¢,) (usually obtained by
injecting methanol or other organic solvent). In
the case of charged solutes, ¢,, is more difficult
to measure. Khaledi and co-workers [24,25] have
developed equations to determine the capacity
factors of both anionic and cationic compounds
in MECC. The important factor is that in capil-
lary zone electrophoresis, cationic compounds
will migrate before the electroosmotic flow
marker, with an apparent mobility equal to the
sum of the electroosmotic mobility and electro-
phoretic mobility:

l“'apparent = #’osmosis + /“Lelectrophore(ic (2)

For a given buffer, the electroosmotic flow in
the presence vs. the absence of micelles will be
different. This difference is due to differences in
viscosity and iomic strength. Thus, the strategy
employed to calculate ¢,, of the amines in this
study involved two experiments. First, the elec-
trophoretic mobilities of the compounds were
measured in the same buffer (without the mi-
celles) as used in MECC. This value was calcu-
lated by subtracting the electroosmotic mobility
from the apparent mobility. Then, the electro-
osmotic mobility obtained in the MECC sepa-

is the migration time of a solute which .

ration of the compound was added to its electro-
phoretic mobility to obtain an apparent mobility
in MECC as if there were no interaction with the
micelles. The apparent mobility can be con-
verted into a migration time to obtain ¢,,. Since
the two enantiomers of any compound will have
the same electrophoretic mobility in the absence
of a chiral selectand, they will have the same ¢,
value as well. The major assumption of this
approach is that the cationic compounds will not
ion-pair with free surfactant molecules [24,25].
Experiments performed below the critical mi-
celle concentration (CMC) of the surfactants
indicated that ion-pairing was minimal.

The solute migration time, ¢, is obtained from
the resulting electropherogram, while ¢ is ob-
tained by injecting a very hydrophobic marker,
such as Sudan III, and measuring the migration
time [23]. Initially, Sudan IIT was used as the
micelle marker. However, we found that the
chiral compound sulconazole migrated at the
same time as Sudan III at all surfactant con-
centrations examined. Because it was more solu-
ble than Sudan III, sulconazole was used in most
cases.

The separation of pseudoephedrine enantio-
mers using 50 mM (S)-N-dodecoxycar-
bonylvaline is shown in Fig. 1. The baseline
disturbance at 8.650 min is the electroosmotic
flow marker (methanol), and the peak at 46.550
min is the micelle marker (sulconazole). Pseudo-
ephedrine is positively charged at this pH, and in
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Fig. 1. Separation of pseudoephedrine enantiomers. Sample:
100 pg/ml racemic pseudoephedrine and 50 pg/ml sul-
conazole dissolved in buffer. Buffer: 50 mM (§)-N-dodecoxy-
carbonylvaline, 25 mM Na,HPO,-25 mM Na,B,0,, pH 8.8.
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free solution migrates before the electroosmotic
flow marker. Thus, using the calculation de-
scribed above, t,, was assumed to.be 6.389 min,
its migration time in the absence of micelles.
From this data and the migration time of the
enantiomers, the capacity factor of the first
enantiomer (k,) was 4.84, and the capacity
factor of the second enantiomer (k,) was 6.01.
The value of a (k,/k,) was 1.24. The average
plate count for the two peaks was 104 000, and
the resolution was 5.12.

The separation in Fig. 1 was obtained using a
simple phosphate—borate buffer, with no urea or
methanol required to obtain symmetrical peaks.
Symmetrical peaks were also obtained using (S)-
N-dodecanoylvaline in the same buffer system.
We found that adding urea and/or methanol to
the buffer did not improve peak shapes for the
amines investigated. The migration-time window
for a neutral solute in Fig. 1 (¢,,/t,.) was 0.19.
This result compares favorably with the value of
0.16 reported by Terabe [19] for a buffer con-
taining (S)-N-dodecanoylvaline, sodium dodecyl
sulfate, urea and methanol. In summary, we
found that a simple MECC system led to excel-
lent peak shape and resolution for the analytes
tested.

One of the initial motivations for synthesizing
(5)-N-dodecoxycarbonylvaline was to obtain a
chiral surfactant which had lower UV absorbance
than (§)-N-dodecanoylvaline. A 25 mM solution
of each surfactant was prepared in 25 mM
disodium phosphate-25 mM disodium tetrabor-
ate buffer. The pH was adjusted to 8.8 with
either sodium hydroxide or phosphoric acid.
These solutions were drawn into a 50 um IL.D.
capillary, and the absorbance at 214 nm mea-
sured. The absorbance of ($)-N-dodecanoyl-
valine was 30 mAU while that of (§)-N-dode-
coxycarbonylvaline was 12 mAU. Since the
phosphate-borate buffer also had an absorbance
of 12 mAU, it was concluded that (§)-N-dode-
coxycarbonylvaline led to no additional absor-
bance at 214 nm. This property is very important
at high surfactant concentrations, i.e. >100
mM, where high backgrounds decrease the effec-
tive linear dynamic range of the detector.

The difference in structure between (S)-N-

dodecanoylvaline and (S)-N-dodecoxycar-
bonylvaline is the replacement of an amide
group in (§)-N-dodecanoylvaline with a carba-
mate group in (S)-N-dodecoxycarbonylvaline
(see Fig. 2). Since the two groups are adjacent to
the chiral center in the surfactant, we tested the
differences in enantioselectivity (a) between the
two surfactants using twelve pharmaceutical
amines as test probes. The data are summarized
in Table 1. Unexpectedly, there was a large
difference in enantioselectivity between the two
surfactants.  Specifically, ($)-N-dodecoxycar-
bonylvaline afforded higher a values for ten
compounds. A separation of norephedrine en-
antiomers using the two surfactants is shown in
Fig. 3. Other structural variations also impact
enantioselectivity, and these results will be re-
ported shortly.

To determine the influence of pH on partition-
ing, experiments were conducted at pH 7.0 and
8.8 using 25 mM (S)-N-dodecoxycarbonylvaline.
All the amines investigated showed higher parti-
tioning at pH 7.0. For instance ketamine, pK,
7.5, had a capacity factor of 12.5 at pH 7.0
versus 2.2 at pH 8.8. The twelve test compounds
in Table 1 all contain one or more amine groups,
most of which have pK, values between 7 and
10. Thus at pH 7.0 they were more positively
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O/iH

(S)-N-dodecoxycarbonylvaline

b H 9
\/\/\/\/\/\/0 N
\[r oH
o H

(R)-N-dodecoxycarbonylvaline

\/\/\/\/\/\"/:?%H‘\OH
N\

(S)-N-dodecanoylvaline

Fig. 2. Structures of the chiral surfactants.
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Table 1
Comparison of enantioselectivities (@) obtained at pH 8.8 with 25 mM (§)-N-dodecoxycarbonylvaline vs. 25 mM (S)-N-
dodecanoylvaline
Analyte @
(S)-N-Dodecanoylvaline (S)-N-Dodecoxycarbonylvaline
Atenolol 1 1.04
Bupivacaine 1.06 1.05
Ephedrine 1.05 1.10
Homatropine 1.02 1.03
Ketamine 1.05 1.01
Metoprolol 1.01 1.06
N-Methylpseudoephedrine 1.05 1.32
Norephedrine 1.04 1.10
Norphenylephrine 1.03 1.09
Octopamine 1 1.05
Pindolol 1.02 1.06
Terbutaline 1 1.01

Conditions: UV detection at 214 nm; 2-s hydrostatic injection; 60 cm X 50 pm capillary; + 12 kV; pH 8.8 buffer: 25 mM

Na,HPO,-25 mM Na,B,O,.

charged (as reflected in the difference in free
solution mobilities between the two pH values).
Since the micelles are anionic, it was not surpris-
ing that increased positive charge led to in-
creased partitioning. Values of @ were also mea-
sured for the twelve test compounds using (S)-N-

dodecoxycarbonylvaline at pH 7.0 and pH 8.8.
The a values for nine compounds were higher at
pH 7.0 (Table 2). For some compounds, such as
bupivacaine, metoprolol and ketamine, enantio-
selectivity was significantly higher at pH 7.0.
These results point to the importance of electro-

6.5,
6.0_|
mAU
54 (S)-N-dodecanoylvaline
5.0
T T T T T T
8.0
7.5]
mAU (S)-N-dodecoxycabonylvaline
2.0}
6.5 ] e N
M ¥ LI T M T T Al T T A
12 14 16 18 20 22 24

Minutes

Fig. 3. Comparison of the separation of norephedrine enantiomers with (S)-N-dodecoxycarbonylvaline versus (5)-N-
dodecanoylvaline. Sample: 100 pg/mi racemic norephedrine dissolved in buffer. Buffer: 25 mM (8)-N-dodecoxycarbonylvaline or
($)-N-dodecanoylvaline, 25 mM Na,HPO,-25 mM Na,B,O,, pH 8.8.
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Table 2
Comparison of enantioselectivities () obtained at pH 7.0 vs.
pH 8.8 with 25 mM (S)-N-dodecoxycarbonylvaline

Anaiyte a
pH 7.0 pH 8.8

Atenolol 1.05 1.04
Bupivacaine 1.26 1.05
Ephedrine 1.14 1.10
Homatropine 1.03 1.03
Ketamine 1.06 1.01
Metoprolol 1.19 1.06
N-Methylpseudoephedrine 1.38 1.32
Norephedrine 1.12 1.10
Norphenylephrine 1.09 1.09
Octopamine 1.05 1.05
Pindolol 1.09 1.06
Terbutaline 1.02 1.01

Conditions: UV detection at 214 nm; 2-s hydrostatic in-
jection; 60 cm X 50 pum capillary; + 12 kV; pH 7.0 buffer: 50
mM Na,HPO,; pH 8.8 buffer: 25 mM Na,HPO,-25 mM
Na,B,O,.

static interactions in determining enantioselec-
tivity of the system.

Generally, we have found that under typical
MECC operating conditions, (i.e. uncoated
capillaries at pH=7,) an a of 1.02, with suffi-
cient optimization of k (see below), will allow
baseline resolution. At pH 7, there was sufficient
a on all but one of the compounds to allow
baseline resolution, as opposed to three unre-
solved compounds at pH 8.8.

In MECC, k is related to surfactant concen-
tration by the following equation [23]:

__Ky([surf] - CMC)
=T = 5,([surf] = CMC) )

where K is the thermodynamic partition coeffi-
cient of the solute, v, is the partial molar volume
of the surfactant, and CMC is the critical micelle
concentration of the surfactant. As previously
discussed [23], there is an optimum k value in
MECC, which is determined by the ratio of
tme/t.q according to the following equation {26]:

t

me 1/2
koptimum = <[_> (4)

aq

where t__ is the migration time of a solute
completely partitioned into the micelle and ¢, is
the migration time of the solute if there is no
partitioning. (Note again that we have substi-
tuted ¢7,, for ¢,.) Thus k, and hence resolution,
can be optimized by changing the surfactant
concentration.

Generally, 25 mM surfactant was first tested
for separating an analyte. Then, if partitioning
was too low, the surfactant concentration was
increased. Fig. 4 shows the separation of
atenolol enantiomers at surfactant concentra-
tions of 25 and 100 mM. At 25 mM, k was 0.6
and resolution 0.8. Optimum k for these con-
ditions was calculated to be 2.8. Thus, the
surfactant concentration was increased to 100
mM; k increased to 2.5, thereby affording a
resolution of 2.7.

An important aspect of the separations shown
in Fig. 4 is that in both cases, a was 1.04 (while
partitioning was significantly different). This
result illustrates a large advantage of MECC
over LC in methods development. The ability to
optimize partitioning independent of o makes
methods development much more straightfor-
ward in MECC. For a given column in LC, if
partitioning is not optimum, the strength of the
mobile phase must be altered. However, selec-
tivity may change as well.

If partitioning is too high at 25 mM, lower
surfactant concentrations may be employed.

25 25mM SURFACTANT

100 mM SURFACTANT

10 12 4 16 8 20 22 24 2 28

Minutes
Fig. 4. Influence of surfactant concentration on the sepa-
ration of atenolol enantiomers. Sample: 100 pg/ml racemic
atenolol dissolved in buffer. Buffer: 25 or 100 mM
(S)-N-dodecoxycarbonylvaline, 25 mM Na,HPO,-25 mM
Na,B,O,, pH 8.8.
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However, the practical lower limit of surfactant
concentration was 15 mM. Below this level,
symmetrical peaks could not be obtained. In
cases where k is still too large at 15 mM, organic
solvent may be employed in order to decrease
the analyte’s thermodynamic partition coeffi-
cient. Fig. 5SA and B show the separation of
propranolol enantiomers at surfactant concen-
trations of 25 and 10 mM. At 25 mM, k was 50,
and no resolution was apparent. At 10 mM, k
decreased to 17, resulting in resolution. How-
ever, peak tailing and low plates were evident.
At 25 mM surfactant with 30% acetonitrile, close
to baseline resolution was obtained (Fig. 5C).
Note that altering the analyte’s thermodynamic
partition coefficient by adding organic solvent,
unlike changing the surfactant concentration,
may change selectivity.

The ability to perform fast separations is one
of the attractive features of CE. Analysis time is
reduced by increasing the applied electric field.

J.R. Mazzeo et al. | J. Chromatogr. A 680 (1994) 125-135

However, there is a limit to how much the field
can be increased before excessive Joule heating
leads to band broadening and decreased res-
olution. To minimize the conductivity of the
MECC buffer, the phosphate—borate buffer sys-
tem at pH 8.8 was replaced with the zwitterionic
buffer, 2-(N-cyclohexylamino)ethanesulfonic
acid (CHES). This buffer permits the separation
of N-methylpseudoephedrine enantiomers in less
than 90 s using an electric field of 860 V/cm and
a 30 cm capillary (Fig. 6).

The ability to exactly invert the chirality of the
system is an important feature of any chiral
separation system. To this end, (S)- and (R)-N-
dodecoxycarbonylvaline (Fig. 2a and b) were
used to separate a 3:1 ratio of (5):(R) benzoin.
As expected, the migration order of the two
enantiomers was reversed (Fig. 7). When the
(R)-surfactant was employed, the (R)-enantio-
mer of benzoin migrated first (top separation),
while with the (§)-surfactant, the (S)-enantiomer
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I\,
T . . r . > . . : T
6 -
mAU 4 | B
2 -
c -
16 18 20 = 2 2 28 30 2 3
4 Minutes
3 (&)
2
mAU
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|
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16 18 20 T2 24

Minutes

Fig. 5. Influence of surfactant concentration and acetonitrile on the separation of propranolol enantiomers. Sample: 100 pg/mil
racemic propranolol dissolved in buffer. Buffers: (A) 25 mM (§)-N-dodecoxycarbonylvaline, 25 mM Na,HPO,-25 mM Na,B,O,,
pH 8.8; (B) 10 mM (S)-N-dodecoxycarbonylvaline, 25 mM Na,HPO,-25 mM Na,B,0,, pH 8.8; (C) 25 mM (5)-N-dodecoxy-
carbonylvaline, 25 mM Na,HPO,-25 mM Na,B,0,, pH 8.8, 30% acetonitrile.
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36 48 60 72 84
Seconds
Fig. 6. Fast separation of N-methylpseudoepherine enantio-
mers. Sample: 100 ug/ml racemic N-methylpseudoephedrine
dissolved in buffer. Buffer: 25 mM (§)-N-dodecoxycar-
bonylvaline, S0 mM CHES, pH 8.8. Capillary: 35 cm x 50
pm LD. Voltage: + 30 kV.

of benzoin migrated first. These two separations
were performed sequentially on the same capil-
lary. The o value was 1.05 and efficiencies were
greater than 100 000 for both peaks.

In Fig. 7, the migration times of the first and
second peaks of each separation are the same
(2% difference). Migration order inversion of
this nature can only be realized when the two
enantiomers of the chiral selectand are employed
separately and all other parameters kept con-
stant. The migration order of enantiomers can

(S)

(R}>SURFACTANT (R)

(S}SURFACTANT (R)

Minutes

Fig. 7. Migration order reversal of benzoin enantiomers.
Sample: 3:1 ratio of (S)- to (R)-benzoin dissolved in buffer.
Buffer: 25 mM (R)- or (§)-N-dodecoxycarbonylvaline, 25
mM Na,HPO,-25 mM Na,B,O,, pH 8.8.

sometimes be reversed with cyclodextrins in CE,
but it requires the development of a new set of
separation conditions. Thus, the amount of
methods development time is significantly in-
creased without the guarantee of enantiomer
migration order reversal.

An experiment was performed in which the
total concentration of surfactant was constant (25
mM) but different ratios of (R)-:(S)-N-dode-
coxycarbonylvaline were used to separate an
analyte with a large a value (N-methylpseudo-
ephedrine, a =1.30). As seen in Fig. 8, «
changed linearly with the % (R)-N-dodecoxycar-
bonylvaline. At 100% (R)- and 0% (R)-surfac-
tant, a was 1.30, although the migration order of
the two enantiomers was reversed. At 50% (R)-
surfactant, no enantioselectivity was seen. At
intermediate percentages, the resulting a was
linear with % (R)-surfactant. These data suggest
that the chiral recognition process involves one
surfactant molecule interacting with one analyte
molecule. Otherwise the a data might not be
linear with surfactant optical purity. We are
investigating the mixing of other chiral surfac-
tants to improve our understanding of the chiral
recognition process.

MECC has been used to perform separations
of complex sample matrices such as urine,
because micelles can solubilize proteinaceous

1.301

T
4] 2;3 4‘0 6@ o] 100

%R Surfactant
Fig. 8. Graph of enantioselectivity vs. % (R)-N-dodecoxy-
carbonylvaline.  Sample: 100 ug/ml  racemic N-
methylpseudoephedrine dissolved in buffer. Buffer: 25 mM
N-dodecoxycarbonylvaline, different ratios of (R):(S), 25
mM Na,HPO,-25 mM Na,B,O,, pH 8.8.
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Fig. 9. Separation of ephedrine enantiomers spiked into
urine. Samples: 100 pg/ml racemic ephedrine in buffer
(top), 100 pg/ml racemic ephedrine in urine (middie), blank
urine (bottom). Buffer: 50 mM (S)-N-dodecoxycar-
bonylvaline, 25 mM Na,HPO,-25 mM Na,B,0,, pH 8.8.

material [27,28]. Fig. 9 shows the separation of
100 pg/ml racemic ephedrine spiked into urine
using 50 mM (§)-N-dodecoxycarbonylvaline. At
25 mM surfactant, one of the ephedrine enantio-
mers co-migrated with a urine matrix peak.
Increasing the surfactant concentration to 50 mM
resolved the ephedrine enantiomer from the
urine matrix peak. The only sample preparation
in this case was a simple filtration step. This
separation is an excellent example of the ability
to perform non-chiral and chiral separations
simultaneously in MECC with synthetic chiral
surfactants.

4. Conclusions

MECC using synthetic chiral surfactants shows
great promise as a solution to many chiral
separation problems. The chiral surfactant de-
scribed here can be prepared as both enantio-
mers, (S)- and (R)-N-dodecoxycarbonylvaline,
allowing exact enantiomer migration order rever-
sal. Enantioselectivity data obtained when differ-
ent ratios of the (R)- and (S)-surfactants were
mixed suggested that the chiral recognition pro-
cess was based on one surfactant molecule recog-
nizing one analyte molecule. For twelve pharma-
ceutical amines investigated, ($)-N-dodecoxycar-

bonylvaline was able to exceed a resolution
objective of 1.5 for eleven. Resolution was
maximized through optimization of surfactant
concentration. For charged compounds, like the
amines examined here, pH could be used to alter
enantioselectivity and partitioning. Rapid chiral
separations could be obtained by using zwit-
terionic buffers and high electric fields. Chiral
separations in complex matrices could also be
performed, with non-chiral and chiral separa-
tions occurring simultaneously. Future communi-
cations will report the performance of additional
chiral surfactants as well as separation of addi-
tional compound classes.
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Abstract

Enantiomers of several basic compounds of pharmaceutical interest were successfully separated by capillary
electrophoresis using a modified B-cyclodextrin polymer. As the cyclodextrin contained carboxylic groups, the
chiral selector could be used in either an uncharged or a charged mode, selecting the appropriate pH of the
background electrolyte. The effect of the pH of the background electrolyte on the effective mobility, resolution and
selectivity was studied in the range 2.6-6.2 for the enantiomer resolution of B-hydroxyphenylethylamine,
norphenylephrine, terbutaline, ephedrine, norephedrine, ketamine, epinephrine and propranolol. Very good
enantiomeric resolution was achieved for all the compounds except for ephedrine and norephedrine (R <0.5). An
increase in the pH of the electrolyte caused an inversion of mobility for either terbutaline and propranolol owing to

strong complexation with the negatively charged polymer.

1. Introduction

The resolution of enantiomers is a growing
field of interest in analytical chemistry, especially
for biomedical and pharmaceutical analysis,
because often two enantiomers of the same drug
show different pharmacological or bioactive ef-
fects. Therefore, rapid, sensitive, selective and
high-resolution analytical methods are required
for, e.g., chiral purity control of drugs, pharma-
cokinetic studies and drug metabolism analysis
{1].

Among the different methods used for this
purpose, high-performance liquid chromatog-
raphy (HPLC) has often been applied in this
field using a wide variety of chiral columns in

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00531-D

which different resolution mechanisms have been
applied [2].

In recent years, capillary electrophoresis (CE)
with its high resolving power has attracted great
interest for the analysis of different classes of
compounds including enantiomers [3-6]. Owing
to the similar physico-chemical properties of
enantiomers, they cannot be separated by CE
unless a chiral environment is used in order to
modify selectively their properties and thus the
effective mobility. A chiral compound is either
added to the background electrolyte [7-12] or
bonded to the capillary wall [13] and the method
is called the direct resolution method. Here
labile diastereomeric complexes are formed dur-
ing the electrophoretic process and if they ex-
hibit different stability constants the effective
mobility is selectively modified and their sepa-

© 1994 Elsevier Science B.V. All rights reserved
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ration is achieved. So far, chiral surfactants,
proteins, chiral metal complexes and cyclodex-
trins have been used as chiral selectors for
enantiomeric resolution by CE [3-6,8-10].

Cyclodextrins (CDs) are chiral compounds
with the shape of a truncated cone; they are
neutral and natural oligosaccharides that possess
a hydrophobic cavity and a hydrophilic exterior.
The presence of chiral carbons in their structure
allows enantioselective interactions with several
analytes. Inclusion complexation between ana-
lytes and the CD cavity stabilized by hydrogen
bonds with hydroxyl groups of the CD is the
main interaction involved in the enantiosepara-
tion mechanism [6,14].

Modified CDs have been shown to give a
greater possibility of resolution for those com-
pounds which cannot be resolved using the
native CD, e.g., sympathomimetic drug enantio-
mers were completely separated with di-O-
methyl-8-CD [11] and a-hydroxy acid enantio-
mers with methyl amino 8-CD [12].

Another approach for improving the selecfivi-
ty of enantiomer separation when CDs are used
as chiral selector is the addition of non-chiral
compounds, e.g. organic solvents [15,16] or urea
[16], or the use of polymers in the chiral environ-
ment [17].

Gels in capillaries, mainly used for the sepa-
ration of biopolymers [18], have been employed
either as support matrices or as modified gels of
CD [19,20].

Being interested in enantiomer resolution by
CE and encouraged by recent results using
modified CDs [12,21], we extended our study to
the use of a B-CD polymer containing carboxylic
groups. The polymer was added to background
electrolytes at different pH values for the enan-
tiomer separation of several basic compounds of
pharmaceutical interest.

2. Experimental

2.1. Apparatus

Electrophoretic experiments were performed
on a Biofocus 3000 system (Bio-Rad, Hercules,

CA, USA) equipped with a UV-visible muiti-
wavelength detector operating either at a single
wavelength (206 nm) or in the scanning mode
(190-360 nm). Fused-silica capillary tube [40 cm
(effective length 35.5 cm) x50 um I1.D.] was
obtained from Polymicro Technologies (Phoenix,
AZ, USA) and a coated capillary cartridge (17
cm X 25 um I.D.) from Bio-Rad. The polyimide
coating of the former was removed from the
capillary to create a window at the appropriate
position with several drops of concentrated
H,SO, at 100°C. The capillary was then
positioned in the cartridge. An applied voltage
of 15 kV was used and the grounded compart-
ment (close to the detector) was negative. The
capillary cartridge was thermostated with circu-
lating liquid at 25°C. The temperature of the
carousel compartment was 25°C. Injection of
samples was done by the electrokinetic method
except for the measurements of the electro-
osmotic flow, which were done by pressure 5
p.s.i. s, corresponding to 35-107> MPa for 1 s.

The new capillary (uncoated) was pressure-
rinsed with 0.5 M NaOH for 10 min and then
water (30 min) in order to activate the silica on
the wall.

The following washing steps were used prior to
each electrophoretic run: (1) water for 60 s; (2)
0.010 M NaOH for 60 s; (3) water for 200 s; (4)
background electrolyte for 60 s.

2.2. Chemicals

Soluble anionic B8-CD polymer (for its charac-
teristics see Table 1) was purchased from
Cyclolab (Budapest, Hungary). (=)-Epine-
phrine, p,L-B-hydroxyphenethylamine, b,L-pro-

Table 1
Characteristics of anionic B-cyclodextrin polymer

Polymer type Carboxymethylated-B-cyclodextrin

Producer Cyclolab (Budapest, Hungary)
Molecular mass 6000-8000

Solubility in water >20%

CD content 50-60%

COO™ content 3-4%

COO/CD 2

Cross-linking 1-Chloro-2,3-epoxypropane
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pranolol, ketamine, (*)-ephedrine, (*)-ter-
butaline, (+)-ephedrine, (—)-ephedrine and (—)-
epinephrine were obtained from Sigma (St.
Louis, MO, USA) (*)-norphenylephrine from
Aldrich (Steinheim, Germany) and methanol,
sodium dihydrogenphosphate, sodium acetate,
acetic acid and phosphoric acid from Carlo Erba
(Milan, Italy).

The background electrolyte (BGE) composi-
tion was 0.065 M phosphate buffer (pH 2.5),
0.051 M phosphate buffer (pH 3.5), 0.05 M
sodium acetate—acetic acid (pH 4.5) and 0.075 M
phosphate buffer (pH 6.2). The buffers of pH
2.5 and 3.5 were prepared by dissolving the
appropriate amount of NaH,PO, in 50 ml of
doubly distilled water, titrating the mixtures with
tenfold diluted H,PO, (85%) and adjusting the
volume to 100 ml, while for the buffer at pH 6.2
Na,HPO, was used.

CD polymer was dissolved daily in the buffer
and the solutions were filtered through a 0.45-
um filter.

Stock solutions of 2-107> M racemic standard
were prepared and stored at 4°C and diluted with
doubly distilled water to 2- 107° M or as other-
wise described.

3. Results and discussion

One of the main drawbacks encountered when
B-CD is used as a chiral additive in capillary
electrophoresis is its low solubility in water
(about 1.8%, w/v). One solution to this could be
to use a modified B-CD with a higher solubility
than the parent compound. The modification is
achieved by changing one or more hydroxyl
groups on the rim of the CD by introducing
other groups, e.g., sulphate, phosphate, car-
boxylate, methylamino, by chemical reaction.

As shown previously, the use of modified CDs
in CE not only allows the application of larger
amounts of CD but can also markedly improve
the selectivity of enantiomer separation
[11,12,18]. Chemical modification of a CD can
change the hydrophobicity of the cavity and can
allow the formation of other stereoselective
bonds (polar, hydrophobic) between substituent

groups on the CD cavity and on the chiral centre
of the analytes.

B-CD polymer was used as a chiral selector
additive to the BGE for the enantiomeric sepa-
ration of several basic compounds. The analysed
compounds (for the structures see Fig. 1) were
run in a BGE at different pH in the range
2.5-6.2. They moved in the direction of the
cathode owing to the protonation of the amino
group. The apparent mobility, m,,, = s, + Meo
(where e and eof represent effective and electro-
osmotic flow, respectively) was calculated using
the following equation:

IL L
Mapp =7V TV (1)

where [ and L are the effective and total length
of the capillary, respectively, V the applied
voltage and ¢, and ¢, the migration time of the
sample and the electroosmotic marker, respec-
tively.

Different amounts of 8-CD polymer (0-20 mg
mi™") were added to the BGE in order to study
the effect of the concentration of the chiral
selector on the electrophoretic mobility and
resolution of the analysed compounds.

Fig. 2 illustrates the electrophoretic process at
pH 2.5 and 4.5. At a low pH the carboxylic
groups of the CD polymer are protonated and
therefore the chiral selector is moving with the
velocity of the electroosmotic flow as a quasi-
stationary phase. An increase in pH will cause
the polymer to be negatively charged owing to
the dissociation of the carboxylic groups; in this
case the velocity of the chiral selector is in-
fluenced not only by the charge of the analyte
and the electroosmotic flow but also by the
electrophoretic mobility of the complex formed
between the analyte and the polymer.

3.1. Effect of concentration of B-cyclodextrin
polymer and pH on effective mobility

Fig. 3 shows the effect of 8-CD polymer on
the effective mobility of the analysed drugs when
a BGE at pH 2.5 was used. On increasing the
concentration of the chiral selector on the BGE,
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Fig. 1. Structures of the standard compounds used in the electrophoretic study.
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Fig. 2. Illustration of the electrophoretic process when a
chargeable B-CD polymer is used as a chiral additive to the
background electrolyte.

a general decrease in mobility was recorded
owing to complexation between the analytes and
B-CD polymer. The affinity of the CD polymer
towards the analytes was found to be pro-
pranolol > terbutaline > norphenylephrine > 8-hy-
droxyphenylethylamine = ephedrine = norephed-
rine > epinephrine, considering the estimated
difference of effective mobility Ap, = o0 — Megs
where u,, and u,,, are the effective mobilities of
the sample in absence and presence of 20 mg
mi™" of CD, respectively (u,,, is referred to the
enantiomer with lower mobility). The electro-
osmotic flow was measured by separately in-
jecting benzyl alcohol and methanol (195 nm)
and no noticeable change was found on increas-
ing the concentration of the CD in the BGE



Z. Aturki, S. Fanali | J. Chromatogr. A 680 (1994) 137146 141

2.5 2.5

2 2

1.5 1.5

“ 1 “ 1

0.5 0.5

l [ [
o] 5 10 15 20 o 5 15 20 o] 5 10 15 20

poly-8-CD [mg/ml ]

poly-R-CD [mg/ml ]

poly-8-CD [mg/ml ]

Fig. 3. Effect of B-CD polymer concentration on the effective mobility of the studied compounds. Run conditions: capillary, 40
cm (35.5 cm to detector) x 0.050 mm I.D., uncoated; background electrolyte, 0.065 M phosphate buffer (pH 2.5) containing the
appropriate amount of 8-CD polymer; detection wavelength 206 nm; applied voltage, 15 kV; current, 38 nA; temperature, 25°C;
injection, electrokinetic, 5 kV, 5 5. = B-Hydroxyphenylethylamine; A = norphenylephrine; O = terbutaline; < = ketamine;
[ = epinephrine; A = propranolol; @ = ephedrine; O = norephedrine. u in 107" ecm® Vs

(0.64-107* and 0.52-10* ecm® V™' 57" at 0 and
20 mg ml "' of CD, respectively).

In order to verify the effect of pH on the
effective mobility of the compounds studied,
electrophoretic experiments were performed
using the BGE at pH 3.5, 4.5 and 6.2. Fig. 4
shows the effect of the pH on the electroosmotic
flow, p., with and without 10 mg ml™' of
poly-B-CD. As expected, the electroosmotic flow
rose on increasing the pH of the BGE. However,

pH
Fig. 4. Effect of pH of the background electrolyte on the
electroosmotic flow (u,,,) when the background electrolyte
was used in (<) the absence and (O) the presence of 10 mg
ml™* of chiral polymer; g, in 10* cm® V™' 57"

the addition of the 8-CD polymer to the BGE at
the operating pH did not markedly influence the
electroosmotic flow.

Fig. 5 shows the influence of the concentration
of poly-8-CD added to the BGE at pH 4.5 on
the effective mobility of the compounds studied.
When the analysis was performed in the BGE at
pH 4.5 in the absence of chiral polymer, the
migration time of the analysed compounds de-
creased with increase in pH owing to the in-
crease in the electroosmotic flow. The addition
of the chiral additive to the BGE caused a
general decrease in effective mobility owing to
the complexation of the analytes with the poly-
mer additive. At pH 4.5 we observed a stronger
complexation than that obtained at lower pH,
which can be ascribed to the charge of the g-CD
polymer. This effect is markedly observed when
6 mg ml~" of poly-B-CD was used for proprano-
lol enantiomers that are moving behind the
electroosmotic flow. This means that their com-
plexation is so strong that the diastereomeric
complexes are negatively charged, but the two

2.5

poly-8-CD [mg/ml ]

poly-B-CD [mg/ml]

0 5 10 15 20
poly-R-CD [mg/ml]

Fig. 5. Effect of the concentration of poly-8-CD on the effective mobility of the studied compounds at pH 4.5. Run conditions:
background electrolyte, 0.05 M sodium acetate (pH 4.5); applied voltage, 15 kV; current, 39 uA; other experimental conditions
1

as in Fig. 3. For symbols, see Fig. 3; g in 107" em® V™' s7".
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isomers are moving in the direction of the
cathode owing to the presence of a relatively
strong electroosmotic flow.

'The same effect was recorded for terbutaline
enantiomers but when 20 mg ml~" of poly-B8-CD
were added to the BGE at pH 4.5. A similar
effect was recently observed using chargeable
cyclodextrins [18].

Inversion of the electrophoretic mobility was
also obtained at pH 3.5 when the BGE was
supported with 10 mg mi™" of poly-B-CD but
only for propranolol (results not shown).

Fig. 6 shows as an example the separation of
a standard mixture containing B-hydroxy-
phenylethylamine, terbutaline and propranolol,
where inversion of the mobility of propranolol
and terbutaline can be observed.

Electrophoretic runs performed at pH 6.2 with
different amounts of chiral polymer showed a
general decrease in the electrophoretic mobility
for all the compounds analysed that was more
evident than at lower pH. We conclude that the
affinity of the analysed compounds for poly-8-
CD is as follows [after considering Ape 20
propranolol > terbutaline > norphenylephrine
> norephedrine > B-hydroxyphenylethylamine
> epinephrine > ketamine. It is clear that the

A206
208

WLWS,,JULJJ%

] time (min) §

Fig. 6. Electropherogram of the separation of enantiomers of
(A) norphenylephrine, (C) terbutaline and (H) propranolol.
Background electrolyte, 0.05 M acetate buffer (pH 4.5) and
20 mg ml™" of poly-8-CD; applied voltage, 15 kV; current, 39
pA; sampling, 5kV, 5s of (A, B) 5-107° M and (C) 5-107°
M.

complexation is strongly influenced by the pH of
the BGE, increasing concomitantly.

3.2. Effect of concentration of B-cyclodextrin
polymer and pH on enantiomer resolution

The resolution, R, was calculated using the
following equation:

< Lt )

R=2 m 2)
where ¢, and ¢, are the migration times and w,
and w, the widths at the baseline of the two
enantiomers of lower and higher mobility, re-
spectively.

Fig. 7 shows the effect of the amount of poly-
B-CD added to the BGE at pH 2.5, 3.5, 4.5 and
6.2 on the resolution of the studied racemic
mixtures.

At low pH (2.5) the enantiomers were not
resolved for either ketamine or norephedrine,
even if the concentration of the chiral additive
was increased, while ephedrine enantiomers
showed poor resolution (R <0.5) at 20 mg ml ™’
of poly-B-CD. This was not surprising consider-
ing that previously we did not resolve these
compounds with 8-CD at pH 2.4 [11}].

Considering that inclusion complexation is
probably a stereoselective resolution mechanism,
we can assume that the aromatic groups of the
three analysed compounds fit the cavity of the
B-CD and hydrogen bonds are formed between
hydroxyl and nitrogen groups in the chiral cen-
tres of ephedrine and norephedrine with hy-
droxyl and carboxyl groups on the rim of the
CD. In the case of ketamine these possibilities
are reduced because no hydroxyl substituents are
in the chiral centre.

The chemical structure of epinephrine is simi-
lar to that of ephedrine, the difference being in
the presence of hydroxyl groups at position 3 and
4 of the aromatic ring. When epinephrine was
analysed at pH 2.5, poor enantiomer resolution
was obtained when the BGE was supplemented
with 6 mg ml~' of poly-B-CD. The resolution
was improved by increasing the amount of chiral
additive (R=1 and 2.4 at 10 and 20 mg ml " of
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Fig. 7. Effect of the concentration of 8-CD polymer on the resolution of the sample compounds at different pH. Applied voltage,
15 kV; current, 38—-62 nwA. For other experimental conditions, see text.

poly-B-CD, respectively). In order to explain the
higher resolution of the two enantiomers of
epinephrine compared with the results obtained
for ephedrine, we can assume that the two
hydroxyl groups on the aromatic ring form
stabilizing bonds with the chiral polymer.

In order to obtain a baseline resolution of
norphenylephrine and B-hydroxyphenylethyl-
amine, it was necessary to use 6 and 10 mg ml ™!
of poly-8-CD at pH 4.5 and 3.5, respectively.
Also in this instance the resolution was influ-
enced by the amount of chiral selector added to

the BGE and by the pH. The maximum res-
olution, R =2.25, was recorded at pH 3.5 for
norphenylephrine and R=1.77 at pH 2.5 for
B-hydroxyphenylethylamine when the BGE was
supported with 20 mg ml ™" of polymer. For both
compounds an increase in the pH of the BGE
caused a decrease in R when the same amount of
chiral additive was used.

The enantiomer resolution of norphenyl-
ephrine at pH 6.2 (20 mg ml~' of poly-B-CD)
could not be measured owing to the migration of
one of the two resolved enantiomers with the
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electroosmotic flow. This is, of course, a limita-
tion for quantitative analysis when charged poly-
B-CD is used as a chiral additive for enantiomer
separation. The same drawback was observed for
terbutaline and epinephrine at pH 6.2 (10 and 20
mg ml™" of polymer, respectively). This effect is
depicted in Fig. 8b while Fig. 8a shows a good
separation of (+)- and (—)-epinephrine obtained
at the same pH but at a lower concentration of
chiral additive.

Terbutaline and propranolol showed maxi-
mum resolution at pH 3.5 (R=3.8) and 2.5
(R =2.22) with 20 and 10 mg ml™"' of poly-B-
CD, respectively. The two compounds were
baseline resolved even when 2 mg ml™" of chiral
polymer was added to the BGE at pH 6.2
(propranolol) and 4.5 (terbutaline). At relatively
high concentrations of poly-B-CD (10 and 20 mg
ml™") an increase in pH caused a decrease in
resotution for terbutaline and propranolol
whereas at lower concentration the resolution
increased. Also in this instance the amount of
polymer had a very important effect on the
resolution; in fact, R, generally increased with

_increasing amount of chiral additive. The results
indicated that the use of a pH lower than 4.5
resulted in a better resolution of both proprano-

-
. A /

T T
180 time (s) 270

Fig. 8. Electrophoretic separation of a racemic mixture of
epinephrine at pH 6.2. The background electrolyte contained
(a) 10 and (b) 20 mg ml™" of poly-8-CD. Run conditions:
applied voltage, 15 kV; current, 60 pA; injection, 7 kV, 7 s of
5-107° M racemic epinephrine; capillary, 40 cm X 0.05 mm
I.D. (uncoated).

lol and terbutaline enantiomers when the con-
centration of the chiral selector was 10 .and 20
mg ml~'. It seems that the strong ion-pairing
effect slightly deteriorates the resolution. To
explain the stronger complexation of terbutaline
and propranolol with the additive in comparison
with the other analytes studied we have to
consider the inclusion complexation with the B-
CD in the polymer, the ion-pair interaction and
probable adsorption.

Further, a general decrease in R was obtained
at pH 6.2 for terbutaline and propranolol proba-
bly owing to the strong electroosmotic flow that
caused a decrease in migration time compared
with those obtained at lower pH. The chiral
recognition is a result of dynamic equilibrium
between the enantiomers and the chiral selector;
thus at pH 6.2 the number of dynamic exchanges
is smaller owing to the shorter time. Hence we
can stress the importance of the control of the
electroosmotic flow for the optimum experimen-
tal separation conditions when such a polymer is
used in CE.

Experiments performed by injecting the enan-
tiomers of propranolol showed that the R-isomer
forms more stable diastereomeric complexes
than the S-isomer with the poly-8-CD; in fact, in
all instances the R-isomer moved with a longer
migration time. As can be seen in Fig. 1, the
charged CD polymer moves in the opposite
direction to the electroosmotic flow, decreasing
the effective mobility of the two isomers. With
epinephrine the (+)-isomer moved with a lower
effective mobility than its enantiomer, showing a
higher affinity for the chiral selector.

Experiments performed in a coated capillary
(17 cm X 0.025 mm 1.D.) allowed rapid enantio-
meric resolution even with a relatively small
amount of chiral polymer. At pH 2.5 no notice-
able electroosmotic flow was recorded but very
broad peaks were obtained for propranolol and
terbutaline enantiomers, probably owing to ad-
sorption of the analytes. The negative effect was
more evident when the amount of chiral selector
was increased. An increase in the pH of the
BGE caused a strong electroosmotic flow and
poor reproducibility of the migration time, prob-
ably owing to adsorption of poly-B-CD on the
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capillary wall, which will be negatively charged.
Unfortunately, the nature of the coating of the
capillary is not known (this is a Bio-Rad patent),
so it is not possible to understand the interac-
tions between the polymer used as the chiral
selector and the capillary wall.

Fig. 9a shows, as an example, the electro-
phoretic separation of a standard mixture con-
taining (R) and (S)-propanolol (enriched in the
R-isomer) using a coated capillary. By reversing
the polarity (the analytes were moving as anions
towards the anode) we obtained inversion of the
migration order of the two enantiomers (see Fig.
9b).

So far the use of coated capillaries has been
hindered by the irreproducibility of the analytical
results obtained. We have been trying to improve

12

o o

6,
migzation time (min)

— T

, . 6
migesation time (min)

Fig. 9. Electrophoretic separation of a mixture containing
(8)- and (R)-propranolol (1:2). Capillary: 17 cm x 0.025 mm
I.D. (coated); background electrolyte 0.05 M acetate buffer
(pH 4.5) and (a) 10 and (b) 20 mg ml™" of poly-B-CD;
applied voltage, 12 kV; current, 20 pA; injection, pressure 10
psi corresponding to 35-107> MPa for 2 s. Analytes were
moving towards (a) the cathode (=) and (b) the anode (+).

these results by different approaches such as
washing the capillary.

4. Conclusions

* We have demonstrated that a chargeable B-
CD polymer can be advantageously employed
for the enantiomeric resolution of basic com-
pounds of pharmaceutical interest in a relatively
short time (less than 5 min). Resolution and
complexation are influenced by the amount of
chiral polymer (generally increasing with increas-
ing amount of chiral additive), the shape of the
analyte molecule and the pH of the background
electrolyte. The chiral additive can be easily used
in a wide pH range, giving the opportunity to
control both the electroosmotic flow and the
charge of the cyclodextrin polymer. The latter
effect is very important in order to enhance the
ion-pairing effect with the analytes and reverse
the migration order, which is important when the
minor component in a enantiomeric mixture has
to be determined.

In order to select the optimum electrophoretic
separation conditions, the composition of the
BGE has to be selected so as to avoid the use of
a pH and a poly-B-CD concentration such that
the mobility of the enantiomers is close to that of
the electroosmotic flow.

Owing to the use of a limited amount of
electrolyte (vials of 500 pl are used with the
electrophoresis apparatus), this method is cheap
in comparison with others where expensive
stationary phases are required.

Further studies will be carried out in order to
verify the effect of organic modifiers on the
resolution of enantiomeric compounds.
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Abstract

A systematic approach is outlined for treatment of enantiomeric separations in capillary electrophoresis {CE)
and liquid chromatography (LC) using chiral mobile phase additives. General equations and data analysis methods
are presented to relate mobilities or capacity factors to equilibrium constants in binding equilibria, and to maximise
mobility or retention time differences as a function of selector concentration. The use of cyclohexanol as a
competitor is shown to be beneficial in optimising chiral separations of species which bind strongly to B-
cyclodextrins. This general treatment has been applied with the test systems 1: propranolol and B-cyclodextrin and
2: dansylated amino acids and B-cyclodextrin. Chiral separations and binding constants, determined using LC with
B-cyclodextrin as a mobile phase additive or a chiral stationary phase, are compared with results using the same
selector in CE for system 2. Mobile phase equilibria defined by CE reveal more complex stationary phase binding
equilibria in LC. Our studies make a link between LC and CE which may allow rational separation strategies to be

transferred between the two fields.

1. Introduction

Chiral analysis in the separation sciences has
become increasingly important in recent years
due to differences in biological activity of the
enantiomers of pharmacologically active com-
pounds [1]. In liquid chromatography (LC) anal-
ysis of the different enantiomers is brought about
by use of either a chiral stationary phase, or by
the addition of chiral additives in the mobile
phase. Sybilska and co-workers [2,3] have de-

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00404-W

veloped a systematic treatment for use with
cyclodextrins (CDs) acting either via complex-
ation in the mobile phase or as a dynamically
generated stationary phase. Equations giving the
dependence of capacity factors on the CD con-
centration have been used to determine enan-
tioselective binding constants for a series of
chiral barbiturates with 8-CD. Similar equations
have been used for considering variation of
separation factor with B8-CD concentration for
some positional isomers [4]. In the emerging
field of chiral capillary electrophoresis (CE)
separation is carried out by adding to the run-

© 1994 Elsevier Science B.V. All rights reserved
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ning buffer additives such as bile salts [5], chiral
surfactants [6], and cyclodextrins [7]. Some re-
cent papers have looked for a strategy to opti-
mise chiral CE with the use of cyclodextrin
additives. Wren and Rowe [8] have developed a
theoretical model relating mobility to the con-
centration of a cyclodextrin selector. Their anal-
ysis suggested that an optimum CD concentra-
tion exists for a particular chiral separation, and
this was observed using propranolol and methyl-
B-cyclodextrin (Me-B-CD) as a model system. In
our previous paper we have extended this treat-
ment [9], showing how binding constants could
be derived and giving an application to the
system tioconazole and hydroxypropyl-8-cyclo-
dextrin (HP-B-CD). Maximum mobility differ-
ence was shown to occur when the selector
concentration equalled the reciprocal of the
average binding constant. Rawjee and co-corkers
[10-12] have developed a multiple-equilibria-
based model to account for separation of chiral
weak acids and bases as a function of both pH
and B-CD. In this paper we aim to find a master
approach linking the methods of processing
results from chiral CE, and chiral LC methods
through the use of both mobile phase additives
and chiral stationary phases. In short, can CE
methods of optimisation be applied to LC?

2. Theory

2.1. Determination of binding constants, and
prediction of resolution in CE

Chiral separations can take place in CE by the
addition of a chiral selector, such as cyclodex-
trin, to the mobile phase. Binding constants can
be determined from the dependence of mobility
of the analyte on the selector concentration,
kc=1rF &)
B,
where K is the binding constant, and u, u,, .,
are the mobilities of the analyte at concentration
of free selector C, mobility of free analyte, and
mobility of the analyte:selector complex, respec-

tively. Whilst p and p, are measured experimen-

tally, u, and K are obtained by a non-linear
least squares fit of the data to Eq. 1 [13]. The
experimental set of data for a pair of enantio-
mers gives the values of binding constants K,
and K, for the two enantiomers. When viscosity
varies with selector concentration, observed mo-
bilities, wu.,, should be converted to corrected
mobilities before fitting to Eq. 1 [8].

n
= — 2
K= Mgt Mo @

where n, and 7 are viscosities at selector con-
centration zero and C, respectively.
The selectivity @ can be calculated from,

a == 3)

The mobility difference Au for the enantio-
mers is dependent on AK, the difference of
binding constants via the relationship [9,13],

Ap —AK KC

Mo~ k. K (1+KC)? ¥
where K is the average binding constant
(K,K,)'"?. Fitting data to this equation allows
the difference in binding constants of the two
enantiomers to be determined with greatest
precision. By differentiation of Eq. 4 with re-
spect to C, it can be shown that the maximum
value of the mobility difference occurs when the
concentration of cyclodextrin is the reciprocal of
the average binding constant, allowing prediction
of the optimum concentration to use. An equa-
tion for predicting the concentration for maxi-
mum resolution has also been developed [13].
Whilst previous treatments of resolution have
assumed p to be a function of concentration,
whilst D, the diffusion coefficient is constant, we
adopt a self-consistent approach in which Eq. 1
is used to give the variation of both u and D
with concentration of free selector C.
Resolution R, is given by,

R - FAK(po — 1) [ Vize ]1’2
s 42K LkTp,(p + Heo)

&)
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where V is the applied voltage, L the length of
the capillary, / the length to the detector, z the
charge on the analyte, e the electronic charge, k
the Boltzmann constant, T the absolute tem-
perature, u., the electroosmotic mobility and,

KC
F= - = _
(1+ KC)(B + KC)'*(y + KC)"?
— /"‘0 + /’Leo
Mo + Mo
_ Mo
B Moo

Differentiation of Eq. 5 with respect to KC
gives the condition for maximising R,. Thus with
a knowledge of the electroosmotic flow and
electrophoretic mobility of the analyte and ana-
lyte—selector complex, a prediction of resolution
can be made at any selector concentration.

2.2. LC, with and without chiral mobile phase
additives

Various cases for chiral discrimination in LC
can be considered. The following treatment
builds on that given by Sybilska et al. [2]. They
gave equations relating capacity factors and
selector concentration, for our cases 1 and 4, and
we extend this to discuss optimisation of selector
concentration and links with CE.

Case 1. Chiral mobile phase additives and
achiral stationary phase. All discrimination in
the mobile phase. Case 2. Chiral mobile phase
additives partially bound to achiral stationary
phase. Discrimination in both mobile and
stationary phase. Case 3. Dynamically coated
chiral stationary phase. All discrimination in the
stationary phase. Case 4. Covalently bonded
chiral stationary phase. All discrimination in the
stationary phase.

Case 1

This is analogous to CE with mobile phase
additives as discussed in section 2.1, and there-
fore an identical rational separation strategy
applies for optimising the selector concentration
in the two techniques. In this case, k', the

capacity factor (or retention factor [14]), versus
C, the concentration of the free selector, is a
binding curve analogous to the CE binding curve
of u vs. C, with equations for the curve

, ka

kKi=17k.C

, ka

K= TTR.C ©)

where k| and k) are capacity factors for the two
enantiomers and k. the capacity factor for the

.free analyte. Data fitting of k' as a function of C

allows binding constants to be determined.
Upon rearrangement we obtain,

At AK KC

& 1+ RC)?
where ¢, is the time for unretained species to
elute, ¢, the elution time for the free analyte A,
and At the difference in enantiomer elution
times. It should be noted that the right hand side
of this equation is identical in magnitude to Eq.
4 for CE, and predicts that Ar will go through a
maximum at a concentration of free selector
equal to the reciprocal of the average binding
constant.

™

P

Case 3 and 4
We assume that all binding to the stationary
phase occurs at the chiral selector sites. Whilst
individual binding constants cannot be obtained
directly from LC without knowledge of phase
ratios, the ratio of capacity factors is equal to the
ratio of binding constants,
ky K,
%K ®
This equation will hold using a dynamically
coated or covalently bonded chiral selector,
either in LC or electrochromatography.

Case 2

This is intermediate between case 1 and cases
3 and 4. In general, competition between chiral
discrimination in the mobile and stationary phase
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is expected to lead to overall discrimination less
than cases 3 and 4.

3. Experimental

Capillary electrophoresis experiments were
carried out on a P/ACE 2100 system (Beckman,
High Wycombe, UK), thermostatted at 25°C.
Each experiment was run in triplicate, with
mesityl oxide as a neutral marker. Relative
viscosity was determined by taking the ratio of
the current 7, at [CD] =0 and at [CD]}=C (I,/
I'=mnin,) [8].

Methyl-B-cyclodextrin was a gift from Wacker
Chemicals (Halifax, UK). All other materials
were from Aldrich (Gillingham, UK). The
fused-silica separation capillary for the proprano-
lol work had an internal diameter of 50 wm, a
total length of 57 cm and a length of 50 cm from
inlet to detector. A voltage of 20 kV was used for
the separation, and detection was at 200 nm. The
samples were loaded by a 1-s pressure injection
(corresponding to 1 nl) from a 0.6 mM solution
in run buffer. The pH 7.4 buffer was prepared by
titrating 200 mM Na,HPO, with 5 M phosphoric
acid, and diluting 5-fold. The pH 3.0 buffer was
prepared by titrating 40 mM LiOH with 5 M
phosphoric acid.

The fused-silica separation capillary for the
dansyl-amino acid work had an internal diameter
of 20 wm, a total length of 27 cm and a length of
20 cm from inlet to detector. Separation voltage
was 30 kV, and detection at 254 nm. The samples
were loaded by a 3-s pressure injection (corre-
sponding to 0.2 nl) from a 0.5 mM solution of
dansyl-amino acid in run buffer that had been
diluted by a factor of 10 with water, to induce
stacking. The pH 6.8 buffer (total final ionic
strength =200 mM) was prepared by mixing 50
mM Na,HPO, and 50 mM NaH,PO,; methanol
was added in the ratio methanol:buffer (20:80),
and then cyclodextrin. was added in varying
amounts.

The HPLC system consisted of a ternary
gradient pump (ACS, Model 352), an injection
valve (Rheodyne 7152) with a 20-u1 loop, and a
variable-wavelength UV detector (ACS, 750/12)

operating at 254 nm. The UV data were col-
lected and analysed on an integrator (Trivector
Trio). The column was thermostatted at 25°C. In
direct chiral analysis a B-CD bonded chiral
stationary phase (244 x4 mm 1.D., ChiraDex,
E. Merck, Darmstadt, Germany) was used. A
mixture of methanol-phosphate buffer, 200 mM,
pH 6.8 (20:80) was used as the mobile phase at a
flow-rate of 0.8 ml min~'. The concentration of
0.9 mM of Dns-Glu in mobile phase was injected
on column. For the mobile phase additive meth-
od, a C,; column (250%x4.6 mm I.D.; HPLC
Technology, Macclesfield, UK) was used. The
mobile phase additive was a mixture of metha-
nol-phosphate buffer, 200 mm, pH 6.8 (20:80)
containing a specified concentration of 8-CD.

4. Results and discussion

4.1. Competitive binding of cyclohexanol for B-
CD

Fig. 1 shows the dramatic difference in sepa-
ration of tioconazole enantiomers brought about
by addition of 0.1% v/v cyclohexanol to a
running buffer containing 5 mM B-CD. Whereas
little resolution is evident without the cyclohex-
anol, near baseline resolution is seen in its
presence. Cyclohexanol has a high association
constant with B-cyclodextrin (K =501 M~") [15]
and is thus an effective competitor for analyte
binding to cyclodextrin. For the separation of
enantiomers of tioconazole with 8-CD by CE,
the binding constants for (—)- and (+)-
tioconazole were measured to be 1.32-10> and
1.60-10° M ™', respectively. Addition of just
0.1% cyclohexanol to the background electrolyte
with all other conditions being identical resulted
in an apparent binding constant for (—)- and
( + )-tioconazole from data fitting to Eq. 1 of 223
and 259 M ™', respectively. Using a quantitative
treatment of competitive binding [13], this six-
fold decrease was shown to be consistent with
competition  between  cyclohexanol  and
tioconazole for B-CD. From Eq. 5 we can
calculate that in the absence of cyclohexanol we
would require 0.9 mM B-CD concentration in
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Fig. 1. Effect of competitive inhibition on the separation of
tioconazole enantiomers. (A) No cyclohexanol, (B) 0.1%
(v/v) cyclohexanol in the running buffer. Buffer: 20 mM
phosphate/citrate pH 4.3 with 5 mM B-cyclodextrin; tem-
perature: 25°C; injection: 1 s pressure injection (1 nl);
sample: 0.1 mM tioconazole in run buffer; capillary: 50 pm
internal diameter, 57 cm length; detection: 230 nm.

the background electrolyte for maximum res-
olution, but that with 0.1% (v/v) cyclohexanol
we would require 5.3 mM B-CD (the concen-
tration in Fig. 1) for maximum resolution. Eq. 1
shows that mobility is dependent upon the con-
centration of free selector, and an excess of
selector over analyte is required. Due to the
short pathlength of the on-column UV detection
in CE, relatively high concentrations of analyte
are required when working with weakly absorb-
ing species such as tioconazole. Thus, with the
use of cyclohexanol it is possible to bring very
strongly binding species that require micromolar
[CD] for optimum separation to a more conveni-
ent millimolar CD concentration.

4.2. Propranolol: B-cyclodextrin

Nicole et al. [16] determined the binding
constant for propranolol binding to B-cyclodex-
trin to be K =220=20 M ™', using an LC meth-
od with pH 7.4 phosphate buffer as the mobile
phase. Using the same buffer conditions as in
LC, we have determined the binding constant by
CE from the variation of electrophoretic mobili-
ty with B-CD concentration (Fig. 2). Electro-
phoretic mobilities observed were corrected for
buffer viscosity changes as discussed in sections
2.1 (Eq. 2) and 3. The value from CE obtained

16 T
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b

~

=
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0.8 .

80 120 16.0
[CD}Y mM

Fig. 2. Electrophoretic mobility of propranolol, corrected for buffer viscosity variation, as a function of {3-CD]. Data fitted to
binding equilibrium curve giving K = 160.4 =3.1 M. Buffer: 20 mM aqueous phosphate buffer pH 7.4; temperature: 25°C;
voltage: 20 kV; capillary: 50 wm internal diameter, 57 cm length; detection: 200 nm.
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for K, 1603 M, is comparable to that from
LC.

Under the HPLC buffer conditions no chiral
resolution was achieved in CE, due to the
electroosmotic flow being too high at pH 7.4.
Chiral resolution, although not baseline, was
achieved using the conditions developed by Wren
and Rowe [8] with Me-B-CD, at pH 3.0 in a
lithium phosphate buffer. Binding constants
under these conditions were found to be similar,
although with larger errors than at pH 7.4, this
being due to the inability to measure the low
electroosmotic flow accurately. Both sets of
experiments at pH 3.0 and pH 7.4 were under
conditions well below the pK, of propranolol
(pK, =9.5), and no change in binding constant
or selectivity was expected on changing the pH
for a fully charged species.

4.3. Dansylated amino acids: B-CD

Fujimara et al. [17] used CD-bonded station-
ary phases in LC to chirally resolve dansylated
amino acids. With the use of a 20-um I.D.
capillary it was possible to directly transfer the
LC buffer conditions to CE (Fig. 3a). Using
B-CD the binding constants between (D,L)-
dansylated-glutamate (Dns-Glu) and B8-CD were
determined to be K,=220+4 M~ ' and K, =
187+4 M™', and between (p,L)-dansylated-
leucine (Dns-Leu) and B8-CD K,=170+4 M~'
and K, =141 +4 M ™', By spiking mixtures with
pure L-Dns-amino acids assignments were made
asL=1, p=2.

Comparison of mobile phase additives in LC
(Fig. 3b), bonded phase LC (Fig. 3c) and CE in
Table 1 reveal a number of interesting features.
Firstly in the mobile phase additive work k, for
Dns-Leu cannot be measured (k. =50) but it
can for Dns-Glu (k, =8). This may be due to a
partition into the non-polar stationary phase
favouring a singly charged analyte (Dns-Leu) in
comparison with a doubly charged analyte (Dns-
Glu). As previously mentioned, the right hand
sides of Eqgs. 4 and 7 have the same magnitude,
predicting that the left hand sides should be
identical. This is indeed the case when looking at

the data for Dns-Glu with 7 mM B-CD in LC
and CE; At/(t, — t,) = 0.042, and under the same
conditions in CE Aup/(po— p,,) =0.041. The
data points of k' for Dns-Glu with B8-CD as a
mobile phase additive do not fit smoothly over
the full range of B-CD concentration to the
expected theoretical curve predicted by Eq. 6,
revealing a more complex binding behaviour.
This suggests that it may be a case 2 situa-
tion.

When comparing resolution (Fig. 3, Table 1),
CE is revealed to be the technique to give the
highest resolution for Dns-Glu. The high res-
olution attainable in CE is due to the electro-
osmotic flow and the electrophoretic mobility
(which feature in the denominator of the res-
olution Eq. 5) being in opposing directions but
of similar magnitude [13]. Table 1 also shows
that there is good agreement between ex-
perimentally observed resolution at optimum
cyclodextrin concentration and values calculated
from Eq. S.

In the case of B-CD bonded chiral stationary
phases in LC using Dns-Glu and Dns-Leu, the «
values obtained by Fujimara et al. [17], and in
the present work under the same buffer con-
ditions on the ChiraDex column, differ. For
Dns-Glu, a from CE is greater than a from both
chiral stationary phases. The situation is reversed
when comparing resuits for Dns-Leu, where a
particularly high value of a is seen on the
ChiraDex stationary phase. All these results
imply that the binding at the critical points for
selectivity in a chiral stationary phase may be
affected by the tether to the support.

CE reveals that the ratio of the average
binding constant for Dns-Glu and Dns-Leu is
approximately equal to unity. However, the ratio
of k' for Dns-Leu and Dns-Glu is ca. 6. It has
been noted that Dns-Glu is strongly bound to a
C,; stationary phase, and we may postulate a
possible contribution to k' for Dns-Glu from
bonding interactions to the hydrophobic spacer
material of the CD tether. It should also be
significant that Dns-Glu is doubly negatively
charged, whereas Dns-Leu is singly charged. In
the paper by Fujimara et al. use of a high ionic
strength buffer was observed to be particularly
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Fig. 3. Comparison of the chiral separation of dansyl-glutamate by: (A) capillary electrophoresis with mobile phase additive, (B)
liquid chromatography with mobile phase additive and (C) liquid chromatography using a chiral stationary phase. Conditions: (A)
200 mM phosphate buffer pH 6.8, 20% methanol, with 10 mM B-CD in mobile phase, (B) 200 mM phosphate buffer pH 6.8,
20% methanol, with 7 mM B-CD in mobile phase and (C) 200 mM phosphate buffer pH 6.8, 20% methanol, no mobile phase
additives, ChiraDex B-CD chiral stationary phase. Other conditions as in text.

beneficial in binding and chiral resolution of results have allowed CE to define the binding
Dns-Glu, implying the need for charge screening conditions and selectivity appropriate for free
for optimum bonding of Dns-Glu. All of these cyclodextrin, showing that the situation is made
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Table 1

Comparison of resolution and selectivity data for Dns-Glu and Dns-Leu

Technique Parameter Dns-Glu Dns-Leu
CSP* k! 2.79 17.1
k. 3.12 19.7
p 1.12 1.15
R? 1.19 0.88
CSP: ChiraDex k! 3.84 13.17
k. 4.11 22.14
a 1.07 1.68
R? 0.79 4.34
HPLC-mpa“ k., 8.34 =50
k! 8.84 =50
af 1.06 -
R’ 0.83 -
CE Ky 2204 M 170£4 M7!
K, 1874 M™! 1414 M~}
a 1.18 1.21
R? 6.7 5.4
R, theoretical 6.6 8.0

“ Data from Fujimura et al. [17].

® R, calculated using: (e, —x ) /3w, +wy).
“kp/k{ at 7 mM B-CD.

¢ mpa = Mobile phase additive.

more complex by cyclodextrin bound to a chiral
stationary phase.

5. Conclusions

By measuring mobility as a function of selector
concentration in CE, analyte-selector binding
constants can be obtained. In enantioselective
binding, a general treatment allows mobility
difference and resolution at any selector con-
centration to be calculated. Similar equations
apply to determining binding constants and re-
tention time differences in LC using mobile
phase additives, provided that all discrimination
is in the mobile phase. This is the first of four
general cases identified for chiral separations in
LC. The other cases which allow simple treat-
ment in terms of single equilibria are when all
binding occurs at an immobilised selector, held

either by dynamic coating or covalent bonding to
a stationary phase support. Here the ratio of
capacity factors of the enantiomers is the ratio of
the binding constants.

Application of these ideas using B-cyclodex-
trin as selector shows satisfactory agreement
between binding constants measured for pro-
pranolol as analyte in CE and LC. Using Dns-
D/L-Glu as analytes, chiral resolution in CE is
shown to be in excellent agreement with theoret-
ical prediction, and resolution is considerably
better in CE than in LC. When comparing a
B-CD bonded stationary phase with 8-CD as
mobile phase additive in LC and CE, more
complex binding equilibria are revealed in the
LC situations.

In future work we plan to use CE to define
mobile phase equilibria and develop a rational
strategy for selector choice and concentration to
optimise a separation which can be transferred to
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LC, where both mobile and stationary phases are
involved, and several binding modes have to be
considered.
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Abstract

Capillary electrophoresis employing chiral selectors has been shown to be a useful analytical method to separate
enantiomers. In our model system hydroxypropyl-8-cyclodextrin was used as chiral selector for the separation of
racemic propranolol. Results are presented regarding the effect of different operational variables such as buffer
pH, concentration of chiral selector, applied electric field and temperature on the chiral separation. Based on the
experimental data, the operational variables were optimized to attain maximum resolving power with minimal

analysis time.

1. Introduction

Conventionally, instrumental chiral separa-
tions have been achieved by gas chromatography
(GC) [1] and by high-performance liquid chro-
matography (HPLC) [2,3]. In recent years, there
has been considerable activity in the separation
and characterization of racemic pharmaceuticals
by high-performance capillary electrophoresis
(HPCE) with particular interest paid to using
this technique in modern pharmaceutical ana-
lytical laboratories [4-9]. HPCE represents an
instrumental approach to electrophoresis with
the advantages of fast analysis time, automation,
on-column injection and detection. The method
is similar to HPLC in that analytes are detected
as they pass through the detection window,
allowing for quantitation {10]. The great resolv-
ing power of this method is based on the high

* Corresponding author.

0021-9673/94/%07.00
SSDI 0021-9673(94)00283-F

separation efficiency, i.e. high theoretical plate
counts inherent with CE. It is important to note
here, that CE-based chiral separation methods
were just recently accepted in inter-company
cross-validation reported by Altria et al. [11].
As in GC [1,12] and HPLC [2,3], the versatili-
ty of HPCE can be extended via incorporation of
chiral selectivity into the electromigration pro-
cess. It has previously been shown that native
and derivatized cyclodextrins can be successfully
employed in chiral separations using isotacho-
phoresis [13-16], capillary zone electrophoresis
[17-20], micellar electrokinetic chromatography
[21,22] and capillary gel electrophoresis [23,24].
Cyclodextrins (CDs) are non-ionic cyclic polysac-
charides containing glucose units shaped like a
toroid or hollow truncated cone. The cavity is
relatively hydrophobic while the external faces
are hydrophilic, with the edge of the torus of the
larger circumference containing secondary hy-
droxyl groups connected to the chiral carbons

© 1994 Elsevier Science B.V. All rights reserved
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[25]. These secondary hydroxyl groups can be
derivatized in order to increase the size of the
cavity or the solubility of the cyclodextrin, e.g.,
via permethylation, hydroxypropylation.

In the chiral recognition process it is believed
that the non-polar portion of the solute molecule
i.e., the naphthyl group in the propranolol,
distributes inside the cavity of the cyclodextrin
and form hydrophobic interactions with the inner
hydrophobic moiety. The hydroxyl and amino
groups of the propranolol form hydrogen bonds
with the hydroxyl groups at the rim of the toroid.
Enantioselective recognition arises from these
hydrogen bonds at the entrance of the cavity
with the chiral glucose moiety, while the com-
plex is stabilized by the host—guest complexation
in the cyclodextrin cavity [23].

According to the theory of Rawjee and Vigh
[26], when gels or polymer networks are used in
CE of enantiomers using CDs as chiral selectors,
better separation can be achieved when only the
dissociated form of the solute (Type II) or both
the dissociated and non-dissociated form of the
solute (Type III) complex selectively with the
chiral selector. To take advantage of this phe-
nomenon a non-cross-linked hydrophilic polymer
network was used in our experiments as a buffer
additive using hydroxypropyl-8-cyclodextrin
(HP-B-CD) as chiral selector for the separation
of racemic propranolol (Type III with HP-8-
CD). The use of a polymer network is also
advantageous in that suppresses the { potential
of the inner capillary wall, thus reducing the
electroosmotic flow. In this way, the tendency of
bulk electroosmotic flow to decrease electropho-
retic mobility differences can be minimized [27].
In chiral separations with very low selectivity
values this can be an important factor in achiev-
ing better enantiomeric separation.

The research described in this report details
the effects of the different operational variables
such as separation buffer pH, chiral selector
concentration, applied electric field strength and
separation temperature on the resolution of
racemic propranolol. Based on our results, we
propose a new optimization scheme that involves
changing the electrophoretic operating variables
systematically to attain the best available enanti-
omeric separation in CE of racemic molecules.

2. Materials and methods
2.1. Apparatus

All of the experiments on P/ACE System 2210
capillary electrophoresis apparatus (Beckman
Instruments, Fullerton, CA, USA) were per-
formed with the anode on the injection side and
the cathode on the detection side. Capillary
columns of 25 um I.D. (Polymicro Technologies,
Phoenix, AZ, USA) were used in these experi-
ments in order to achieve the highest available
efficiency, thus, good resolution due to the small
injected amount of the dilute sample. Capillaries
with 20 cm effective length (27 cm total length)
were used in the experiments (Beckman). The
separations were monitored on column at 230
nm wavelength. The temperature of the coolant
liquid in the P/ACE instrument was controlled
from 20-50°C to=0.1°C. The samples were
injected by the pressure injection mode of the
system, typically for 5 s at 0.5 p.s.i. (1 p.s.i.=
6894.76 Pa). The electropherograms were ac-
quired and stored on an IBM 486/66 computer
using the System Gold software package (Beck-
man).

2.2. Chemicals

The racemic (R,S) propranolol (pK =9.47)
(Sigma, St. Louis, MO, USA) was dissolved in
deionized water at a concentration of 10 pwg/ml.
Ultrapure-grade e-aminocaproic acid, 2-(N-mor-
pholino)ethanesulfonic acid (MES), 3-[N-tris-
(hydroxymethyl)methylamino} - 2 - hydroxypro-
panesulfonic acid (TAPSO), 3-[(1,1-dimethyl-2-
hydroxyethyl)amino] - 2 - hydroxypropanesulfon-
ic acid (AMPSO), methanesulfonic acid and
tetrabutylammonium hydroxyde (TBAH) were
used in the experiments (ICN, Costa Mesa, CA,
USA). Buffers were prepared of e-aminocaproic
acid, and MES, TAPSO AMPSO adjusted to the
proper pH of 3 or 4 by methanesulfonic acid and
pH 5, 6, 7, 8 or 9 by TBAH, respectively.
HP-B-CD with an average substitution rate of
4.9, was purchased from American Maize Prod-
ucts, Hammond, IN, USA. All buffer solutions
contained 0.4% hydrophilic polymeric additive



A. Guttman, N. Cooke | J. Chromatogr. A 680 (1994) 157-162 159

and were filtered through a 0.8-um pore size
filter (Schleicher & Schuell, Keene, NH, USA)
and carefully vacuum degassed at 100 mbar
before use.

3. Results and discussion

Rawijee and Vigh’s three-dimensional peak
resolution model [26] has been put into practice
in a simple optimization scheme, where the
effects of the major operation parameters; pH,
chiral selector concentration, applied electric
field strength and separation temperature were
consecutively studied in capillary gel electropho-
resis. According to this theory, when performing
chiral separation of enantiomeric drugs contain-
ing one asymmetric center and having only one
charged functional group in the molecule (acidic
or basic [28,29]), separation buffer pH and the
chiral selector concentration are the two most
important parameters defining chiral selectivity.
Using R,S-propranolol as a test compound, the
effect of the running buffer pH was first studied
on the enantiomeric separation. All the other
separation variables were maintained at the
starting level of 15 mM HP-B-CD, 700 V/cm,
applied electric field strength and 20°C running
temperature, over the range of pH optimization
experiments. Thus, pH buffers containing 15
mM HP-B-CD were prepared as described in
section 2. In this way, gel-buffer solutions with
pH ranging from 3 to 9 were formulated. In
order to get the closest mobility match between
the solute ions and the buffering and co-ions,
buffer pH values were adjusted by using TBAH
and methanesulfonic acid [30]. As seen in Fig. 1,
the resolution shows a maximum at pH 7.0 for
the racemic mixture of propranolol (R, =1.7),
using the starting conditions were given above.
As Fig. 1 shows, care needs to be taken in
adjusting the pH of the separation buffer solu-
tion around the pH optimum of 7.0 since even a
minor shift to lower or higher pH values can
cause significant differences in the resolution of
the enantiomers. The larger decrease in res-
olution that occurs below pH 6 and above pH 8
might be due to the lack of chiral selectivity at
those pH values. It is important to note that

1.8
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1.0 =~

08
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Fig. 1. Separation of R and S propranolol as a function of the
pH ranging from 3 to 9. Conditions: column length: 20 cm
(effective, 27 cm total); gel-buffer: 200 mM €-aminocaproic
acid—methanesulfonic acid (pH 3, 4) and MES—, TAPSO-
and AMPSO-tetrabutylammonium hydroxide (pH 5, 6, 7, 8,
9) with 15 mM HP-8-CD, containing 0.4% hydrophilic
polymeric additive; field strength: 700 V/cm; temperature:
20°C; detection: UV 230 nm.

when phosphate buffers are used significantly
lower resolution values (R, =0.8-1.0) were at-
tained in the pH 6-8 range. This lower res-
olution might be caused by a drop in efficiency
due to the mobility mismatch between the solute
and the higher mobility running buffer ions and
the competition between the HPO?.™ ions and
the solute molecules for binding to the chiral
selector [30].

The effect of the concentration of the chiral
selector on enantiomeric resolution was investi-
gated next, keeping the pH of the running buffer
at the previously defined optimal value of pH 7.0
and maintaining all the other separation parame-
ters constant as described above. The migration
times increase with rising HP-B8-CD concentra-
tion due to two simultaneously occurring phe-
nomena. One is that the solute resides longer in
the complex, .so it moves slower than the free
solute because of its increased mass-to-charge
ratio. The other is that the viscosity of the buffer
increases with the elevating HP-B-CD concen-
tration [5] which decreases mobility of the sol-
ute. Fig. 2 shows the relationship between the
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Fig. 2. Relationship between the chiral selector concentration
and the resolution of the propranolol enantiomers. Con-
ditions as in Fig. 1, with pH 7.0 gel-buffer and HP-3-CD
concentration 2.5-100 mM.

resolution and the HP-B8-CD concentration in
the CE separation of R and S propranolol. As
Fig. 2 shows, there is an optimum in the HP-8-
CD concentration at 10 mM in the separation of
the racemic propranolol. This is the point where
a further increase in the chiral selector con-
centration leads to a resolution decrease. The
same effect was found earlier by Wren and Rowe
[5] using permethylated B-CDs for the sepa-
ration of several important B-blockers.

The resolution drop caused by the mobility
mismatch and competition of buffer components
for the chiral selector is not considered here and
in the remaining optimization experiments since
the running buffer concentration and pH were
maintained at the same level.

Considering the two optimum values found
above for the running buffer pH (pH 7.0) and
the chiral selector concentration (10 mM HP-8-
CD), the effect of the applied electric field on
the chiral resolving power was studied next (Fig.
3). The plot in Fig. 3 follows the theoretical
resolution versus square root electric field
strength (E) relationship in capillary electropho-
resis, reported earlier by Karger et al. [10]. Note
that resolution starts to decline beyond 700 V/
cm, where the excessive Joule heat probably
cannot be removed efficiently from the capillary
column. This curve suggests the use of a maxi-
mum of 700 V/cm field strength for the sepa-

1.8

Rs
1.6
1.4

1.2

1.04

0.8 v T T T T L) ]
0 200 400 600 800 1000
E [V/icm]
Fig. 3. Effect of the applied field strength on the resolution of
propranolol enantiomers. Conditions as in Fig. 2, but HP-8-

CD concentration is 10 mM; applied electric field 100-1000
V/cm.

ration of this particular solute and buffer compo-
sition. The resulting migration time is still very
short, less than 5 min.

Fig. 4 shows the effect of the separation
temperature on the resolution of the propranolol
enantiomers, maintaining all the other running
variables at the previously recognized optimal
levels, i.e., pH 7.0, 10 mM HP-8-CD. However,
at elevated temperatures with the use of 700
V/cm applied electric field strength in these

2.0

Rs
1.8
1.6

1.4+

1.2

1 .0 T T v T T
20 30 40 50

Temperature [°C]
Fig. 4. Relationship between the separation temperature and
the resolution of the propranolol enantiomers. Conditions as

in Fig. 3, but electric field strength 700 V/cm, temperature
20-50°C.
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experiments, one should take into account the
running buffer conductivity increase resulting in
higher current, caused by the elevated tempera-
ture, thus increasing the Joule heat is being
developed. In Fig. 4, the temperature versus
resolution plot suggests that with this particular
solute the best resolution can be attained at the
lowest running temperature used; in this case
20°C. The use of a lower separation temperature
is also favorable for the solute—chiral selector
complexation [25] and also decreases diffusion.
However, further decrease in separation tem-
perature would increase significantly the analysis
time. It is important to note here that tempera-
ture has quite a remarkable effect on the sepa-
ration of the propranolol enantiomers. The re-
solving power drops almost by 50% over the
30°C temperature window while analysis time
decreased only by 28%.

4. Conclusions

We describe a general systematic approach to
optimize enantiomeric separations in CE which
involves pH, chiral selector, field strength and
temperature optimization steps. It is shown that
using this approach for the separation of pro-

AU230 T T T T T
OH
0.0006 |- O CH;, C*H CHz NH CH (CH3); S 1
)
0.0003 F 1
0.0000 F -
000031 "M g ‘
30 35 40 45 5.0

ty [min]

Fig. 5. Optimized CE separation of R and S enantiomers of
propranolol. Conditions: column length: 20 cm (effective);
separation gel-buffer: 200 mM TAPSO-tetrabutylam-
monium hydroxide (pH 7.0) with 10 mM HP-8-CD, con-
taining 0.4% hydrophilic polymeric additive; electric field
strength: 700 V/cm; temperature: 20°C; detection UV 230
nm. t,, = Migration time.

pranolol enantiomers, the use of pH 7.0 running
buffer with 10 mM HP-B-CD concentration,
applying 700 V/cm field strength at 20°C were
found to be as optimal separation conditions
(Fig. 5). Using these parameters resolution of
R, =1.75 was attained in less than 5 min using a
20 cm polymer network-filled capillary column.
Extension of this method to other compounds
will be reported in future papers.
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Abstract

Capillary electrophoresis (CE) is known to be complementary to liquid chromatography, but comparison of CE
with capillary gas chromatography (GC) for applicable analytes has not been extensive. Capillary GC has been the
preeminent separation technique for environmental analysis, but CE has yet to be applied systematically to the
determination of environmental analytes. We present data on separations of three classes of semivolatile analytes of
interest to environmental analysis: phenols, anilines and polynuclear aromatic hydrocarbons (PNAs). Standard GC
conditions were used to illustrate typical separations observed on 30-m and 40-m columns. Rapid analyses were
addressed using a high-temperature 15-m column of thinner film. CE separations employed borate buffer with
sodium cholate as the micellar agent in micellar electrokinetic chromatography (MEKC). The effects of organic
additives were studied using methanol, acetone and tetrahydrofuran. y-Cyclodextrin was also used in MEKC to
enhance the separation of polynuclear aromatic hydrocarbons and to examine its effects on separations of phenols
and anilines. Short capillaries effected very rapid ( <3 min) compound-class characterization, an approach which
has potential use in site characterization/remediation (field-screening) studies

analytes. The Environmental Monitoring Sys-
tems Laboratory in Las Vegas has a continuing
interest in improving methodology based on

1. Introduction

Capillary gas chromatography (cGC) is the

preeminent separation technique in environmen-
tal analysis, especially for volatile and
semivolatile analytes. For example, US Environ-
mental Protection Agency (EPA) Methods 625
[1] and 8270 [2] use c¢GC for separation of

* Corresponding author.

! Fellow in the National Network for Environmental Manage-
ment Studies (NNEMS) program; present address: Depart-
ment of Chemistry, University of Nevada at Reno, Reno,
NV 89507, USA.

SSDI 0021-9673(94)00414-5

c¢GC-mass spectrometry (MS) [3,4] and in inves-
tigating new analytical techniques such as high-
performance capillary electrophoresis (HPCE)
for target analytes [5-7].

Analytical interest in the environmental field
has also been focused on liquid chromatographic
techniques because of the need to determine
non-volatile analytes or very polar compounds.
Some results of this interest include EPA Meth-
ods 553 [8] and 8321 [2]. Sometimes reversed-
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phase high-performance liquid chromatography
(HPLC) offers unique selectivity for compounds
usually separated by ¢GC such as polynuclear
aromatic hydrocarbons (PNAs) [2].

Liquid chromatographies are the more univer-
sally applicable separation techniques since they
do not depend on volatility and have no molecu-
lar mass limitations. In addition, coextractives,
metabolites and alteration products of analytes
that increase polarity or molecular mass are less
likely to create problems for subsequent sample
runs because they can be, ideally, washed off the
column between runs. Advances in the design of
LC-MS interfaces have hastened the application
of LC to environmental analysis [9-13].

Recently, interest has heightened in the area
" of very rapid analyses, in “quick turnaround
methods”, and in field-screening methods [14].
The emphasis on speed is driven on one hand by
the requirements of real-time multidimensional
analysis. Monnig and Jorgenson [15} have re-
ported analysis times in the seconds using
HPCE. Another consideration is the economics
of large volume sampling and analysis in Super-
fund cleanup efforts. Field-screening methods
are one approach to this problem, and they have
been the subject of an international symposium
held every other year since 1988 in Las Vegas
[16].

The high efficiency of micellar electrokinetic
chromatography (MEKC) makes it attractive for
a variety of separations and suggests its ap-
plicability to high-speed analyses. Environmental
applications of HPCE are on the increase [17-
25].

As a capillary column electrophoretic tech-
nique, HPCE employs complete column rinsing
between sample runs. Even the pseudo-
chromatographic phase (micelles) in MEKC is
regenerated before each run by way of buffer
rinsing and equilibration. The low cost of fused
silica and the rapid changeouts thus make
MEKC attractive for field-screening applications.

In this work we compare the separations
obtained using MEKC with those obtained using
c¢GC for three representative compound classes
of environmental interest: phenols, anilines and
PNAs. Very rapid separations are effected on
short capillaries under MEKC. These results are

discussed in terms of the applicability of MEKC
to field screening methods in environmental
analysis.

2. Experimental’
2.1. Chemicals

All compounds were obtained from Aldrich
(Milwaukee, WI, USA) unless otherwise indi-
cated. Solutions of analytes were made up to
appropriate concentrations in methanol or tetra-
hydrofuran (THF). Acetone, THF and methanol
were obtained from Burdick & Jackson (Mus-
kegon, MI, USA). Deionized water (ASTM
Type II) was produced (Barnstead/Thermolyne,
Dubuque, IA, USA) for all aqueous solutions.

2.2. Soil extraction

A creosote-contaminated soil from
Spotsylvania, VA, USA was extracted by sonica-
tion extraction using standard EPA methodology
[2]. This soil had been previously characterized
for PNAs and nitrogen-containing aromatic com-
pounds [3].

2.3. HPCE

A Beckman P/ACE 5000 was used for obtain-
ing separations by MEKC. Capillaries were 57
cm or 27 cm X 0.050 mm I.D. (50 cm or 20 cm to
the detector, respectively). Buffer systems used
were either a 50 mM boric acid/sodium borate
(pH 8.35), 100 mM sodium cholate, 10% ace-
tone, THF or methanol system; or a 50 mM
boric acid/sodium borate, 100 mM sodium cho-
late, 30 mM y-cyclodextrin system. Voltage was
25 kV under MEKC for 57-cm capillaries and 20
kV for 27-cm capillaries. UV detection was at
214 nm, and acridine was used as an internal
standard for migration-time corrections.

2.4, cGC

A Hewlett-Packard (Avondale, PA, USA)

?Mention of trade names or commercial products does not
constitute endorsement or recommendations for use.
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5890 Series II gas chromatograph with flame
ionization detector and electronic pressure con-
trol was used. Separations were obtained using a
DB-5 capillary column of 30 m X 0.25 mm I.D.
(0.25 pum film thickness) and a DB-5HT capillary
column of 15 m X 0.25 mm L.D. (0.10 um film
thickness) (J & W, Folsom, CA, USA). Tem-
perature program for DB-5 was 60°C for 3 min
followed by a rate of 20°C/min to 300°C. Tem-
perature program for DB-SHT was 60°C for 3
min followed by a rate of 30°C/min to 380°C. All
injections were on-column using a retention gap
of 3 mx0.53 mm L.D.

2.5. GC-MS

Additional separations were obtained using a
Finnigan-MAT TSQ-45 mass spectrometer oper-
ated in the electron impact mode and fitted with
a DB-5MS capillary column of 40 m x 0.18 mm
I.D. (0.1 pm film thickness). The temperature
program was 60°C for 3 min followed by a rate of
20°C/min to 300°C. All injections were on-col-
umn with a retention gap of 3 m X 0.53 mm L.D.
MS operating parameters included an emission
current of 0.27 mA, source temperature of
180°C, and multiplier, pre-amplifier and conver-
sion dynode at —1100 V, 107° A/V, and —3000
V respectively. The instrument was scanned
repetitively at 0.5 s/scan under computer control

Table 1
Corrected MEKC migration times for phenols (10% ace-

tone—cholate—borate buffer)

Compound t,, (min)
Resorcinol 5.98
0-Cresol 6.89
m-Cresol 6.92
p-Cresol 7.16
Catechol 9.77
2-Nitrophenol 10.18
4-Chloro-3-methylphenol 10.54
4-Nitrophenol 10.58
2,4-Dichlorophenol 10.88
2,4,6-Trichlorophenol 11.91
2,4,5-Trichlorophenol 12.05
2,4-Dinitrophenol 12.27
Pentachlorophenol 12.83
Acridine (IS) 10.50
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Table 2
Corrected MEKC migration times for anilines (y-CD~cho-

late-borate buffer)

Compound t,, (min)
m-Toluidine 4.68
N-Methylaniline 4.71
p-Toluidine 4.98
3,5-Dimethylaniline 4.99
o-Toluidine 5.01
o-Chloroaniline 5.06
3,4-Dimethylaniline 5.29
4-Methyl-3-nitroaniline 5.58
2-Chloro-4-methylaniline 5.65
2-Methyl-6-nitroaniline 5.76
2-Methyl-4-nitroaniline 5.78
3-Chloro-2-methylaniline 5.91
5-Chloro-2-methylaniline 5.95
4-Methyl-2-nitroaniline 6.01
2,6-Dichloro-3-methylaniline 6.95
2,4,5-Trichloroaniline 7.45
Acridine (IS) 7.00

of an INCOS 2300 data system (Nova 4 X,
software rev. 6.6).

3. Results and discussion
3.1. MEKC conditions

Several conditions under MEKC were investi-
gated for the separation of phenols, anilines and
PNAs. In each case, the micellar agent chosen
was sodium cholate. In our study, the sodium
cholate concentration was fixed at 100 mM and
organic additives of acetone, THF and methanol
were added to a 10% (90% water) level to
examine their effects on separations. Methanol
and THF tended to bunch peaks, whereas ace-
tone appeared to add selectivity. An alternative
additive investigated was y-cyclodextrin (y-CD)
at 30 mM. Terabe [26] previously indicated the
use of this additive for highly hydrophobic com-
pounds.

Tables 1-4 tabulate observed corrected [5]
migration times relative to the internal standard
(IS) acridine. Figs. 1 —4 illustrate electrophero-
grams of the three classes of compounds and an
extract of a creosote-contaminated soil.



166
3.2. Phenols

Phenols represent a class of compounds that
are weakly acidic. They were best separated
under 10% acetone—cholate—borate buffer con-
ditions (Fig. 1). The use of y-CD-cholate buffer
also gave good separations. Acetone, by reduc-
ing electroosmotic flow (EOF), allowed a better
definition between the EOF peak and the very
polar, early eluting cresols.

Fig. 1 may be compared to ¢cGC separations
found in the literature [27] in terms of resolving
power, efficiency and time of run. Although the
separation mechanism of ¢cGC depends on both
volatility and polarity, there are some similarities
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in the order of elution in comparing MEKC with
¢GC. For example, cresols elute first in both
MEKC and c¢GC, and pentachlorophenol is last.
The efficiency of both techniques is high, but
MEKC does not suffer peak tailing with the
polar nitrophenols and pentachlorophenol, a
problem that is often evident with ¢cGC when
real sample extracts are injected.

It is evident from the migration times in Table
1 that not all phenols are resolved under these
conditions. In our hands, not all of the phenols
were resolved on a 40-m capillary column as
well. Incomplete resolution was observed be-
tween m- and p-cresol, resorcinol and 2,4-di-
chlorophenol, 2.4,6-trichlorophenol and 2.4,5-
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Fig. 1. Electropherogram of 13 phenols under MEKC (10% acetone—cholate-borate buffer). Acridine (IS), migration time

(t,, = 11.59 min).
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Fig. 2. Electropherogram of 16 anilines under MEKC (10% acetone—cholate-borate buffer). Acridine (IS), £, = 11.22 min.

trichlorophenol, and 4-nitrophenol and 2,4-di-
nitrophenol.

3.3. Anilines

Anilines were well separated under 10% ace-
tone—cholate—borate (Fig. 2) and CD-cholate—
borate conditions. Symmetrical peaks were ob-
tained for these relatively polar compounds
under MEKC. As an illustration of selectivity
changes as a function of additives, Tables 2 and 3
tabulate corrected migration times for both
MEKC conditions. There are obvious changes in
elution order in comparing the results in the two
tables. Such changes may be useful in particular
separation problems. It is also evident from the

tables that not all of the compounds are resolved
under the conditions studied.

Comparison of MEKC to ¢GC (Fig. 5) sepa-
ration indicates relatively high efficiency and
selectivity for both techniques. The presence of
numerous impurities and alteration products in
the solution of anilines was detected by MS, and
they appear on the chromatogram as peaks
beyond trichloroanilines. Very polar polymeri-
zation products are unlikely to be detected by
c¢GC and probably remain on the retention gap
where they may be pyrolyzed. Such alteration
products are probably observed as late-eluters
(e.g., >t =14 min) in MEKC, and are flushed
from the capillary between runs if not eluted
during determination.
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Fig. 3. Electropherogram of 16 PNAs under MEKC (CD-cholate-borate buffer). Acridine (IS), ¢,, = 8.32 min.
3.4. PNAs The complexity of this sample is reflected in the

PNAs were best separated under CD-cholate—
borate conditions (Fig. 3). Some bunching of the
higher-molecular-mass PNAs is evident in Fig. 4
and in Table 4. Additional separation of the
late-eluting compounds may be effected by the
addition of acetonitrile [28] or acetone to the
v-CD-containing buffer. Even so, with 15%
acetonitrile, complete separation of all 16 com-
pounds was not obtained under these conditions.
Fig. 4 illustrates the electropherogram of an
extract of a creosote-contaminated soil using the
10% acetone—CD-cholate-borate conditions.

large number of polar and hydrophobic com-
pounds present [3].

All 16 PNAs are completely or almost com-
pletely resolved by ¢GC [27]. Thus, for the
MEKC conditions investigated, cGC exhibited
better resolution for PNAs. However, the range
of applicability of MEKC for weakly acidic, basic
and neutral compounds was demonstrated in the
data presented.

3.5. Short-column, rapid separations

One of the issues we wanted to address in our
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Fig. 4. Electropherogram of an extract of creosote-contaminated soil (10% acetone—CD~cholate—borate buffer). Acridine would

elute at £ =12.99 min in this electropherogram.

work was the use of MEKC in very rapid
compound-class separations. Very rapid determi-
nations in conjunction with rapid extraction
[e.g., via supercritical fluid extraction (SFE)]
and rapid sample cleanup [e.g., via solid-phase
extraction (SPE) cartridges] are of great interest
in rapid site characterization/remediation studies
and in field-screening methodology.

As an example of this potential, we illustrate a
short capillary MEKC separation of PNAs (Fig.
6). Partial separations are obtained in 2-3 min
for each compound class. Although incomplete
resolution of all compounds is observed, rapid

assessment of contaminant plumes or remedia-
tion progress could be obtained from these
determinations. Only partial resolution of all
target analytes is also observed with most field-
screening methods that involve c¢GC. As an
example, a rapid separation of PNAs by ¢GC is
illustrated in Fig. 7 using a high-temperature
column and operating conditions. All PNAs
elute in less than 11 min; compare this result to
runs of 44 min in normal work and 18 min in
field-screening applications literature [27]. In-
complete separation of analytes is common in
field-screening methods.
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Fig. 5. ¢GC separation of anilines (40-m DB-5MS, GC-electron impact MS). Acridine, scan 1729; toluidines and N-
methylaniline, scans 964, 975 and 977; o-chloroaniline, scan 1039; 3,5-dimethylaniline, scan 1085; chloromethylanilines, scans
1145 and 1211; 2,6-dichioro-3-methylaniline, scan 1282; methylnitroanilines, scans 1412 and 1425; 2,4,5-trichloroaniline, scan
1456.

Table 4
Table 3 Corrected MEKC migration times for polynuclear aromatics

Corrected MEKC migration times for anilines (10% ace- (y-CD~cholate-borate buffer)

tone-cholate-borate buffer)

Compound ¢, (min)
Compound t_, ((min)

Acenaphthylene 7.23
o-Toluidine 6.93 Naphthalene 7.40
m-Toluidine 7.06 Fluorene 9.93
N-Methylaniline 7.13 Phenanthrene 10.32
p-Toluidine 7.16 Anthracene 10.64
o-Chloroaniline 7.87 Pyrene 10.83
3,5-Dimethylaniline 7.89 Fluoranthene 10.96
3,4-Dimethylaniline i 8.03 Chrysene 11.17
4-Methyl-3-nitroaniline 8.72 Benm[a]pyrene 11.44
2-Methyl-4-nitroaniline 9.32 Benzo[ ghi]perylene 11.57
2-Methyl-6-nitroaniline 9.41 Benzo[b]fluoranthene 11.63
2-Chloro-4-methylaniline 9.54 Dibenz{a,h]anthracene 11.64
4-Methyl-2-nitroaniline 9.87 Inde‘n~0[1 ,2,3-c,d]pyrene 11.68
5-Chloro-2-methylaniline 9.90 Acridine (IS) 8.20
3-Chloro-2-methylaniline 10.25 Acenaphthene N.D.
2,6-Dichloro-3-methylaniline 13.08 Benzo[a]anthracene N.D.
2,4,5-Trichloroaniline 14.43 Benzo[k]fluoranthene N.D.

Acridine (IS) 11.70
N.D. = Not determined.
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Fig. 6. Short capillary (27-cm) separation of PNAs (y-CD-cholate—borate buffer). Acridine (IS), 7., =1.84 min.

We envision a combined SFE-SPE-HPCE
instrument that could be automated with an
average analysis time per sample of 6 min. This
represents a novel application of MEKC to field-
screening approaches and would represent at
least a 10-fold reduction in analysis time over the
usual methodology. Efforts at improving sen-
sitivity and selectivity of detection under MEKC
such as by using laser-induced fluorescence (LIF)
detection are important to the ultimate applica-
tion of this potential. Improved sensitivity lowers
detection limits and allows injection of more
dilute samples. Improved selectivity reduces the
amount of cleanup required and increases rug-

gedness in the determination when a variety of
matrices are encountered.

4. Conclusions

MEKC exhibits selectivity that is comparable
to that of ¢cGC for polar analytes, but PNAs are
best separated by ¢cGC under the conditions used
in this work. With regard to rapid determina-
tions, partial separations can be accomplished in
about 2-3 min and this compares very favorably
with ¢cGC. Applications of this rapid separation
capability are envisioned in combination with
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Fig. 7. Rapid separation of PNAs by use of high-temperature column and conditions [15-m DB-5HT, flame ionization detection
FID)]. Naphthalene, ¢, = 4.259 min; benzo[ghi]perylene, ¢, = 10.821 min.

rapid extraction (e.g., SFE) and cleanup tech-
niques (e.g., SPE sorbents). The approach would
be particularly useful as an SFE-SPE-MEKC
unified instrument with selective and sensitive
detection by LIF.

Notice

The U.S. Environmental Protection Agency,
through its Office of Research and Develop-
ment, funded and performed the research de-
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Agency’s peer review and has been approved as
an EPA publication.
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Abstract

The migration behaviour of selected flavonoids differing in their degree of hydroxylation was investigated. The
influence of the solvent in the injected sample, the surfactant [sodium dodecy! sulphate (SDS)] and pH on the
separation selectivity was studied. The organic solvent (methanol or 2-propanol) modifies the interaction between
micelles and analytes, thus reducing migration times and resolution. SDS improves the separation at pH 8.3,
whereas it has less or no effect at higher pH. At pH 10.5 the separation is mainly regulated by ionization of the
hydroxyl groups and borate complexation of the carbohydrate residues.

1. Introduction

Flavonoids are ubiquitous secondary plant
metabolites which occur in the free state
(aglycone) or as glycosides. These compounds
have the basic skeleton of 2-phenylbenzopyrone,
and differ in their degree of saturation and the
position of hydroxyl, methoxyl and sugar res-
idues. Flavones and flavonols are widespread in
different vegetables, fruits and medicinal plants
[1], and their analysis has mainly been per-
formed by reversed-phase high-performance lig-
uid chromatography (HPLC) [2]. Recently,
capillary electrophoresis (CE) has been pro-
posed as a complementary technique, and the
micellar mode introduced by Terabe et al. [3] is
one of the most widely used CE modes. Micellar
electrokinetic chromatography (MEKC) is a
hybrid of electrophoresis and chromatography,
as micelles originated by the surfactant added to

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00285-H

a buffer provide both ionic and hydrophobic
interactions. This technique has been applied to
the separation of a number of flavonoid-con-
taining drugs [4], and integration of the CE
apparatus with UV diode-array detection (DAD)
has permitted “on-line” structural information to
be obtained as for HPLC [5]. So far, the migra-
tion behaviour of flavonoids has received little
attention, mainly concerning the role of buffer
concentration and sampling time [6,7]. In this
work, the influence of pH, the surfactant [sodi-
um dodecyl sulphate (SDS)] and the amount of
organic solvent injected on the electrophoretic
mobilities and resolution of selected flavonol
glycosides was studied.

2. Experimental
2.1. Reagents

Methoxylfiavonols (8, 9 and 10) were isolated

© 1994 Elsevier Science BV. All rights reserved
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from Arnicae flos according to ref. 8. Quercetin,
kaempferol and isorhamnetin glucosides (2, 3, 6
and 7) and rutinosides (1, 4 and 5) were pur-
chased from Extrasynthese (Genay, France).

SDS and sodium tetraborate were purchased
from Sigma (St. Louis, MO, USA). Methanol
and 2-propanol were of HPLC grade.

The sample mixtures were prepared dissolving
0.5 mg of each standard in various percentages
(10-100%) of organic solvent. Replicate injec-
tions (n =5) were made.

2.2 Appafatué and conditions

Capillary electrophoretic separations were car-
ried out using a Model 270A apparatus from
Applied Biosystems (San Jose, CA, USA)
equipped with a 58 cm (to the detector) X 50 wm
I.D. fused-silica capillary and a *°CE system
from Hewlett-Packard (Waldbronn, Germany)
equipped with a 50 cm (to the detector) X 50 wm
I.D. fused-silica capillary. The running buffer
was 20 mM tetraborate (pH range 8.3-10.5, SDS
concentration range 0-100 mM). The voltage
was 270-300 V/cm; the injection was by aspira-
tion for the Model 270A and by positive pressure
for the *°CE system. The temperature was 30°C
and detection was performed at 260 nm.

3. Results and discussion

Quercetin, kaempferol and isorhamnetin are
very common flavonols and they occur mainly as
glycosides, where the sugar moiety is either a
monosaccharide residue (3-O-glucosyl, 3-O-
galactosyl) or a disaccharide residue such as 3-O-
rutinosyl (Fig. 1). For this reason, compounds
1-10 were considered for investigating the effect
of the injected solvent, SDS and pH on electro-
phoretic mobilities and separation.

3.1. Influence of the organic solvent
Sample preparation is a crucial step in the

analysis of flavonoid-containing drugs, and often
after a solid-phase purification step the samples

are dissolved in solvents, such as methanol or -

Ry R, R, Compound

1 OH Rutinose H Quercetin-3-O-Rutinoside

2 H Glucose H Quercetin-3-0-Glucoside

3 OH Galactose H Quercetin-3-O-Galactoside

4 H Rutinose H Kaempferol-3-O-Rutinoside

5 OCH;  Rutinose H Isorh in-3-O-Rutinosid

[ H Glucose H Kaempferol-3-0-Glucoside

7 OCH, Glucose H Isorhamnetin-3-O-Gluceside

8 OH Glucose ~ OCH, Q in-6-methoxy-3-0-Glucosid
9 H Glucose OCH; K ferol-6-methoxy-3-O-Gl id

-
(=]

OCH, Glucose OCH, __ Isorhamnetin-6-methoxy-3-O-Glucoside
Fig. 1. Structures of the investigated flavonol-3-O-glycosides.

2-propanol. The presence of this organic modi-
fier may cause problems in the separation, and
its effect on migration time and resolution needs
to be known.

Rutin (1) was chosen as a reference standard,
and several injections were made keeping con-
stant either the sampling time or the percentage
of the solvent present in the sample. As shown in
Fig. 2, the migration times decrease linearly with
increasing amount (0.2-2 nl) of injected solvent.
The organic solvent influences the resolution, as
exemplified in Fig. 3, which shows how the
separation of quercetin-3-O-glucoside (2) and
quercetin-3-O-galactoside (3) is related to the
percentage of methanol used to dissolve the
sample. For an injection time of 1 s (about 4 nl
of sample), optimum resolution of this critical
pair is achieved using less than 30% methanol.
Analogous results can be obtained by injecting
decreasing volumes (less than 4 nl) of a 100%
methanolic solution, as the amount of methanol
injected is an essential parameter for the res-
olution.

For routine analysis of flavonoid drugs, it may
be suggested that the sample is dissolved in 30%
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Fig. 2. Influence of the solvent injected on migration times. CE conditions: apparatus. Model 270A equipped with a 58 cm (to
the detector) X 50 wm I.D. fused-silica capillary; running buffer, 20 mM borate-70 mM SDS (pH 8.3); voltage, 270 V/cm;

standard, rutin (1).

methanol with injection times of 0.5-1.5 s (vol-
umes ca. 2—-6 nl).

3.2. Influence of the surfactant

A standard mixture of six flavonol-3-O-gluco-
sides was analysed using running buffers with or
without SDS. The presence of SDS is crucial for
the separation of all components (Fig. 4), as its

effect is related to the degree of hydroxylation.
SDS decreases the mobilities of kaempferol and
isorhamnetin glycosides as compared with quer-
cetin glycosides (Fig. 5), the migration order
being Q-Rut (1)>Q-Glu (2)>K-Rut (4)>1I-
Rut (5) > K-Glu (6) >1-Glu (7). In contrast, in
the absence of SDS, kaempferol and isorham-
netin derivatives migrate faster than quercetin
derivatives, and with the same sugar moiety [i.e.,

mAU
60 24+
w0 100 % methanol
204
]
H 2 3 s s 7 in
mAU
30 2 3
20 60 % methanol
10
0 \ﬁ
H 2 3 s s 7
mAU
i 3
15 2
10 30 % methanol
s
0 ‘{/p
H 2 3 s 6 7

Fig. 3. Influence of percentage of solvent in the sample on resolution. CE conditions: apparatus, "”CE equipped with a 50 cm (to
the detector) X 50 um [.D. fused-silica capillary; running buffer, 20 mM borate-50 mM SDS (pH 8.3): voltage, 300 V/cm;

injection, 50 mbar, 1 s; for peak identification, see Fig. 1.
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8] |10

NS

1 1
4 6 8 min

Fig. 4. Influence of the surfactant (SDS) on resolution and mobilities of glucosylfiavonols: (A) without SDS and (B) with 50 mM
SDS. For CE conditions. see Fig. 2: for peak identification. see Fig. 1.

K-Glu (6), I-Glu (7) and K-Rut (4). I-Rut (5)]
they are not resolved.

3.3. Influence of pH

The pH range 8-11 was chosen to exploit
better the influence of the electroosmotic flow on
the electrophoretic mobility. At pH 8.3 both the
aglycone structure and the sugar type have an
impact on migration, whereas at pH 9.3 the
electrophoretic behaviour is mainly influenced by
the linked carbohydrate. At this pH the presence
of SDS is less important, and the order of

1.2
o 1
0.8
0.6 +
Q-rut K-rut l-rut Q-glu K-glu I-glu
m @& 6 @ 6 o

Fig. 5. Effect of SDS on mobilities and resolution of flavonol
glucosides and rutinosides at pH 8.3 with 20 mM borate: (0J)
without SDS and (M) with 50 mM SDS. r, = Migration time
of the investigated flavonol: 7, = migration time of rutin (1).

migration of K-Glu (6) and I-Glu (7) is inverted.
On increasing the pH to 10.5, the migration
order depends on linked sugars and changes
substantially (Fig. 6); the surfactant has no
influence on mobilities and resolution.

From these data, it may be concluded that the
amount of the organic solvent injected influences
the separation as a consequence of modified
partitioning of the analytes between micelles and
buffer. Further, the surfactant plays an impor-
tant role at pH 8.3, as it interacts preferentially
with highly hydrophobic kaempferol and iso-
rhamnetin derivatives. Higher pH values im-
prove the complexation of flavonols by tetra-

1.2
E
0.8
0.6 .
Q-rut K-rut Il-rut Q-glu K-glu I-glu
m & &6 @ 6 O

Fig. 6. Electrophoretic behaviour of flavonol glucosides and
rutinosides at pH 10.5 with 20 mM borate: () without SDS
and (M) with 50 mM SDS.
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borate, and the effect of the surfactant is re-
duced (pH 9.3) or cancelled (pH 10.5).
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Abstract

A simple capillary electrophoresis method is described for the assay of several isoflavones and coumestrol
isolated from plant extracts. The method has good reproducibility; it compares well to HPLC, and it can be

performed in less than 10 min.

1. Introduction

Phytoestrogens are common in many plant
species. They resemble estrogens and mimic
some of their functions. Recently, interest in
these compounds has increased considerably
because many of them have been found to
inhibit tumor growth in vitro [1-3] and in vivo
[4,5]. For example, the isoflavone genistein
specifically inhibits tyrosine kinase [6] and DNA
topoisomerase [7]. However, analysis of these
compounds from plant extracts is difficult, often
requiring a prior derivatization of the com-
pounds before analysis. Some of the methods
used to analyze these compounds include HPLC
[8] and GC~MS [9,10]. Here, we show that these
compounds can be analyzed from plant extracts
easily and rapidly by capillary electrophoresis
(CE).

2. Materials and methods
2.1. Chemicals

3-Methyl-1-isobutylxanthine ~ was  obtained

* Corresponding author.

0021-9673/94/%07.00
SSDI 0021-9673(94)00307-U

from Aldrich (Milwaukee, WI, USA). Coumes-
trol was obtained from Eastman Kodak (Roches-
ter, NY, USA). The isoflavone standards were
gifts from Dr. S. Barnes, University of Alabama,
Birmingham, AL, USA. The HPLC column was
obtained from E. Merck (Gibbstown, NJ, USA).

2.2. CE Equipment

A CE instrument (Beckman Instruments, Ful-
lerton, CA, USA), was set at 254 nm. The
capillary, 50 cm x 50 pm I.D., was rinsed after
each run with 1 M NaOH for 1 min, and filled
for another minute with 200 mM borate buffer,
pH 8.6 (the running buffer). The voltage was set
at 13 kV, and the sample was introduced by
pressure injection for 10 s.

2.3. Sample extraction

Soy beans or other plant parts were homogen-
ized to a fine powder, and 15-mg samples were
vortex-mixed in a centrifuge tube with 1 ml of
extracting solution. The extracting solution con-
sisted of 66% acetonitrile, 0.4% NaCl and 30
mg/1 of methyl isobutyl xanthine, as an internal
standard, in water. The sample was centrifuged
for 15 s at 14000 g in a Model B Microfuge

© 1994 Elsevier Science B.V. All rights reserved



182 Z.K. Shihabi et al. | J. Chromatogr. A 680 (1994) 181185

(Beckman Instruments, Palo Alto, CA, USA),
and the aliquot was introduced into the instru-
ment. The isoflavones are not very soluble in
aqueous or organic solvents; however, we found
that a mixture of water and acetonitrile im-
proved their solubility.

2.4. HPLC Equipment

For comparison studies, samples were also
measured by HPLC. A Model 110 A pump
(Beckman Instruments, Fullerton, CA, USA),
was used to deliver the mobile phase at 1.2
ml/min through a Cg, 5-um cartridge column,
125 mm X 4 mm I.D. The sample was introduced
through a 20-u1 loop and eluted isocratically for
daidzin and genistin with a mobile phase of 16%
acetonitrile in 20 mM phosphate buffer, pH 7.2.
To elute daidzein and genistein, the mobile
phase was 23% acetonitrile in the same phos-
phate buffer.

3. Results and discussion

A good baseline separation of five different
isoflavones, in addition to coumestrol, is
achieved in less than 10 min as illustrated in Fig.
1A. Fig. 1B shows the electropherogram from a
soy bean extraction. It indicates the presence of
isoflavones, as well as, other UV-absorbing com-
pounds. Optimum separation occurs at a pH
range of 8.5-8.8. Above this range, the migra-
tion time increases, and the daidzin peak be-
comes very broad. At lower pH, daidzein and
genistein migrate very close to biochanin A (4'-
methoxygenistein). The linearity of the test was
determined using genistein. The response is
linear from 0.4 to 60 mg/l (Fig. 2). The mini-
mum detectable limit (3 S.D. above baseline) for
genistein is 0.4 mg/l. The reproducibility of the
migration time and the peak height for all of
these compounds is good as summarized in Table
1. The table shows that the R.S.D. for both the
migration time and peak height improves, in
general, when the calculation is based on the
internal standard. For example, the R.S.D. (n =
10) for the peak height of daidzein is 4.46%,

Q. 010
1

Absorbance at 214 nm

Time {min}

Fig. 1. Separation of the following compounds: 1 = daidzin;
2= genistin; 3 =internal standard (methylxanthine); 4=
biochanin A; 5 = daidzein; 6 = genistein; 7 = coumestrol. (A)
Standards in the extracting solution at a concentration of 6
mg/l, (B) soy bean seeds extract in the presence of 0.4%
NacCl.

while the R.S.D. is 1.54% when the calculation
is based on the internal standard.

Fig. 3 illustrates how the concentration of
different isoflavones varies among different var-
ieties of soy beans. Among the isoflavones pres-
ent in soy beans are genistein and daidzein,
which inhibit tumor growth directly in tissue
cultures [1-3]. However, their sugar conjugates,
daidzin and genistin, do not exhibit this effect
[1-3]. The concentration of these four iso-
flavones measured by CE from soy beans is very

60

2
5
° 401
Q
c
(-3
e .
2 204
3
E
0 t + ¢ i
0 20 40 60 80
mg/l

Fig. 2. Genestein calibration on the CE apparatus.
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Table 1

The relative standard deviation (R.S.D.) of the different compounds

Compound R.S.D. (%) (n =10)
Peak height Peak height/ Migration Migration time/
(mm) L.S. time (min) I.S.
Internal
standard (I.S.) 5.21 0.00 0.75 0.00
Daidzin 3.29 3.60 1.19 0.71
Genistin 4.62 2.70 1.02 1.06
Biochanin A 5.68 1.09 1.05 1.10
Genistein 3.02 2.64 1.02 1.08
Daidzein 4.46 1.54 1.20 0.91
Coumestrol 3.66 3.67 1.28 1.14

close to that measured by HPLC (Fig. 4), and
also close to that reported in the literature [11].

The kudzu plant, which grows wild in the
southern parts of the USA, is a rich source of
daidzein, as indicated by the electropherogram
produced by root extracts of this plant (Fig. 5).
The daidzein peak was verified by spiking the
sample with pure daidzein. On the other hand,

700 -

350 -

mg/kg wet mass

P R

daidzin has been found, recently, to inhibit
human mitochondrial aldehyde dehydrogenase
[12]. Interestingly. root extracts of this plant in
pill form have been used in the orient as treat-
ment for alcoholism.

We have found this CE method to be very
useful in following the isolation and purification
of these compounds. The advantages of this

M Daidzin
B Genistin
M Daidzein

O Genistein

@ BiochaninA

@) F T

Fig. 3. Content of isoflavones in different varieties of soy bean seeds obtained locally. P = Powder; R = roasted; Y = yellow:

O = organic: F = flakes; T = Tofu.
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700 -
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mg/kg wet mass

0,,

Daidzin Genistin

Genistein

Daidzein

Fig. 4. Comparison of isoflavones by HPLC and CE extracted from vellow scy beans.

method over HPLC are: it is rapid; it does not
require solvent gradient and column equilibra-
tion, and it does not consume organic solvents
for elution. In addition. the capillaries for CE

0.040

?.02¢

12

0.000

Absorbance at 214 nm
v

9.040
@

0.020

| |
UMA_

2.000

2.9
°

° s s
- < <

2.

Time (min)
Fig. 5. Daidzein content of (A) kudzu roots (15 mg of the
roots were homogenized in 1 ml of the extracting solvent)
and (B) after spiking with daidzein (6 mg/1).

are much less expensive than the columns for
HPLC.
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Abstract

A capillary zone electrophoresis (CZE) method with indirect UV detection was adapted for the routine
determination of carbohydrates in a variety of fruit juices. The method was optimized with respect to the effect of
buffer pH, temperature and capillary length. Potassium sorbate was chosen as the background electrolyte and
chromophore for UV detection at 256 nm. Optimum separation conditions were found with a buffer of a pH of
12.2-12.3 and a subambient temperature of 15°C. The optimized CZE method was compared with a routine
method for the determination of sugars in fruit juices, a high-performance anion-exchange chromatographic
method with pulsed amperometric detection (HPAEC-PAD), with respect to separation efficiency, sensitivity,
linearity and repeatability. The CZE method showed a 10-20-fold increase in separation efficiency compared with
the HPAEC-PAD method, but the amperometric detection in the latter proved to result in detection limits of 2-3
orders of magnitude lower than those obtained by indirect UV detection. Both methods showed good linearity in
the investigated concentration ranges and good repeatability for migration times and peak areas. CZE with
commercial instrumentation was applied to the routine determination of carbohydrates in fruit juices such as
orange, apple and grape juice. The quantitative CZE results with internal calibration showed no significant
differences from those for the HPAEC—PAD reference method. It was demonstrated that capillary electrophoresis
(CE) can be applied in a routine food testing laboratory. The method is simple, inexpensive and easy to implement
and will further broaden the application range of CE in food analysis.

1. Introduction

In recent years, capillary electrophoresis (CE)
has attracted increasing interest and its successful
use in different application fields such as bio-
chemistry, biotechnology, pharmacy and clinical
chemistry has been demonstrated in a variety of
studies [1-3]. However, the impact that CE can
have in food science and particularly in quality
control of food and food additives is today only

* Corresponding author.
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SSDI 0021-9673(94)00454-H

starting to be recognized. So far, less than 100
CE applications in food science have been pub-
lished. Among them, the analysis of hop bitter
acids in beer [4], the differentiation and de-
termination of milk proteins [5] and the identifi-
cation of different sulfonamides in pork meat as
a means to ascertain the use of animal drugs [6]
are worth mentioning. CE can also be very
helpful for the determination of ascorbic acid 7]
and other organic acids [8] in fruit juices.
Currently, the most popular techniques for the
determination of carbohydrates in food stuff are

© 1994 Elsevier Science B.V. All rights reserved
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thin-layer chromatography (TLC), gas chroma-
tography (GC) of volatile carbohydrate deriva-
tives and high-performance liquid chromatog-
raphy (HPLC). Although TLC is a simple and
rapid method for the identification of carbohy-
drate compositions, the analysis times are long
and the separation efficiency is often not satisfac-
tory [9]. GC exhibits good sensitivity, but the
formation of stereochemical isomers during the
necessary derivatization with, for example, tri-
methylsilane to yield volatile sugar derivatives
results in very complex chromatograms and
remains a major problem [10]. Other derivatiza-
tion procedures, such as the formation of
alditolacetate or aldonitriloacetate derivatives,
also lead to problems in the interpretation of the
resulting chromatograms [11].

Another possibility for the rapid determina-
tion of simple sugars and also for polysaccharide
hydrolysates is electrophoretic separation on
supporting media such as paper [12] or silylated
glass-fibre paper [13,14]. However, similarly to
TLC, slab electrophoretic methods only provide
qualitative information. Among the methods
mentioned above, HPLC is certainly the most
important method for carbohydrate determina-
tions in both research applications and routine
analysis. HPLC separations can be carried out
on different stationary phases such as alkylated
or aminoalkylated silica gels or ion-exchange
resins [15]. The latter, in combination with
pulsed amperometric detection (PAD) [16,17],
represents a selective and sensitive system for
carbohydrate determinations with the additional
advantage that no derivatization step is required.
A disadvantage of this HPLC method is its
limited separation efficiency, especially when
analysing higher oligosaccharides. In addition,
HPLC can be time consuming when column
equilibration procedures are necessary. Overall,
the analysis costs are high owing to the expensive
instrumentation, stationary phase material and
solvent consumption. ‘

CE has the potential to be an alternative
method to HPLC and also to the other methods
because it can bring speed, quantification .and
reproducibility combined with a high separation
efficiency to the routine quality control of carbo-

hydrates. At first sight, an electrophoretic meth-
od does not seem appropriate to carbohydrate
determinations because the solutes lack both
charge (a prerequisite for electrophoretic sepa-
ration) and a suitable chromophore (necessary
for on-column UV detection). To overcome
these problems, several strategies can be pur-
sued.

To attach a charge to the sugar solutes, ioniza-
tion at high pH [18], complexation of their
vicinal hydroxyl groups with borate, resulting in
an anionic complex {19], and derivatization with
a charged label [20] have been described.

On-line detection of sugars without precolumn
labelling can be accomplished in the UV region
at 195 nm after borate complexation, as the UV
absorbance of complexed sugar molecules is
increased to allow detection at the millimolar
level [19]. Indirect photometric detection [18,21]
represents a second possibility. Several proce-
dures for labelling sugars with a suitable labelling
reagent for sensitive UV and fluorescence detec-
tion. have been described, those with 2-amino-
pyridine [22], 3-methyl-1-phenyl-2-pyrazolin-5-
one [23] and 8-aminonaphthalenetrisulfonic acid
[24] being the most popular. Other attempts to
determine sugars involve different detection
schemes, such as amperometric [25] and refrac-
tive index detection [26]. By freely combining
these different means of charging and detecting
sugars, a variety of methods for the determi-
nation of carbohydrates using CE can be ex-
plored.

Indirect photometric detection of underiva-
tized carbohydrates represents a simple, easy
and time-efficient approach. As the pK, of
monosaccharides is generally >12, this method
requires a background electrolyte with a pH >12
to ensure the formation of negatively charged
sugar molecules. Further, a carrier electrolyte
anion with a high molar absorbance will allow
adequate detection sensitivities. Although the
sensitivity of . indirect UV detection methods
generally does not reach the levels achieved by
direct UV measurements, sugar detection in the
low millimolar range is possible, with sorbic acid
as an absorbing additive [18].

The aim of this work was the improvement of
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a CZE method for the determination of sugars in
a high-pH separation system with indirect UV
detection [18]. This method was then sub-
sequently applied to the determination of suc-
rose, glucose and fructose in three different fruit
juices. To validate the method, the quantitative
CZE results were compared with results ob-
tained for a routine control series in a govern-
ment food control laboratory applying a certified
HPLC method, based on anion-exchange chro-
matography coupled with pulsed amperometric
detection (HPAEC-PAD). Both methods were
submitted to a statistical analysis to demonstrate
that the CZE method with indirect UV detection
is suitable for routine food testing laboratories.

2. Experimental
2.1. Chemicals

All chemicals and sugar standards were of
analytical-reagent grade.

For the CE experiments, sugar standards of
p-fructose (Fru), L-fucose (Fuc), D-galactose
(Gal), p-glucose (Glc), p-mannose (Man), D-
raffinose, N-acetyl-p-glucosamine (GlcNAc), N-
acetyl-p-galactosamine (GalNAc), N-acetylneur-
aminic acid (NANA) and D-sucrose (Suc) were
purchased from Fluka (Buchs, Switzerland), D-
glucoronic acid (GlcA) from Serva (Heidelberg,
Germany) and D-galacturonic acid (GalA) from
Merck (Darmstadt, Germany). Buffer chemicals
wete supplied by either Sigma (St. Louis, MO,
USA) or Fluka (Buchs, Switzerland). All buffers
were prepared with water purified with a Milli-Q
system (Millipore, Bedford, MA, USA) and
used throughout all analyses.

The three sugar standards (Glc, Fru, Suc) used
in the HPAEC analysis were purchased from
Merck. Sodium hydroxide (NaOH), necessary
for the preparation of the LC eluent, was sup-
plied by Baker (Gross Gerau, Germany).

2.2. Sample pretreatment

For CE separations, the fruit juices were
diluted 50-100-fold with Milli-Q-purified water.

Whereas the orange juice had to be filtered
through a 0.22-um Millipore filter, the other
juices could be applied without further pretreat-
ment. For HPAEC analyses, the juices were
diluted 2000-10 000-fold and filtered through a
0.45-pm filter before injection.

2.3. Procedures

The CZE background electrolyte was pre-
pared by dissolving an appropriate amount of
potassium sorbate in Milli-Q-purified water to
yield a final concentration of 6 mM. The pH was
adjusted to 11.9-12.4 by titration with 1 M
NaOH at room temperature. The sugar standard
solutions for the method development experi-
ments contained between 0.25 and 0.4 mg ml ™!
of each sugar. A stock standard solution of 8 mg
ml ™" of Suc and 4 mg ml™" of Glc and Fru was
used for the external calibration in juice analysis.
This solution was diluted to concentrations of
0.2-2.0 mg ml~' for Suc and 0.1-1.0 mg ml ™!
for the two monosaccharides.

For the determination of the response factors,
samples containing 0.8 mg ml ™' of Suc and 0.4
mg ml ™' of Glc and Fru were used. Glucuronic
acid was added as an internal standard, resulting
in a final concentration of 0.22 mg ml™" GIcA in
standard samples and 0.12 mg ml~"' GIcA in fruit
juices.

To prepare the 200 mM sodium hydroxide
HPAEC eluent, 26 ml of 50% (w/w) sodium
hydroxide solution were mixed with 1000 ml of
degassed water. It was necessary to keep the
eluent free of carbonate. Sugar mixtures con-
taining 2, 10 and 50 mg 17" of cach sugar were
used as standard solutions for external calibra-
tion.

2.4. Instrumentation

CE separations were performed on a Spectra
Phoresis 1000 capillary electrophoresis system
(Thermo Separation Products, Freemont, CA,
USA). For data acquisition and data handling an
OS/2 compatible 486 computer combined with a
Spectra Phoresis software package for individual
peak integration was used. Fused-silica capil-
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laries of 50 um LD. from Polymicro Tech-
nologies (Phoenix, AZ, USA) were cut to the
appropriate length of 42 or 90 cm. The detection
window was placed 7 cm from the cathodic end,
resulting in an effective separation distance of 35
and 83 cm, respectively. UV detection was
carried out at 256 nm throughout all experi-
ments. Injection was accomplished by applying a
pressure of 105 mbar for a preset time (1 or 2 s).
Unless indicated otherwise, the capillary was
thermostated at 15°C. Before starting a series of
analyses, the fused-silica capillaries were con-
ditioned by flushing them with running buffer for
at least 10 min, followed by an equilibration time
of 15 min. Overnight, the capillaries were stored
in 1 mM NaOH.

HPAEC analyses were accomplished on a
Model 4000i ion chromatographic system
(Dionex, Sunnyvale, CA, USA) with a 50-ul
injection loop and a pulsed amperometric detec-
tor (PAD-1). All separations were carried out at
room temperature on a Carbopac PA1 column
(250 x4 mm 1.D.) combined with a Carbopac
PA1 guard column (both from Dionex) at an
eluent flow-rate of 1 ml min~'. The detector
consisted of a gold working electrode and an
Ag/AgCl reference electrode. The pulse se-
quence used for the carbohydrate analysis con-
sisted of three steps: sampling (50 mV, 480 ms),
cleaning (600 mV, 120 ms) and reduction of the
electrode surface (—600 mV, 60 ms). To ensure a
carbon dioxide-free eluent during analysis, an
EDM-2 degassing module (Dionex) was neces-
sary. Data acquisition was carried out on a
Maxima 820 work station (Millipore).

3. Results and discussion
3.1. CZE method development

A recently published paper by Vorndran et al.
[18] served as the basis of the CZE method
development. The reasons for choosing sorbate
as the carrier electrolyte anion and chromophore
for indirect photometric detection, at a concen-
tration of 6 mM, are discussed therein.

Separation in CZE is based on differences in

the electrophoretic mobilities (u,,) of the ana-
lytes. As the electrophoretic mobility depends
mainly on the pH of the separation system,
optimization of the buffer pH is important for
reaching the optimum separation conditions.
Because the pK, values of sugars are in the
range of 12-14 [27], the buffer pH must be >12
to ionize the sugar molecules.

In Fig. 1, the influence of pH on the ex-
perimentally determined electrophoretic mobility
of four sugars in the pH range 11.9-12.4 is
shown. By closely inspecting the experimental
data, we could not confirm the previously pub-
lished [18] linear behaviour between electropho-
retic mobility and pH owing to the increased
dissociation rate of the sugars with increasing
pH. It should be pointed out that those mono-
saccharides with pK, values within the investi-
gated pH range (12.1-12.4) exhibit a relatively
steep increase in electrophoretic mobility, in-
dicating their higher degree of ionization. Raffin-
ose, with a reported pK, of 12.74 [27], shows a
linear relationship.

Surprisingly, the electroosmotic flow inside the
capillary decreased continuously from pH 11.9 to
12.4, resulting in longer analysis times for all
solutes. This can be explained by an increase in
the ionic strength of the background electrolyte,
resulting in a thinner double layer and thus a
lower zeta potential [28].

The temperature of the buffer system is also
an important parameter that has a pronounced
influence on the separation of low-molecular-
mass carbohydrates. According to the literature,
an increase in temperature of 1°C should in-
crease the electrophoretic mobility by approxi-
mately 2% [29]. However, in our experiments,
an increase in the electrophoretic mobilities with
decreasing temperature was observed. This be-
haviour is due to a change in pH rather than to a
temperature effect alone. At lower temperature,
the dissociation of water molecules is dictated by
a smaller ion-product value, resulting in a lower
proton concentration and thus in a higher pH.

Table 1 demonstrates the effects that pH and
temperature changes have on the resolution of
various sugar pairs. From these values it can be
concluded that, in order to increase the dissocia-
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Fig. 1. Experimentally determined electrophoretic mobilities of carbohydrates as a function of pH. Running conditions: buffer 6
mM sorbate adjusted to different pH; capillary, 42 cm (35 cm effective length) X 50 um 1.D.; 230 V cm™"; 15°C; indirect UV
detection at 256 nm; 2-s injection. Solutes: @ = mannose; ¢ = glucose; A = galactose; O = raffinose.

tion and improve the resolution of the sugars, it
is best to choose a temperature as low and a pH
as high as possible for the separation. However,
there are instrumental limitations. Above pH
12.3, fluctuations in the UV baseline were ob-

Table 1

Resolution as a function of pH and temperature

served, rendering an analysis impossible. Conse-
quently, for practical purposes a buffer pH of
12.2-12.3 and a temperature of 15°C were
chosen. All subsequent experiments were carried
out under these conditions.

Resolution

#.,—Raf Raf-Gal Gal-Glc Glc-Man
pH 11.9 0.41 1.49 0.44 1.69
pH 12.0 0.77 1.75 0.54 1.77
pH 12.1 1.00 2.10 0.59 1.82
pH 12.2 1.31 2.43 0.71 1.76
pH 12.3 1.49 3.10 1.10 2.18
pH 12.4 1.90 3.73 1.15 2.12
40°C 0.47 0.86 0 0.84
30°C 0.60 1.27 0.28 1.07
25°C 0.79 1.48 0.46 1.29
20°C 0.93 1.97 0.64 1.47
15°C 1.19 2.55 0.85 1.81
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Theory predicts that the separation efficiency
in CZE is proportional to capillary length when
the electric field is kept constant [30]. In addi-
tion, a contribution from injection to band
broadening can be observed, which has an im-
pact on the separation efficiency and resolution.

This influence of capillary length on the sepa-
ration is demonstrated in Fig. 2. Fig. 2a shows
the separation of the eight monosaccharides
expected to occur in glycoproteins. It can be
calculated that a 1-s injection at 105 mbar into a
42-cm capillary will result in an injection plug of
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Fig. 2. Capillary zone electrophoresis of carbohydrates. Running conditions: buffer 6 mM sorbate adjusted to pH 12.2; 230 V
cm™'; 15°C; indirect UV detection at 256 nm; 1-s injection. Sugars, 0.97-1.55 mM; 1=fucose; 2 = galactose; 3 = glucose;
4 = N-acetylgalactosamine; 5 = N-acetylglucosamine; 6 = N-acetylneuraminic acid; 7 = galacturonic acid; 8 = glucuronic acid. (a)
Capillary 42 cm (35 cm effective length) X 50 um 1.D.; (b) capillary 90 cm (83 cm effective length) X 50 xm I.D.
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1.95 mm. This leads to an incomplete resolution
of the sugar pairs Gal-Glc and GalNAc-
GlcNAc, because more of the capillary volume
was occupied by the injection plug compared
with a longer capillary, resulting in a shorter
effective separation length. If the same experi-
ment was performed in a 90-cm capillary, as
shown in Fig. 2b, the separation efficiency more
than doubled, resulting in baseline resolution of
these sugar pairs, but at the cost of doubling the
analysis time. The better resolution can be
attributed to two effects: the smaller contribu-
tion of the shorter injection plug of 0.9 mm,
which results from a higher pressure drop at the
longer capillary, and the longer separation dis-
tance with the same electric field strength.

As the resolution of the three sugars Glc, Fru
and Suc, occurring in fruit juices, proved to be
sufficient with the shorter capillary, the 42-cm
capillary was chosen for further separations.

3.2. Comparison of CZE with HPAEC

In order to evaluate the usefulness of the
above-described CZE method, the results of the
CZE experiments were compared with those
obtained with the state-of-the-art method for
carbohydrate analysis in routine work, HPAEC~
PAD. The comparison was made with respect to
separation efficiency, sensitivity, linearity and
repeatability.

Separation efficiency

The separation power of two analytical sys-
tems can be evaluated by the separation ef-
ficiency, expressed by the number of theoretical

Table 2

plates (N). N describes the band broadening in a
given analysis system and can be calculated by
the expression

N =5.54(t,/w,)’

where ¢, is the migration time and w,, the peak
width at half-height [31]. As shown in Table 2,
typical plate numbers for the sugar solutes in the
HPAEC system are in the range 3000-4000. In
CZE, the separation efficiency proved to be 10-
20 times higher with theoretical plate numbers of
30000-70 000 (Table 2). This is important,
because a high separation efficiency has a posi-
tive effect on the resolution of the analytes.
Although the number of theoretical plates in
CZE is more than one order of magnitude higher
than in HPAEC, even higher plate numbers, up
to 400000, would be expected with indirect UV
detection [32]. However, this requires an effec-
tive mobility of the analyte ions close to that of
the background electrolyte co-ion, in order to
avoid a concentration overload [33]. In the
separation system discussed here, the electro-
phoretic mobility of the sorbate anion was mea-
sured at pH 12.2 to be 42.8- 10° cm?* Vs
whereas the sugars showed the following, much
lower mobilities: Suc, 2.24-107°; Gle, 7.12-
107%; and Fru, 8.89-107° ¢cm® V' s™'. There-
fore, the separation efficiency was relatively low
compared with other CE separations, but still
compares favourably with the HPAEC results.

Limit of detection (LOD)
The LOD has an impact on the degree of
sample dilution and the reproducibility of the

Comparison of separation efficiency and limits of detection in CZE and HPAEC

Sugar Separation efficiency (N) Limit of detection (LOD)
CZE HPAEC CZE HPAEC
(mM) (M)
Sucrose 49 700 4350 0.29 0.58
Glucose 29 300 3400 0.23 1.11
Fructose 69 600 3100 0.24 - 1.11
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measurements because of the decreased matrix
effects at higher dilutions. The LOD was calcu-
lated as the concentration that gave a signal
three times greater than the baseline noise. As
shown in Table 2, indirect UV detection with
sorbate resulted in LODs of 0.23-0.29 mM,
whereas PAD was able to detect as little as 0.5-1
1M concentrations of sugars. Thus PAD resulted
in detection limits of 2-3 orders of magnitude
better than those with indirect UV detection.
Concentration detection limits in the 10™* M
range for carbohydrates are not very impressive.
Assuming a 50-um capillary and molar absorp-
tivities (¢) of 10000~100000 1 mol ' cm™", con-
centration detection limits in the 107°-1077 M
range can be expected according to the Lam-
bert-Beer law. If, in a separation method,
labelling of the carbohydrates should be avoided,
indirect detection is the only alternative. In that
event, the spectroscopic characteristics of the
indirect UV absorber is responsible for the
detection limits. The chosen compound should
match the mobilities of the solutes and be
compatible with the separation buffer, e.g.,
between pH 12 and 13. Up to now, only sorbate
has been reported to come close to these re-
quirements. With £ =26 000 1 mol ™' cm ™!, mea-
sured at pH 12.3 and 256 nm, low micromolar
detection concentrations seem possible. Joule
heat effects resulting in high baseline noise and
non-ideal peak shapes originating from a mis-
match of the electrophoretic mobilities of solutes
and the indirect UV absorber are the reasons
why the theoretical limits could not be realized.
In terms of mass detection, the comparison is
in favour of CE. Assuming a 50-ul injection for

Table 3

Linearity of carbohydrate determination with CZE and HPAEC

HPAEC and a ca. 4-nl injection for CE, the
absolute amounts detectable are 25-50 pmol for
HPAEC and 0.9-1.1 pmol for CE.

Linearity

The linearity describes the molar range in
which the detector signal depends linearly on the
analyte concentration. The correlation coeffi-
cients for the HPAEC calibration graphs were
0.9999 for all three standard sugars in the con-
centration range 1-50 mg 1~'. The calculated
correlation coefficients for the extremal CE
calibration are given in Table 3. For Suc, cali-
bration was carried out in the concentration
range 0.2-2.0 g 17! and for Glc and Fru in the .
range 0.1-1.0 g 17", In summary, both methods
resulted in good linearity in the investigated
concentration ranges.

Repeatability (

To determine the repeatability, a sugar mix-
ture, as given in Table 4, was injected several
times into the CE and the HPAEC systems. In
CZE experiments, the peak-area repeatability
was found to be between 2.0 and 2.4% and the
migration time repeatability was <0.3% (Table
4). HPAEC showed a better peak-area re-
peatability, mainly owing to lower noise and
automated peak integration and almost the same
repeatability for migration time as CE. It can
therefore be concluded that both methods are
suitable for routine application.

Although the repeatability of the CZE sepa-
rations on a single day is satisfactory, the day-to-
day analysis resulted in scattered values, leading
to relative standard deviations (R.S.D.s) of 10—

Sugar Method Concentration range Correlation coefficient
Sucrose CZE 0.2-2.0g1? 0.9993
HPAEC - 1-50 mg 17" 0.9999
Glucose CZE 0.1-10gl1™? 0.9977
HPAEC 1-50 mg 17 0.9999
Fructose CZE 0.1-1.0g1™" 0.9934
HPAEC 1-50 mg 17 0.9999
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Table 4
Repeatability in CZE and HPAEC [R.S.D. (%)]

195

Sugar CZE HPAEC CZE HPAEC CZE ()" HPEAC (r,)°
concentration concentration (area) (area) (n=17) (n=10)
(mM) (mM) n=7) (n=10)

Sucrose 2.2 0.3 2.0% 1.5% 0.2% 0.9%

Glucose 2.2 0.6 2.2% 0.6% 0.3% 0.5%

Fructose 2.2 0.6 2.4% 0.5% 0.3% 0.5%

*t,, = Migration time.
® t, = Retention time.

18% for peak areas. The main reason lies in the
characteristics of the inner capillary wall, which
are very difficult to keep constant in the high pH
range over several days and which have a consid-
erable effect on the electroosmotic flow and
therefore on the overall mobilities of the ana-
lytes.

In addition, a background electrolyte with
~ buffering capacity is necessary to keep the de-
~ gree of dissociation of the sugars constant. How-
ever, at pH > 12, sorbic acid with a pK, of 4.8
[34] has no buffering properties at all, resulting
in pH shifts due to ion depletion. As demon-
strated in Fig. 1, even a small change in pH of
0.1 unit has a strong effect on the electrophoretic
mobility of the sugars. Because the peak area of
any analyte in CZE depends on its electropho-
.retic mobility, a shift in the pH of the back-
ground electrolyte results in a change in the
peak-area measurements [32].

3.3. Comparison of CZE fruit juice analysis
with HPAEC

As shown above, the described CZE method
allows a rapid separation of sugars with sufficient
selectivity, within a linear range from 0.1t0 1.0 g
17", As it can be generally expected that sugar
contents in fruit juices will be in the range 10—
100 g 17" [35], a dilution of 1:50 to 1:100 should
allow a CE analysis.

To show that CE can be applied in routine
analysis, three fruit juices, apple, orange and
grape juice, were analysed with respect to their
sugar compositions and contents. The ap-
plicability of the CZE method was demonstrated

by its comparison with an HPLC method for
carbohydrate determination, the HPAEC-PAD
method. The HPLC analyses were carried out in
the Kantonales Laboratorium, Basle, a govern-
ment food control laboratory, within the scope
of its daily routine work on fruit juices control.

Examples of CZE and HPAEC separations are
shown in Figs. 3 and 4. Three main sugars, Suc,
Glc and Fru, are expected to be present in fruit
juices. The CZE separation of a standard mix-
ture of these sugars under optimum conditions is
shown in Fig. 3a. Fig. 3b shows the analysis of an
apple juice, which was diluted 1:50 with water
prior to injection. The analysis of the orange and
grape juices yielded very similar electrophero-
grams. Therefore, only the quantitative results
are summarized in Table 5. It is important to
note that in Fig. 3b no matrix peaks interfere
with the sugar separation. The same is true for
diluted orange and grape juices. For comparison,
Fig. 4 displays a typical HPAEC trace from an
orange juice analysis.

Most striking is the difference in the elution
and migration order of the sugars in the two
separation systems. From the basic principles of
both methods, a separation according to the
differences in pK, of the sugars is expected.
Therefore, the sugar molecules should be eluted
in the order of their pK, values, viz., Fru>
Glu > Suc [27]. In CZE, the expected migration
order is reversed owing to the strong electro-
osmotic flow (EOF) inside the capillary at pH
12.2. The EOF is generated at high pHs by the
negatively charged silica surface of the inner
capillary wall and causes a bulk flow inside the
capillary towards the cathode. Because the EOF



196 A. Klockow et al. | J. Chromatogr. A 680 (1994) 187-200

a

40x10”
p'tﬂ
. 30 -
=) 4
=
) 1
3]
Z 3
= 20 2
&
o
wn
[=2]
<
-4
0 T T T T
3 4 5 6 7 8
TIME [min]
b
-3
60x10™ ~
3
50
=)
=
=
3 40
Z
5
& 2 :
2 1
20
10 1 1 1 1
3 4 5 6 7 8
TIME [min]

Fig. 3. Capillary zone electrophoresis of fruit juices: (a) standard mixture (sugars, 2.22-2.42 mM) and internal standard (GlcAc,
1.15 mM); (b) apple juice (diluted 1:50). Running conditions as in Fig. 1; 1-s injection. 1= Sucrose; 2 = glucose; 3 = fructose;
4 = glucuronic acid.

is stronger than the electrophoretic mobility of because it is less able to migrate against the
the negatively charged sugars, the latter are also direction of the EOF towards the anode, where-
directed to the cathode. As a consequence, Suc, as the higher dissociation of Glc and Fru causes

less dissociated at the separation pH, elutes first them to elute later.
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Fig. 4. HPAEC analysis of an orange juice (diluted 1:2000)
on a Carbopac PA1 column with 200 mM NaOH as eluent at
a flow-rate of 1 ml min~'. Other separation conditions are
described under ‘Experimental’. Peak assignment as in Fig.
3.

The HPAEC separation is also based on the
pK, differences of the sugars, which influence
the interaction of the analytes with the stationary
phase, in this instance an anion—-exchange ma-
terial. This interaction depends on a dissociation
equilibrium between the ionized and the non-
ionized forms of the sugar molecules, as only the
former is able to interact with the stationary
phase. Therefore, an analyte with a lower pK, is
more strongly retained on the stationary phase
than an analyte with a higher pK,. Consequent-
ly, Glc is eluted before Fru, as shown in Fig. 4.
However, Suc does not follow this separation
principle. Although its pK, is higher than that of
Glc, it clutes later. The reason for that is a
greater anion-exchange affinity of disaccharides
compared with monosaccharides and therefore a
higher retention [36].

Table 5 summarizes the results of the sugar
determinations in apple, orange and grape juice.
Each value represents the mean of at least three
injections. The HPAEC data were evaluated
only with external calibration. This proved to be
satisfactory, as the injection volume of 50 ul
with the appropriate injection loop was expected

to be reproducible within less than 1% R.S.D.
Owing to the strong dilution of at least 1:2000,
no matrix effects were observed.

As no quantitative data on the determination
of sugars in fruit juices with CE and indirect UV
detection are available, the CZE method was
validated with both external and internal cali-
bration, with GlcA as the internal standard.

Usually, R.S.D.s in liquid chromatographic
determinations are expected to be up to 3%.
This holds true for the determination of sugars in
apple and grape juice, although their absolute
sugar contents differ by a factor of 3-4 (Table
5). An exception is the orange juice analysis,
which shows R.S.D.s up to 6%. This could
possibly be explained by the temperature sen-
sitivity of the HPAEC system. In three consecu-
tive runs, increasing peak areas for the individual
sugars were observed. This could partly be a
consequence of an increase in room temperature
due to malfunctioning of the air conditioning
system.

In CE, exact control of the injection volume,
which is in the range 5-10 ni, is difficult to
achieve. Nevertheless, typical R.S.D.s for both
external and internal calibration are between 1%
and 3%, except for the determination of Fru in
orange juice and the determination of Suc in
apple juice.

From the data in Table 5, it is obvious that all
measured values were in the expected range.
However, values obtained with CZE by external
calibration differed by up to 15% from the
corresponding HPAEC data. Internal calibration
results in sugar concentrations much closer to
those measured by HPAEC. The main reason for
the larger deviations of the external CZE cali-
bration results might be the poor reproducibility
of the nanolitre injection volumes in CE. It is
also possible that the silica surface of the inner
capillary wall changed during a series of experi-
ments, thus slightly changing the separation
conditions from the first to the last injection.

The results of the CZE and HPAEC experi-
ments were evaluated statistically for a correla-
tion by the t-test [37]. The t-test is a means of
proving that the mean values of two independent
series of data originate from the same normal
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Sucrose, glucose and fructose contents in fruit juices

Sample Sugar Method Calibration Concentration R.S.D. Expected
' found (g 17) (%) range® (g 17%)

Apple juice Sucrose CZE External 16.6 = 0.42 2.5 12.0-23.0
Internal 17.1+0.83 4.9
HPAEC External 19.2 +0.50 2.6

Glucose CZE External 23.3+0.50 2.2 17.0-30.0
Internal 22.7x0.74 33
HPAEC External 24.3+0.23 1.0

Fructose CZE External 56.5+0.35 0.6 51.0-77.0
Internal 62.8+2.04 33
HPAEC External 59.8 +1.29 2.2

Orange juice Sucrose CZE External 31.9+1.03 3.2 27.0-48.0
Internal 34.6 =0.70 2.0
HPAEC External 36.6+1.49 4.1

Glucose CZE External 21.5+0.50 2.3 23.0-29.0
Internal 22.0x0.10 0.5
HPAEC External 24.3+1.42 5.8

Fructose CZE External 19.5+1.10 5.6 27.0-48.0
Internal 25.6 =0.90 35
HPAEC External 26.6+1.64 6.2

Grape juice Glucose CZE External 87.1x0.76 0.9 81.0
Internal 73.5+1.01 1.4
HPAEC External 74.3+1.06 1.4
Fructose CZE External 86.5+1.79 2.1 83.0

Internal 81.2+1.57 1.9
External 79.1+2.93 3.7

HPAEC

* Values from Ref. [35].

distribution with the same mean value. If this is
the case, the difference in the mean values of the
two series should not be significant. However, in
order to apply the t-test to two sets of data, the
standard deviations of both sets of data must be
comparable, indicated by the F-value [37]. As
can be seen from the f-values in Table 6, the
differences between the HPAEC results and the
results of the CZE analyses obtained by internal
calibration are not significant for all data sets at
the 99% confidence level. In contrast, the data
for the external CZE calibration differed sig-
nificantly in all except two instances from those
obtained by HPAEC, indicating that external
calibration of CZE did not yield the same values
as HPAEC and is therefore an invalid method.

This again confirms the previous statement, that

the results from the internal CE calibration are
much closer to the HPLC results than those from

the external CE calibration. Therefore, the inter-
nal calibration method is to be preferred when
working with CE.

In summary, good agreement between the
sugar contents declared on the fruit juice packag-
ing and the sugar contents determined by CZE
and the HPAEC method was found (Table 7).
On inspecting the CZE and HPAEC results
closely, it is striking that only the data for the
orange juice are lower than the declared values.
This could be due to partial adsorption of soluble
sugars on haze particles, such as polyphenols,
polysaccharides and proteins, which are removed
by filtration, resulting in an underestimation of
the sugar content in this juice.

It is evident from these results that the de-
scribed CZE method is suitable as a routine
method for the determination of soluble carbo-
hydrates in fruit juices.
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Table 6
Statistical evaluation of the results obtained by CZE and HPAEC
Juice Sugar Method® F value t value Difference
CZE-HPAEC
Apple Sucrose CZE ext. cal. 1.42 7.88 Significant
CZE int. cal. 2.76 4.34 Not significant
Glucose CZE ext. cal. 4.73 3.57 Not significant
CZE int. cal. 3.22 4.10 Not significant
Fructose CZE ext. cal. 13.58 4.93 Significant
CZE int. cal. 2.50 2.03 Not significant
Orange Sucrose CZE ext. cal. 2.09 5.16 Significant
CZE int. cal. 4.53 2.44 Not significant
Glucose CZE ext. cal. 8.07 3.73 Not significant
CZE int. cal. 201.60 3.42 Not significant
Fructose CZE ext. cal. 2.22 7.17 Significant
CZE int. cal. 3.32 1.06 Not significant
Grape Glucose CZE ext. cal. 1.95 19.69 Significant
CZE int. cal. 1.10 1.10 Not significant
Fructose CZE ext. cal. 2.68 4.30 Not significant
CZE int. cal. 3.48 1.27 Not significant

Test conditions: for F (P =0.95; f, = f, = 2) <19.00= (P = 0.99; f=4) <4.60; for F (P =0.95; f, =f,=2)>19.00> (P =0.99;

f=2)=9.92. P=confidence level; f=degrees of freedom.

2 Ext. cal. = external calibration; int. cal. = internal calibration.

4. Conclusions

A simple, reproducible and inexpensive CZE
method for the separation of soluble, low-molec-
ular-mass carbohydrates with indirect UV detec-
tion was adapted to fruit juice analysis. The
sensitivity proved to be sufficient to measure
levels of sugars in common fruit juices. In
principle, other foodstuffs with similar carbohy-
drate concentrations such as jellies, honey, can-

Table 7
Total carbohydrate content

Juice Concentration (g 17')
Declared Found
CZE* HPAEC
Apple 110.0 102.6 102.4
Orange 100.0 822 86.8
Grape 150.0 154.7 152.6

* Results from internal calibration.

dies or soft drinks could also be within the scope
of this method. The CZE method was compared
with the routine HPLC method, yielding similar
results in terms of resolution, reproducibility and
recovery. A statistical comparison (t-test)
showed that there is no significant difference in
the results obtained by the two independent
methods, provided the internal calibration meth-
od was used for CZE.

Therefore, it can be concluded that CE with
the additional advantages of a short analysis
time, high separation efficiency and low running
costs is attractive for routine work. Additionally,
CE provides the possibility of validating HPLC
results or results from any other carbohydrate
analysis with a second independent analytical
method.

Although CE is still a relatively young ana-
lytical technique, it certainly will continue to
grow in the future and find more and more
applications in the area of food science. Eventu-
ally, validated CE methods should provide fast,
automated and high-resolution assays in food
control laboratories.
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Abstract

Many bacterial polysaccharides possess O-linked acetate groups as constituents of their repeating units which
often can serve as immunological determinants. It is therefore important to develop analytical methods for process
monitoring as well as product characterization when such O-acetylated polysaccharides are used as components of
vaccines. This is the case in a polysaccharide conjugate vaccine under development for treatment of diseases caused
by Streptococcus pneumoniae. An ion chromatographic (IC) method utilizing suppressed conductivity detection
(SCD) was developed to quantitatively measure O-acetate groups in the capsular polysaccharides from S.
pneumoniae types 18C and 9V following hydrolytic release of O-acetate from the polysaccharide backbones using 2
mM sodium hydroxide. IC was carried out using an OmniPac PAX-500 column and 0.98 mM NaOH in 2%
methanol as the mobile phase. Capillary ion electrophoresis (CIE) with indirect photometric detection was
evaluated as an alternative method. The CIE method utilized a 72 cm X 75 wm L.D. fused-silica capillary and an
electrolyte composed of 5 mM potassium hydrogenphthalate, 0.5 mM tetradecyltrimethylammonium bromide, and
2 mM sodium tetraborate, pH 5.88. A comparison of CIE and IC-SCD in terms of reproducibility, accuracy,
linearity, and sensitivity will be presented.

1. Introduction prevention of pediatric Pn diseases [1]. Until
recently, routine characterization of the carbohy-

Purified type-specific capsular polysaccharides drate composition of the vaccine was accom-
from Streptococcus pneumoniae are currently plished by colorimetric assay. Currently, the
used in the preparation of a commercially avail- technique of high-pH anion-exchange chroma-
able vaccine against pneumococcal (Pn) disease. tography (HPAEC) using pulsed amperometric
The Pn polysaccharides are also conjugated to detection (PAD) is used for the analysis of the
carrier proteins as a Pn conjugate vaccine for the carbohydrate composition of acid-hydrolyzed Pn

polysaccharide types [2]. HPAEC-PAD allows
for the detection of subnanomole amounts of the
- monosaccharide components of these Pn poly-
* Corresponding author. saccharides. However, the constituent side chain
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groups such as O-acetate in Pn polysaccharide
9V and Pn polysaccharide 18C cannot be de-
tected by HPAEC-PAD. The objective of this
work was to investigate analytical methods for
the separation and quantitation of O-linked
acetate in Pn polysaccharides and to determine
the optimal hydrolysis conditions for the release
of O-acetate from Pn polysaccharide types 9V
and 18C.

Determination of the O-acetyl content of
bacterial polysaccharides has traditionally been
accomplished by chemical assay [3] or, more
recently, by NMR techniques [4]. The applica-
tion of ion chromatography (IC) coupled with
suppressed conductivity detection (SCD) for the
quantitative analysis of O-linked acetate in Pn
polysaccharides has not been reported, although
the technique of IC-SCD has been used to
quantitate inorganic and organic anions with
sensitivity in the parts-per-billion range [5]. We
initially investigated the use of IC-SCD as a
quantitative tool to monitor hydrolytic release of
O-acetate from Pn polysaccharides.

Recent developments in the use of capillary

ion electrophoresis (CIE) using indirect photo-

metric detection [6-9] provided an alternative
method for the detection and quantitation of
O-acetate groups in hydrolyzed Pn polysac-
charide types 9V and 18C. This method involves
the incorporation of a cationic surfactant in the
running buffer to cause a reversal of the normal
electroosmotic flow [9,10]. The method also
involves the reversal of the polarity of the CE
system to cause the migration of anions from the
site of injection (cathode) past the detector
window to the anode. Detection is accomplished
by incorporation of a highly-UV absorbing
species in the buffer. Analyte ions displace
chromophoric buffer ions as they pass the detec-
tor, causing a reduction in absorbance which can
be recorded as a positive peak by reversing the
polarity of the detector output.

In this article, we will investigate the ap-
plicability of the recently developed CIE meth-
odologies for the analysis of O-acetate in bacteri-
al polysaccharides and compare this new method
with the IC method.

2. Experimental
2.1. Ion chromatographic systems and eluents

Ion chromatography (IC) was performed on a
Dionex (Sunnyvale, CA, USA) BioLC equipped
with a gradient pump module and connected to a
pulsed electrochemical detector operating in the
conductivity mode. Separation was accomplished
using Omnipac-PAX 500 guard and analytical
columns (250 mm X4 mm L.D., 8.5 um bead
diameter) and an anion trap column (ATC-1)
which was placed between the gradient pump
and injection valve to remove anionic contami-
nants from the eluent. Chemical suppression of
background conductivity was accomplished using
a Dionex Anion Micro Membrane Suppressor
(AMMS-II) operated via an AutoRegen pump
with 50 mM sulfuric acid as the regenerant.
Samples were injected via a Spectra Physics
SP8880 autosampler equipped with a PEEK
stator and rotor seal (Rheodyne) and a 100-ul
PEEK sample loop. Data were collected by a PE
Nelson A/D converter (Cupertino, CA, USA)
and analyzed using PE Nelson Turbochrom
software version 3.3.

IC was performed by isocratic elution with
0.98 mM sodium hydroxide in 2% methanol for
15 min at a flow-rate of 1 mi/min. This was
followed by a 10-min wash in 50 mM NaOH, 2%
methanol, and a 12.5-min re-equilibration with
the starting buffer. The conductivity detector
was set to a range of 3 uS. The background
conductivity for the isocratic buffer was less than
1 uS at a regenerant flow-rate of approximately
10 ml/min.

2.2. Capillary ion electrophoresis system

Capillary ion electrophoresis (CIE) was per-
formed on an Applied Biosystems (Foster City,
CA, USA) Model 270A CE unit equipped with
an 72 em X 75 pm I.D. (50 cm separation length)
fused-silica capillary (Polymicro Technologies,
Phoenix, AZ, USA) and an UV detector. The
electrophoresis buffer was composed of 5 mM
potassium hydrogenphthalate, 4 mM sodium
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tetraborate, and 0.5 mM tetradecyltrimethylam-
monium bromide (TTAB) pH 5.88. The buffer
was filtered through a 0.45-um filter prior to use.
Each run consisted of a 3-min wash with 0.1 M
sodium hydroxide, a 3-min wash with high purity
water, and an equilibration with running buffer
for 5 min prior to sample injection. Samples
were loaded using a 5-s vacuum injection at 127
mm of mercury. The detector was set at 254 nm
with the output polarity reversed. The detector
range was set at 0.004 OD units. The samples
were separated over a period of 10 min at an
applied voltage of —15 kV.

2.3. Reagents and preparation of standards and
samples

Moisture corrected samples of type-specific Pn
polysaccharides were prepared from purified Pn
polysaccharide powders obtained from the
Merck Manufacturing Division (West Point, PA,
USA). An EM Sciences Aquastar V3000 volu-
metric Karl Fisher titrator was used for moisture
content analysis. Moisture corrected samples of
polysaccharide powder (2.5 mg/ml) were dis-
solved in pyrogen-free water over a period of 24
h at room temperature on a rotating platform.

Sodium hydroxide, sodium acetate trihydrate,
and HPLC-grade methanol were purchased from
Fisher Scientific (Pittsburgh, PA, USA). Sodium
tetraborate, TTAB, potassium hydrogenphtha-
late, and N-acetylmannosamine were purchased
from the Sigma (St. Louis, MO, USA).

An acetate standard was prepared by dissolv-
ing sodium acetate in water at a concentration of
10 mM. This standard was stored at —20°C in
1-ml aliquots; 100 ul of this concentrated stan-
dard was diluted in a total volume of 2 ml of
water for a concentration of 500 uM. Five serial
2-fold dilutions of this standard were performed

-to prepare the remaining concentrations of the
'standard curves.

2.4. Alkaline hydrolysis of bacterial
polysaccharides

For the assay validation studies, 100 ul of a

2.5-mg/ml solution of moisture corrected Pn
polysaccharide type 18C was mixed with 250 ul
of pyrogen-free water and 50 pl of freshly
prepared and helium sparged 16 mM sodium
hydroxide for a final concentration of 0.625 mg/
ml polysaccharide and 2 mM NaOH. The sam-
ples were incubated overnight at room tempera-
ture and diluted in water 1:1.3, 1:5, and 1:15
prior to analysis.

For the quantitation of O-acetate in Pn 9V and
18C, 50 ul of a 2.5-mg/ml solution of polysac-
charide was mixed with 125 ul of pyrogen-free
water and 25 pl of 16 mM sodium hydroxide for
a polysaccharide concentration of 0.625 mg/ml
and a hydroxide concentration of 2 mM. The
samples were incubated at room temperature for
16 h, diluted 1:10, and 1:5 (type 9V, and 18C,
respectively) in water, and analyzed by CIE and
IC using the methods outlined above.

3. Results and discussion

The repeating units of Pn polysaccharides
types 9V and 18C are shown in Fig. 1 and are
based on structures published by previous inves-
tigators [11-14]. Repeat unit molecular masses
of 968 and 1006 for Pn polysaccharides 9V and
18C, respectively, were used for conversion of
mass to moles. While Pn polysaccharide 18C was
found to contain one O-acetate group per poly-
saccharide repeating unit [11], the reported num-
ber of O-acetate groups per repeating unit in Pn
polysaccharide 9V has varied from 1.2 using
NMR [13] to 1.6 using a colorimetric assay [12],
suggesting either inaccuracy in determination, or
more likely the existence of a mixed population
of singly and doubly-acetylated molecules. For
this report, alternative methods for the quantita-
tion of O-acetate in Pn polysaccharides 9V and
18C which require little sample and are relatively
easy to perform were investigated for the charac-
terization of these components of a Pn conjugate
vaccine. Both methods involve the release of
O-acetate from the polysaccharide backbone
followed by chromatographic or electrophoretic
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Pn Ps Type 9V

[-4)-0-D-GlcAp-(1-3)-a-D-Galp-(1-3)-B-D-ManNAcp(1-4)-B-D-Glcp-(1-4)-a-D-Glep-(1n

OAc

OAc

Pn Ps Type 18V

AcO-3-a-D-Glcp-(1-2)

[-4)-B-D-GIcAp-(1-4)-B-D-Galp-(1-4)-a-D-Glop-(1-3)-a-Rhap(1-]n

Glyceroi-3-POy4

Fig. 1. Structures of the repeating units of the capsular polysaccharides (Ps) of Streptococcus pneumoniae types 9V and 18C.

separation and detection. A typical example of
an electropherogram and chromatogram using
the methods outlined in the experimental section
are shown in Figs. 2 and 3. Fig. 2 is a CIE
electropherogram of a sample of hydrolyzed Pn
polysaccharide 18C in which the acetate migrates
as a sharp peak with a migration time of 7.2 min,
the broad (9.0 min) peak following acetate is
caused by the presence of carbonate in the
sample. Fig. 3 is the IC chromatogram of the
same hydrolyzed Pn polysaccharide 18C sample
in which acetate elutes as a sharp peak with a
retention time of 5.8 min.

,___.
3 8.2 3
]

UV Absorbance (254nm)

o N & O O
rt h 1 " i

2 3 a 5 6 7 8 3§ 10
Time (min)

-

Fig. 2. Typical electropherogram of an alkaline hydrolyzed
Pn polysaccharide 18C showing O-acetate released from the
sample. Peaks: 1= acetate; 2 = carbonate.

3.1. Optimization of the hydrolysis conditions
for the release of O-acetate from Pn
polysaccharidess 9V and 18C

Preliminary experiments were performed using
IC to determine the hydrolysis conditions neces-
sary for the removal of O-acetate from these
polysaccharides. Various concentrations (1 mM
to 50 mM) of sodium hydroxide were used for
different lengths of time (0.5 h to 48 h) at
different temperatures (4°C to 65°C). It was
determined that 2 mM sodium hydroxide at
room temperature for 16 h provided optimum

7701
7004
630
560
4901
4201
3501
2801
2104

Conductivity

0 i 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Time (min)

Fig. 3. Typical chromatogram of an alkaline hydrolyzed Pn

polysaccharide 18C showing O-acetate released from the

sample.
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release of O-acetate from Pn polysaccharide 9V
and Pn polysaccharide 18C. A time-course study
was also performed using CIE in which samples
were incubated in 2 mM NaOH for 0.5h to 48 h
at room temperature. The results of this study
are shown in Fig. 4. Again, 16 h at room
temperature in 2mM sodium hydroxide were
sufficient to provide maximum release of O-
acetate from Pn polysaccharide 9V and Pn poly-
saccharide 18C.

In order to verify that the hydrolysis con-
ditions chosen for O-acetate removal did not
release N-linked acetate (Pn polysaccharide 9V
contains an N-acetate group in addition to the
O-acetate groups, see Fig. 1), we also subjected
N-acetylmannosamine (N-acetylated monosac-
charide) and Pn polysaccharide type 4 (which
contain both N-acetylmannosamine and N-
acetylfucosamine as part of the constituents in
the repeating unit [15]) to the hydrolysis con-
ditions outlined above. No acetate was detected
in either the Pn polysaccharide 4 or N-
acetylmannosamine samples after 48 h of hy-
drolysis in 2 mM NaOH (see Fig. 4).

One disadvantage of the IC method for O-
acetate quantitation was the inability to quanti-
tate background levels of acetate (free residual
acetates from purification process) in samples.

14007

1200

6001

400

Nanomoles of Acetate Released

200

0 20 30 40 50
Hydrolysis Time (hours)
Fig. 4. Time course of O-acetate released from Pn polysac-
charide 9V, J; Pn polysaccharide 18C, O; N-acetylman-
nosamine, A; and Pn polysaccharide type 4, Q.

This was due to the fact that the IC buffer
contained 0.98 mM sodium hydroxide, which
resulted in on-column hydrolysis of O-acetate in
the samples during the chromatographic pro-
cedure. This was not a problem with CIE
because the CIE buffer did not contain sodium
hydroxide and therefore did not hydrolyze the
samples during analysis. For these reasons, the
IC method is limited to the analysis of final
purified samples or samples which have been
dialyzed free of acetate prior to hydrolysis and
IC.

3.2. Linearity

Table 1 gives the linearity data as obtained
using CIE and IC. Standard curves were gener-
ated using a sodium acetate standard at con-
centrations of 500, 250, 125, 62.5, 31.25, and
15.6 uM in both the CIE and IC assay. Peak
area by CIE appears linear (on a linear scale)
throughout the range of acetate concentrations
used in this study, and preliminary data showed
peak areas to be linear through acetate con-
centrations as high as 5 mM. Peak area by IC is
linear (on a linear scale) up to a concentration of
250 uM acetate.

Fig. 5 shows the relationship between acetate
concentration and migration time for CIE. The
data show that migration time decreased with
increasing concentrations of acetate. This is due
to electromigrative dispersion of the sample [7].
We therefore chose to limit the standard curve in
a typical assay to 500 wM in order to minimize
excessive broadening of the migration zones.

Table 1
Linearity data for CIE and IC

Method r’ Linear range (uM)
CIE 0.9999 15.6-500
IC 0.9988 15.6-250

“Linear correlation coefficient.
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Fig. 5. Effect of acetate concentration on capillary ion
electrophoretic retention time.

3.3. Limit of detection and sensitivity

Limits of detection for both assays were calcu-
lated based on a method [16] wherein the limit of
detection, y, is equal to the blank (equivalent to
the y intercept or yg), plus three times the
standard deviation of the blank, S;. The limits of
detection for CIE and IC determined by this
method were 7 uM and 12 pM, respectively. It
should be noted at this point that although the
limits of detection for both methods appear
similar, the absolute amount of acetate detected
is much smaller using capillary electrophoresis.
Assuming that a volume of 3.5 nl/s (value
provided by the manufacturer) is taken up by the
capillary, the mass amount of acetate applied to
the capillary at the lowest standard concentration
is 1.1- 107 nmol. The mass of acetate applied to
the IC column at the lowest standard concen-

Table 2
Assay variability (% R.S.D.) data for CIE and IC

tration is 1.56- 10" nmol so that overall CIE is
two orders of magnitude more sensitive than IC
on a mass -basis.

3.4. Repeatability and reproducibility

In order to arrive at estimates of assay re-
peatability (intra-day precision) and reproduci-
bility (inter-day precision), a hydrolyzed sample
of Pn polysaccharide 18C was assayed at three
dilution levels; corresponding to the upper (480
wg/ml), mid (125 pwg/ml), and lower (42 pwg/ml)
regions of the standard curve using five sequen-
tial injections on three days. The relative stan-
dard deviations (R.S.D.) for intra- and inter-day
variability were calculated and are presented in
Table 2.

The 3-day averages of the within-run vari-
ability for CIE at the 1:1.3, 1:5, and 1:15
dilutions were 4.6, 4.5, and 4.3%, respectively.
The 3-day average within-run values for IC were
0.7, 0.6, and 0.9% for the 1:1.3, 1:5, and 1:15
dilutions, respectively. As shown in Table 2, the
results indicate that the total variability for these
two assays are similar.

The reproducibility of the migration/retention
time for each of the methods was also deter-
mined from the data outlined above. The aver-
age R.S.D. for the migration time of acetate by
CIE (n=15) on each of three days was 1.2%,
while the overall variability in migration time
across three days of analyses was 1.6%. The
corresponding data for IC retention time was
0.6% and 1.0% for the 3-day average R.S.D.
and overall variability, respectively.

Dilution level Day 1 Day 2 Day 3 Total (inter-day)
CIE IC CIE IC CIE IC CIE IC
1:1.3 6.5 0.3 2.3 1.0 5.1 0.7 7.2 3.4
1:5 5.1 0.5 5.3 0.5 3.0 0.8 6.2 1.1
1:15 3.7 1.1 5.5 0.8 3.7 0.9 2.6 5.0
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3.5. Assay comparison

In order to compare the two assays, a sample
of sodium hydroxide-hydrolyzed Pn polysac-
charide 18C was diluted to achieve an equivalent
acetate concentration of approximately 250 nM/
ml. This solution then was used to prepare
dilutions equal to 90, 80, 70, 60, 50, 40, 30, 20,
and 10% of the stock. Each sample was then
assayed in duplicate by CIE and IC along with
acetate standards. Interpolated concentrations
for each sample then were calculated based on
the acetate standards normalized to the point of
each curve, and compared by plotting the values
obtained from IC on the x axis and the values
from CIE on the y axis. The slope of the line is
0.997 +0.023, and the y intercept is 0.92, in-
dicating that each method yields equivalent re-
sults over this concentration range.

3.6. Matrix effects

In order to identify potential effects of the
sample matrix on the outcome of routine analy-
ses, a spiking experiment was performed on each
of three days. In this experiment, a hydrolyzed
Pn polysaccharide 18C sample or water was
spiked with five levels of acetate, 20, 40 80 160
and 320 uM. The slope of the lines representing
the acetate standard in water and the acetate
standard spiked into the sample matrix were
calculated and shown in Table 3. The data
showed that the slopes were the same (within-
assay variability) for the total acetate content in
either matrix using CIE or IC. This result indi-
cates that the recovery of acetate in water is the
same as in a sample matrix containing hydro-
lyzed Pn polysaccharide 18C and that there are

Table 3 .
Matrix effect data for CIE and IC

Matrix . Slope

' CIE IC
H,O0 2321 20407 + 527
Hydrolyzed sample 2375 20959 + 481

no detectable matrix effects in either assay under
these conditions.

3.7. Quantitation of O-acetate in Pn 9V and
18C

In order to determine the molar ratio of O-
acetate to polysaccharide in the Pn polysac-
charides 9V and 18C, triplicate hydrolyses were
performed and analyzed in duplicate by both
CIE and IC. The uM of acetate determined in
these assays were divided by the uM amount of
each of the polysaccharide to provide a ratio of
O-acetate to polysaccharide repeating unit. The
CIE data shows that Pn polysaccharide 9V
contains 1.4 mol of O-acetate per mole of
polysaccharide repeating unit. Pn polysaccharide
18C was found to contain 0.8 mol of O-acetate
per mole of polysaccharide repeating unit. These
values are in general agreement with structural
studies of Pn polysaccharides 9V and 18C as
reported by previous investigators [12-13]. IC
provides essentially the same information; how-
ever, because IC cannot be used to determine
free acetate in the samples prior to hydrolysis,
the values obtained by IC in cases where samples
contain free acetate would overestimate the
actual O-acetate content. Free acetate values can
be determined by CIE and were taken into
account in the calculations used to provide the
data presented above.

4. Conclusions

Alternative methods for rapid determination
of the O-acetate content of two type specific
polysaccharides from S. pneumoniae using both
IC and CIE following alkaline hydrolysis have
been described and compared. Both IC and CIE
demonstrate similar levels of performance in
terms of sensitivity, repeatability, reproducibility
and accuracy. However, to avoid the over-esti-
mation of acetate for those Pn polysaccharide
samples containing traces of free acetate, the IC
method requires that the samples be dialyzed
prior to the alkaline hydrolysis procedure. This is
due to on-column hydrolysis of O-acetate from
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the Pn polysaccharides in the NaOH containing
IC eluent. The CIE method is linear to 5 mM
acetate while the IC method is linear to 250 uM.
In addition, CIE has several advantages over IC,
which include the elimination of the expensive
IC columns which require extensive cleaning and
regeneration resulting the generation of large
volumes of hazardous waste. Overall run times
for each method are 21 and 37.5 min for CIE
and IC, respectively. Therefore, we conclude
that the CIE method is faster, easier to use and
cost effective, and that CIE should. be the
method of choice for the quantitation of O-
acetate in bacterial polysaccharides following
alkaline hydrolysis.
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Abstract

Several O-glycosidically linked monosialooligosaccharides from glycoproteins were separated as their alditol
derivatives in ca. 10 min in borate buffer (pH 9.6) containing sodium dodecyl sulfate (SDS), and sensitively
detected at the 10™* M level by measuring absorption at 185 nm. Oligosaccharides having higher degree of
polymerizations migrated faster, and N-acetyl- and N-glycolylneuraminic acid-containing oligosaccharide analogues
could be resolved from each other under the conditions employed. Good linearity was demonstrated between 0.9
and 20 mM concentrations for relative response of N-acetylneuraminyllactose as a model compound to lactobionic
acid as an internal standard. The detection limit was 0.2 mM, which corresponded to 0.80 pmol as the injected
amount. The relative standard deviation of relative response at 9 mM was 1.97% (n = 7). The established system
was successfully applied to microanalysis of sialooligosaccharides in bovine submaxillary mucin and swallow nest

material.

1. Introduction

The analysis of oligosaccharides and polysac-
charides is important for understanding their
biological roles in bioactive glycoproteins, and
particular attention has been paid for the analy-
sis of sialooligosaccharides to elucidate the phys-
iological role of the sialic acid residues.

There are a few established methods, such as
hydrazinolysis and digestion with glycopeptidase,
for the release of N-glycosidically linked
sialooligosaccharides from glycoproteins [1]. The
released oligosaccharides may be analyzed di-
rectly by high-performance anion-exchange chro-
matography [2] or high-performance capillary
electrophoresis (HPCE) [3]. They may be also

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00625-3

analyzed by high-performance liquid chromatog-
raphy (HPLC) or HPCE after derivatization
with some chromogenic or fluorogenic reagents
[4,5].

On the other hand, there are no good methods
for the release of O-glycosidically linked oligo-
saccharides to give free oligosaccharides. Treat-
ment with alkali in the presence of borohydride
can liberate O-glycosidically linked oligosaccha-
rides [6], but the released oligosaccharides are
converted concurrently to the corresponding
alditols. Such alditols may be analyzed by high-
performance-anion exchange chromatography
with pulsed amperometric detection [7,8], but
they cannot be sensitively detected by UV or
visible light absorption in intact state and they
cannot be detected by fiuorescence at all. Con-
version to absorbing or fluorescent derivatives is

© 1994 Elsevier Science B.V. All rights reserved
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also hampered, because they lack the aldehyde
group as the key functional group.

Under these circumstances, HPCE is expected
to become an alternative to high-performance-
anion exchange chromatography, since sensitive
low-wavelength monitors have been recently
developed. Some simple mono- and oligosac-
charides have been separated as their borate
complexes in basic conditions and detected at
195 nm [9]. Sialooligosaccharides from glycopro-
teins are considered to absorb such low-wave-
length UV light more strongly, because of the
presence of N-acyl groups in both sialic acid and
hexosamine residues.

This paper presents a study of the analysis of
O-glycosically linked sialooligosaccharides as
their alditols, based on HPCE with low-wave-
length UV detection.

2. Materials and methods

Bovine submacxillary mucin was prepared from
bovine submaxillary glands according to the
literature [10]. The nest material of Chinese
swiftlet was commercially available from a Chi-
nese foodstuff shop (Kobe, Japan). N-
Acetylneuraminyllactose (NeuAc-Lac) was ob-
tained from Sigma (St. Louis, MO, USA).
Lactobionic acid used as the internal standard
for calibration was obtained from Tokyo Kasei
Kogyo (Tokyo, Japan). "H NMR spectra were
recorded in deuterium oxide at room tempera-
ture with a JEOL JNM GSX-500 spectrometer
(JEOL, Tokyo, Japan) at 500 MHz. The proton
signals were referenced to the methyl proton
signal of the internal acetone (2.225 ppm) in &
(ppm). Negative ion fast-atom bombardment
mass spectra were obtained in glycerol matrix
using a JEOL SX102 mass spectrometer. The
energy of the primary xenon beam was 8 kV.
Calibration of mass number was carried out by
using Ultramark (available from JEOL) as the
mass reference. Evaporation of small volume of
solutions (smaller than 1 ml) was carried out by a
centrifugal concentrator CC-101 (Tomy, Tokyo,
Japan) at room temperature. The reagents and
solvents for chromatography were of the highest

grade commercially available. Deionized water
double distilled in a glass-made apparatus was
used throughout the work.

2.1. Isolation of sialooligosaccharide alditol
standards from bovine submaxillary mucin

Bovine submaxillary mucin (100 mg) was
treated with 50 mM sodivm hydroxide (10 ml)
containing sodium borohydride to a concentra-
tion of 1 M for 72 h at 37°C. Acetic acid was
carefully added to the mixture to destroy the
excess amount of sodium borohydride, and the
mixture was centrifuged. The supernatant solu-
tion was collected and lyophilized to dryness.
Methanol (50 ml) was added to the residue, and
the mixture was evaporated to dryness. The
procedures were repeated five times to remove
boric acid completely. The residue was then
dissolved in a small volume of water (3 ml), and
applied to a column (100 cm X 3.0 cm 1.D.) of
Sephadex G-50 (Pharmacia, Uppsala, Sweden)
equilibrated with 30 mM ammonium hydrogen
carbonate. The column was eluted with the same

- solution, and 10-ml fractions were collected. The

fractions containing sialic acids, as monitored by
the resorcinol-hydrochloric acid assay [11], were
collected and lyophilized.

Reduced oligosaccharides (1, 2, 3 and 4 in Fig.
1) were isolated by preparative HPLC in the
following manner [12].

NeuAca2 NeuGca2
NeGaNAcOH 1 NegaNacOH 2
NeuACOLZ\\6 NeuGca2 \6
GalNAGOH 3 GaNAcOH 4
GleNAct 77> GIcNACB1

Galp(1-4)GICNAC(BI-6)
GalNAC-OH 5

NeuAca(2—-3)Gal(p1-3) ”

Galp(1->4)Galf(1>4)GIcNAC(B1-56) <
GalNAc(a1-3)GalNAc-OH 6
NeuAca(2-3)Gal(p1—-3)

Fig. 1. List of the sialooligosaccharide alditol standards
employed in the present work.
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The residue obtained from the resorcinol-posi-
tive Sephadex G-50 fractions was applied to a
column (250 mm x4.6 mm ID., 5 pm) of
Takara PalPak-N (Takara Shuzo, Kyoto, Japan)
and the column eluted isocratically with a mix-
ture of acetonitrile-15 mM potassium dihydro-
genphosphate solution (pH 5.2) (80:20, v/v) for
15 min, followed by gradient elution by changing
the volume ratio of acetonitrile and the phos-
phate buffer linearly from 80:20 to 50:50 during
45 min at a flow-rate of 0.8 ml/min. The effluent
was monitored at 210 nm. The effluents giving
peaks at 25, 28, 33 and 37 min were collected
and evaporated to dryness at room temperature.
Each of the residues was dissolved in a small
amount of water, and desalted on a small column
(30 cmx1 cm LI.D.) of Sephadex G-25. The
fractions which showed positive reaction to re-
sorcinol were collected and lyophilized, to afford
the sialooligosaccharide alditol standards.

2.2. Isolation of monosialooligosaccharide
alditol standards from Chinese swifilet

The procedure for isolation of mono-
sialooligosaccharide alditols (5 and 6 in Fig. 1)
was similar to that described by Wieruszeski et
al. [12]. Edible bird’s nest material (1 g) was
added in 50 mM sodium hydroxide (50 ml)
containing sodium borohydride to a concentra-
tion of 1 M, and the mixture was incubated for
72 h at 37°C. The reaction was stopped by
dropwise addition of acetic acid for neutraliza-
tion. The resultant solution was centrifuged, the
supernatant was lyophilized, a small volume of
methanol (30 ml) was added to the residue, and
the mixture was evaporated to dryness. The
process of the addition and evaporation of
methanol was repeated four times more. The
residue was dissolved in a small volume of 30
mM aqueous ammonium bicarbonate, the solu-
tion was applied to a column (110 cm X 2.5 ¢cm
1.D.) of Sephadex G-50, and the column was
eluted with the same solution. Fractions of 10 ml
were collected, and assayed for sialic acid by the
resorcinol-hydrochloric acid method. The 320-
400-ml fraction was collected and lyophilized to
dryness. The residue was dissolved in a small

volume of pyridine acetate buffer (1 mM
pyridine and 2 mM acetic acid, pH 5.6), and
applied to a column (25 cm x 1.5 cm L.D.) of
DEAE-Sephadex A-25 (Pharmacia), equili-
brated with the same buffer. The column was
eluted by a linear gradient made by the 1 mM
pyridine-2 mM acetic acid buffer and the 150
mM pyridine-300 mM acetic acid buffer at a
flow-rate of 10 ml/h. The volume of the starting
and final buffers was 300 ml. Fractions of 5 ml
were collected and assayed by the resorcinol-
hydrochloric acid method. The fractions eluted
between 250 and 325 ml were collected and
lyophilized to dryness. The fractions showed the
presence of three major peaks at 36, 42 and 45
min in HPLC on the amine-bonded silica column
under the conditions described above for the
isolation of sialooligosaccharides from bovine
submaxillary mucin. The oligosaccharides giving
peaks at 36 min and 45 min were isolated as pure
state. These oligosaccharides showed molecular
masses of 1406 and 1040, respectively, in nega-
tive fast atom bombardment-MS, and their 'H
NMR spectra were the same as those of oligo-
saccharides 5 and 6 (Fig. 1), respectively, de-
scribed by Wierunszeski et al. [12].

2.3. Micro scale analysis of
sialooligosaccharides in bovine submaxillary
mucin and Chinese swiftlet

A sample of bovine submaxillary mucin (100
wg) was dissolved in 50 mM sodium hydroxide
(100 wl) containing sodium borohydride to a
concentration of 1.0 M in a polypropylene tube
(1.5 ml), and the mixture was incubated for 72 h
at 37°C. The excess amount of sodium boro-
hydride was decomposed by careful addition of
acetic acid (10 u1). The mixture was then passed
through a small column of Amberlite CG-120
(H* form, 2 ml), and the column was washed
with water (20 ml). The eluate and the washing
fluid were combined and evaporated to dryness
at 30°C by a rotary evaporator. The residue was
dissolved in a small volume of methanol (5 ml)
and the solution was evaporated to dryness. The
methanol addition-dry up procedures were re-
peated four times more to remove boric acid



212 K. Kakehi et al. / J. Chromatogr. A 680 (1994) 209-215

completely. The residue was dissolved in water
(50 pl), and an aliquot was analyzed by HPCE.

A mixture of O-linked sialooligosaccharide
alditols from Chinese swiftlet (10 pg) was also
obtained similarly as described above. The
amounts of the reagents and the volume of the
solvent were reduced to one tenth of those used
for the analysis of oligosaccharides in bovine
submaxillary mucin.

2.4. HPCE

A Waters Quanta 4000 model (Millipore
Japan, Tokyo, Japan) was used to carry out
electrophoresis. An uncoated open tubular
fused-silica capillary tube (50 cm X360 pm
O.D.; 50 um I.D.), obtained form Polymicro
Technologies (Phoenix, AZ, USA), was used in
all experiments. The tube was fixed to the
detector at the 7 cm position from the cathodic
end of the capillary. The polyimide coating (2
mm section) was burned off to make a window
for UV detection. For all experiments, absor-
bance at 185 nm was used for monitoring oligo-
saccharide alditols. All samples were introduced
by hydraulic pressure for 10 s at a 10 cm height,
and analysis was performed at 17 kV. The carrier
solution was made from 200 mM borate buffer
(pH 9.6) and contained sodium dodecyl sulfate
(SDS) to a.concentration of 100 mM.

3. Results and Discussion

3.1. Separation of monosialooligosaccharide
alditols by HPCE

The electroosmotic flow is toward the cathode,
since an uncoated capillary tube of fused silica
having a negative charge on its inner wall is used
in this work. On the other hand, sialooligosac-
charides have the carboxyl groups which are
dissociated to give anions under neutral and
alkaline conditions. Therefore, they are expected
to be held back when introduced from the anodic
end. Thus, the combined effects of electroos-
mosis and electrostatic phenomenon will give

peaks in the order of increasing charge to size
ratios.

We investigated conditions for separation of
the six oligosaccharide alditol standards, 1-6
(Fig. 1). Alkaline borate buffer gave basically a
similar migration profile to that in alkaline phos-
phate buffer, indicating no significant contribu-
tion of borate complex formation. At pH 9.6,
separation was optimal, but resolution was not
satisfactory for the N-acetyl and N-gly-
colylneuraminic acid containing pairs, 1-2 and-
3-4. Addition of SDS to a concentration of 100
mM, however, resulted in baseline resolution of
these pairs, as shown in Fig. 2. Table 1 lists the
electrophoretic mobilities of 1-6 together with
those of N-acetyl- and N-glycolylneuraminic
acids.

N-Glycolylneuraminic acid-containing oligo-
saccharides (peaks 2 and 4) showed slightly
longer migration times than the N-acetylneur-
aminic acid-containing analogues (peaks 1 and
3). Under the alkaline conditions employed, the
carboxyl groups in these sialooligosaccharides
are considered to be almost completely disso-
ciated. Therefore, the operating mechanism of
separation is exclusively zone electrophoresis.
For these reasons the improvement of resolution
by addition of SDS should be attributable to
alteration of the electric charge to molecular size

T T T 1 T
4 6 8 10 12

Migration time (min)
Fig. 2. Separation of an equimolar mixture of sialooligosac-
charide alditol standards. Peak numbers refer to compounds
in Fig. 1. Analytical conditions: capillary, fused silica (50
cm X 50 um 1.D.); carrier, 200 mM borate buffer (pH 9.6)
containing SDS (0.1 M); applied voltage, 17 kV; detection,
UV absorbance at 185 nm.
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Table 1
Electrophoretic mobilities of some sialooligosaccharides
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Sialooligosaccharide Hep
(cm® min™' V7', x10%)

NeuAc 14.44
NeuGe 14.66
NeuAca(2— 6)GalNAcOH 13.04
NeuGea(3— 6)GalNAcOH 13.26
GalNAcB(1— 3) [NeuAca(2— 6)]GaINAcOH 11.39
GalNAcB(1—3) [NeuGcea(2— 6)]GalNAcOH 11.57
GalB(1— 4)GIcNAcB(1— 6)GalNAcOH 10.67
NeuAc(a2— 6)Galp(1—3)/

GalB(1->4)GIcNAcB(1— 6)GalNAc(al — 3)GalNAcOH 9.73

NeuAc(a2— 6)Galp(1—3)/

Ac = Acetyl; Gal = galactose; Gc = glycol; Neu = neuraminic acid.

ratio. If the electric charge is significantly differ-
ent between the pairs, they should have been
resolved even without addition of SDS. Conse-
quently the most probable mechanism will be
alteration of molecular size. It is anticipated that
the addition of SDS might change the conforma-
tion of these oligosaccharides to different mag-
nitudes resulting in variation of molecular size.

3.2. Quantitative analysis of sialooligosaccharide
alditols by HPCE at 185 nm

The calibration curve of N-acetylneura-
minyllactose was prepared by using a commer-
cially available authentic specimen. Fig. 3 shows

0.001 AU

W

[ I I I I I I
2 4 6 8

Migration time (min)
Fig. 3. Analysis of N-acetylneuraminyllactose by using lac-
tobionic acid as an internal standard. Analytical conditions as
in Fig. 2, except that the applied voltage was 25 kV. Peaks:
1 = N-acetylneuraminyliactose; 2 = lactobionic acid (internal
standard).

the separation of this model sialooligosaccharide
and lactobionic acid used as an internal standard.

In this case, a higher voltage (25 kV) was
applied, hence the separation was rapid (in ca. 3
min). The plot of the relative peak response vs.
the concentration of N-acetylneuraminyllactose
showed good linearity between 0.9 and 20 mM.
The lower limit of concentration (0.9 mM) in
quantitative analysis corresponded to 3.6 pmol as
the absolute injected amount, as the injected
volume was 4.0 nl. This volume was obtained as
mr’l, where r and [ are the radius and the length
of the plug of diluted rede ink introduced hydro-
dynamically in the same manner as sample
solutions of reduced oligosaccharides. The mini-
mum detectable concentration was 0.2 mM (sig-
nal-to-noise ratio 3). This is corresponding to
0.80 pmol as injected amount. We employed a
5-ul volume for the sample solutions, and the
minimum sample amount in this volume was 1.0
nmol, since the lowest detectable concentration
was 0.2 mM. This limit is higher than that
obtained by high-performance anion-exchange
chromatography (20 pmol, {13]), but the mini-
mum amount injected to the capillary tube (0.8
pmol) was by far smaller than this amount. In
addition, it was an advantage of the present
method that greater portion of the sample could
be recovered after analysis. The relative stan-
dard deviation of the relative peak response at
10 mM was 1.97% (n=17).
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3.3. Micro scale analysis of
sialooligosaccharides in mucin samples

On the basis of the foregoing results the O-
glycosidically linked sialooligosaccharides were
released as alditol derivatives from a minute
amount (100 ug) of bovine submaxillary mucin,
and the derivatives were analyzed under the
optimized conditions. The result is shown in Fig.
4.

Two predominant peaks due to NeuAca-
(2—6)GalNAc-OH (peak 1) and GalNAcS
(1—3)[NeuAca(2— 6)]GalNAc-OH (peak 3)
were observed, accompanied by the peaks of the
corresponding N-glycolyl analogues, NeuGca
(2—6)GalNAc-OH (peak 2) and GalNAcS
(1—3)[NeuGea(2— 6)]GalNAc-OH (peak 4).
The total amounts of these major oligosaccha-
rides were 91% of the overall peak areas. The
broad peaks observed between 7 and 9 min were
not identified in the present study, but these are
presumably due to larger sialooligosaccharides
having smaller charge to size ratio under these
conditions.

Another example for analysis of the oligo-
saccharides in Chinese swiftlet is shown in Fig. 5.

0.001 AU

-

T T T T T T T
1 3 5 7 9 IR 13
Migration time (min)

Fig. 4. Micro scale analysis of O-glycosidically linked
sialooligosaccharides in bovine submaxillary mucin. Analyti-
cal conditions as in Fig. 2; peak numbers refer to compounds
in Fig. 1. For the procedure for the release of oligosac-
charides, see Materials and methods section.

0.01 AU

20 25 30 35 40
Migration time (min)

Fig. 5. Micro scale analysis of O-glycosidically linked
sialooligosaccharides in Chinese swiftlet. Analytical condi-
tions as in Fig. 2 except that the tube length was 100 cm.
Peaks a, b and ¢ were assigned to oligosaccharide alditols §
and 6, and N-acetylneuraminic acid, respectively. Concerning
the procedure for the release of oligosaccharides, see the
Materials and methods section.

{ ' | | | I ]

Complex patterns were observed. Peaks a and b
were identified as oligosaccharide alditols 6 and
5, respectively, by co-migration with the stan-
dards. The large peak (peak c) observed at 35
min is due to that of N-acetylneuraminic acid
introduced as the internal marker. In this case, a
longer capillary (1 m) than that used for the
analysis of oligosaccharides in bovine submax-
illary mucin was used to obtain better sepa-
ration, hence longer analysis time (35 min) was
required.

The series of operations in these analyses are
simple, because the processes of the release of
oligosaccharides and reduction to alditols are
conducted in one-pot fashion. Although consid-
erable interference should be taken into consid-
eration in cases of impure glycoprotein samples,
the overall procedure is quite practical and
convenient.
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Abstract

Human chorionic gonadotropin (hCG) is a heteromeric glycoprotein hormone with a molecular mass of ca.
38 000. The carbohydrate side chains terminate with sialic acid and account for roughly 30% of the mass of the
hormone. Glycoforms of hCG have been routinely identified with conventional methods of isoelectric focusing or
chromatofocusing and exhibit varied bioactivity. In the present report, high-performance capillary electrophoresis
(HPCE) was used to separate the glycoforms of hCG and its subunits. Optimal conditions for obtaining
near-baseline resolution of the glycoforms were 25 mM borate, pH 8.8 containing 5 mM diaminopropane. The
samples were separated in a 100 cm fused-silica capillary with an internal diameter of 50 um at 25 kV and 28°C. In
its native form, hCG migrated in less than 50 min as 8 distinct, highly resolved peaks. In the absence of
diaminopropane, hCG migrated as a single, broad peak. When analyzed individually, the a subunit separated into
four peaks and the 8 subunit resolved as seven peaks. The two subunits could also be separated when the
heterodimer was incubated in 0.25% trifluoroacetic acid for 1 h prior to injection into the capillary. To illustrate the
potential clinical application of this technique, four different sources of hCG were analyzed. The number of
different isoforms was constant among the four samples; however, the relative concentration (amounts) of the
isoforms varied. These results illustrate the potential utility of HPCE in the clinical diagnostic analysis of hCG
microheterogeneity.

1. Introduction

Human chorionic gonadotropin (hCG) is a
member of a family of glycoprotein hormones [1]
which includes thyroid-stimulating hormone
(TSH) and the gonadotropins luteinizing hor-
mone (LH) and follicle-stimulating hormone
(FSH). hCG is produced by the trophoblasts of
the normal placenta and of choriocarcinoma
tissue [2-4] and by non-trophoblastic neoplasia
[5,6]. The hormone has an approximate molecu-

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00182-9

lar mass of 38 000 and consists of an « and B
subunit that are non-covalently associated.
Whereas both subunits have two N-glycosylated
asparagines, the B-subunit contains an additional
four O-glycosylated serine residues located with-
in the C-terminal region. These carbohydrate
modifications account for 30-35% of the mass of
the hormone and result in several different
glycoforms of the hormone [7].

The microheterogeneity of hCG and related
glycoproteins has been examined by the methods
of chromatofocusing and isoelectric focusing
(IEF). The overall charge of hCG is acidic with a

© 1994 Elsevier Science BV. All rights reserved
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p! around 4 but it is comprised of 6 to 8 isoforms
with pI values ranging between 3 and 6 [7]. The
significance of the various isoforms is manifest in
biological activity. More acidic variants of each
of the hormones in this family tend to be more
biologically active due to slower clearance from
the circulation [7]. This relationship between the
glycosylation pattern and the hormone’s potency
may be important in certain endocrine disorders
and during the normal course of pregnancy.
Studies of hCG from patients with trophoblastic
disease have revealed that the glycosylation
pattern is different from that of normal hCG
[8-11]. These changes present an opportunity to
develop diagnostic screening methods which dis-
criminate choriocarcinoma from non-malignant
trophoblastic diseases [12].

Although methods for analyzing heterogeneity
of glycoproteins have provided valuable infor-
mation, they are not without limitations. Both
chromatofocusing and IEF are labor-intensive
analyses and neither technique has provided
quantitative or qualitative resolution of the dif-
ferent isoforms needed to obtain pure isoform
preparations. In addition, with chromatofocusing
a significant amount of the hormone remains on
the column until elution with 1 M NaCl. The
chemical nature of this highly charged material is
not clear.

An alternative to the traditional methods of
separation is the use of high-performance capil-
lary electrophoresis (HPCE). This technique
combines the advantages of simplicity, speed and
reproducibility with high separation efficiency.
Wide [13,14] used zone electrophoresis in aga-
rose gel to analyze the heterogeneity of FSH,
LH and TSH. Although the resolution was poor
due to the limitations of the apparatus, Wide
estimated that each of the hormones was com-
posed of at least 20 different isoforms with minor
differences in charge. The significance of this
finding versus the number of isoforms identified
with IEF is not known.

Recently, Landers et al. {15] reported a meth-
od for the efficient, high-resolution separation of
the glycoprotein ovalbumin. In this method, the
buffer additive diaminobutane was utilized to
enhance separation that otherwise yielded a

single broad peak. These studies present, for the
first time, a facile method for the reproducible
separation of hCG by HPCE and the improved
baseline separation of its isoforms using a
diaminoalkane as a buffer additive.

2. Materials and methods
2.1. Materials

Boric acid, sodium tetraborate and 1,3-
diaminopropane (DAP) were obtained from
Sigma (St. Louis, MO, USA). The neutral
marker, dimethylformamide (DMF), was pur-
chased from Aldrich (Milwaukee, WI, USA).

Four different preparations of hCG were used.
The reference batch hCG CR127 was kindly
supplied by the National Hormone and Pituitary
Program (University of Maryland School of
Medicine). Two separate batches of crude urin-
ary hCG (Diosynth, Chicago, IL, USA) were
purified using a previously published method
[16]. This purification scheme results in the
separation of nicked hCG and hCGg fragment
from intact hCG [17]. The resulting preparations
were designated hCG 2292 and hCG 393. The
fourth preparation of hCG, AK930, was purified
from urine of a patient with metastatic choriocar-
cinoma using the method referenced above.

Pure subunits were obtained by treating hCG
2292 with 6 M guanidine hydrochloride for 18 h.
The dissociated subunits were purified by re-
versed-phase HPLC on a Vydac C; column
(Hesperia, CA, USA) in 0.1% aqueous trifluoro-
acetic acid (TFA) and a gradient of 5% to 48%
acetonitrile in 0.1% aqueous TFA. Two major
peaks were obtained, the first was the a subunit
and the second was the 8 subunit (Fig. 1).

2.2. Capillary electrophoresis

All separations were performed on an Applied
Biosystems Model 270A capillary electrophoresis
system (Foster City, CA, USA) interfaced with a
personal computer utilizing Beckman System
Gold software (version 5.0; Beckman, Fullerton,
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Fig. 1. Analysis and purification of hCG 2292 with reversed-
phase HPLC following treatment with 6 M guanidine - HCI

for 18 h. Conditions were 0.1% aqueous TFA with a gradient
of 5 to 48% acetonitrile in 0.1% aqueous TFA.

CA, USA). Separations were performed with
fused-silica capillaries which were 100 cm in
length (78 cm to the detector) with an internal
diameter of 50 wm. All electrophoretic sepa-
rations were carried out at 25 kV constant
voltage (inlet as the anode and outlet as the
cathode) and the capillary temperature was
maintained at 28°C. Detection was by absor-
bance at 200 nm.

Prior to each electrophoretic separation, the
capillary was washed with 2 column volumes of
0.1 M NaOH followed by a 8-column-volume
rinse with running buffer. The neutral marker
DMF (1.5 mM) was then vacuum-injected for 1's
followed by the vacuum injection of each sample
for 2 s. The estimated concentration of each
hCG solution used for analysis was about 4 mg/
ml.

In order to determine optimal conditions for
the separation of hCG and its isoforms, several
buffers of varying ionic strength and pH were
analyzed. Six borate buffers at ionic strengths of
25 and 100 mM and pH values of 8.2, 8.8 and 9.2
were examined. In addition, 50 mM Tris—-384
mM glycine, pH 8.3 and 20 mM ammonium
formate, pH 8.8 were also tested. The buffer
additive DAP was tested at various concentra-
tions. All buffers were made with HPLC-grade
water (EM Science, Gibbstown, NJ, USA) and
filtered through a 0.2-um filter (Gelman Science,
Ann Arbor, MI, USA) before use.

2.3. Data analysis

In order to compare the distribution of the
isoforms of the different preparations of hCG,
the integration functions of System Gold were
used to determine the area under the curve of
the major peaks. Eight peaks were identified and
the percent of the total area under the curve was
calculated for each. Each of the four prepara-
tions of hCG was analyzed at least three times
and the average percent of the total area for
each peak was determined. Percent of total area
for each peak were analyzed by ANOVA and the
means were compared with the Scheffe F-test
using the statistical program Statview (version
1.0.3).

3. Results and discussion

Addition of diaminopropane to the running
buffer was necessary for the successful sepa-
ration of hCG isoforms. When hCG was ana-
lyzed without DAP, a single peak with a broad
tail and a migration time of under 20 min was
observed (Fig. 2A). Adding DAP at various
concentrations (Fig. 2B-E) resulted in the detec-
tion of multiple, well resolved peaks with a
concomitant increase in the total migration time.
Resolving power increased with additional DAP
used; 1 mM DAP resulted in the appearance of
multiple peaks with poor resolution, whereas the
addition of 2.5 and 5.0 mM DAP led to the
separation of eight clearly defined peaks in less
than 50 min. Increasing the DAP concentration
to 10 mM did not result in an increase in the
number of peaks or improved resolution (data
not shown).

Based on these results, all subsequent experi-
ments were conducted with 5 mM DAP added to
the running buffer. The improvement in res-
olution with 5 versus 2.5 mM DAP was sufficient
to justify the additional migration time required
for the analysis. The optimal conditions for
separation were then determined and resulted in
the choice of 25 mM borate buffer, pH 8.8 with
5 mM DAP as the running buffer. The current
generated with this buffer in a 100 cm x 50 pm
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Fig. 2. Effect of various concentrations of diaminopropane
on the electrophoretic migration and separation of hCG 2292
(4 mg/ml). Separations were carried out in a 100 cm X 50 um
fused-silica capillary with 25 mM borate, pH 8.8, 2 s injection
of sample (4 mg/ml), 25 kV and 28°C. The DAP con-
centrations used were 0 (A), 1.0 (B), 2.5 (C) and 5.0 mM

(D).

I.D. capillary at 28°C and 25 kV was 6 to 7 uA.
Although borate was the buffer of choice, Tris-
glycine and ammonium formate buffers contain-
ing 5 mM DAP yielded similar separations of
hCG that had the same number of isoforms but
without the enhanced baseline resolution ob-
tained with borate buffer (data not shown).

It has been hypothesized that diaminoalkanes
such as DAP enhance the separation of the
glycoforms by decreasing the endoosmotic flow
(EOF). This decrease in EOF results from the

cationic amines interacting with the negatively
charged capillary wall and thereby increasing the
migration time of the sample. This increase in
migration time allows for enhanced resolution of
the different glycoforms. Other diaminoalkanes
such as putrescine (1,4-diaminobutane) have
been utilized as buffer additives for the analysis
of microheterogeneity of glycoproteins, including
tissue plasminogen activator (tPA) [18], oval-
bumin and pepsin [15] and human recombinant
erythropoietin [19]. Landers et al. [20] compared
diaminoalkanes of different chain lengths (C,-
Cs) and demonstrated that diaminopropane and
diaminobutane modified EOF and improved the
resolution of ovalbumin to the same degree. In
the present study, we also tested diaminobutane
and diaminopentane and observed similar results
(data not shown).

The choice of buffer may be critical for op-
timizing resolution of the different glycoforms.
In their analysis of ovalbumin, Landers et al. [15]
found that borate was superior to phosphate at
putrescine concentrations of 1 mM. However,
separation of the isoforms was possible in phos-
phate with a higher concentration of putrescine
(5 mM). In contrast, Taverna er al. [18] found
that putrescine was not efficient with borate but
was with tricine for the analysis of tPA glycopep-
tides. In the present study, 25 mM borate, pH
8.8 containing 5 mM DAP provided the best
results in terms of the resolution of hCG glyco-
forms. Tris-glycine and ammonium formate, on
the other hand, yielded separation of the iso-
forms, albeit with resolution that was inferior to
that seen with borate. Since we did not attempt
to optimize the conditions with Tris-glycine and
ammonium formate buffers it is not known if
under different conditions these buffers would
perform similar to borate. The borate ion may
be inherently better for analyzing glycoproteins
[15] because of its potential to form a borate—
sugar diol complex as proposed by Novotny and
co-workers [21,22]. The carbohydrates on hCG
are of the high-mannose variety [23-26] which
would allow for this type of complexation. Use
of borate versus other buffers for the analysis of
glycoproteins warrants further study.

The pattern of isoform separation is interest-
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ing and merits discussion. Because HPCE sepa-
rates molecules based on their charge-to-mass
ratio, unlike IEF which separates proteins based
on isoelectric point, the identity of the isoforms
that correspond to each peak is not inherently
obvious. Since the isoforms separated into peaks
with a normal distribution, it suggests that the
predominant forms are those with an “average”
charge-to-mass ratio. The minor forms thus
deviate from this ratio in both directions. Un-
fortunately, it is not possible to label each peak
with a corresponding p/; this will require addi-
tional studies using fraction collection to obtain
the individual forms and then determining the p/
with IEF.

In addition to the high-resolution separation of
the native heterodimer, the purified subunits
were also analyzed for heterogeneity (Fig. 3).
The « subunit is 92 residues in length and
contains two sites for N-linked glycosylation
whereas the 8 subunit is 145 residues long and
has four sites for O-linked glycosylation in addi-
tion to two sites for N-linked glycosylation.
Upon electrophoresis, the HPLC-purified «

DMF A
M_
c

20 25 30 35 40 45 50
Time Post-injection
(minutes)

Fig. 3. Electropherograms of the individual « (A) and B8 (B)
subunits of hCG 2292 (C). Separations were carried out in a
100 cm X 50 wm fused-silica capillary, with 25 mM borate
plus 5 mM DAP, pH 8.8, 2 s injection of sample (4 mg/ml),
25 kV and 28°C.

subunit resolved into four discernable peaks with
migration times between 25 and 32 min (Fig.
3A). The first peak was detected in less than 3
min after the neutral marker DMF and appeared
to be heterogeneous. Altogether, four major
species of the a subunit were separated.

The separation pattern for the B subunit of
hCG had a similar profile to the one for the
intact dimer with fewer peaks (Fig. 3B vs. 3C).
There were five major and two minor peaks (a
total of seven) arranged in the same Gaussian or
normal distribution as the native heterodimer;
however, the peaks for the B subunit migrated
faster than those for the intact dimer.

Since the subunits of hCG are not covalently
linked, it was possible to dissociate them in acid
and show that the separation profiles from the
subunits analyzed individually were similar to the
profile of the hormone following dissociation.
Fig. 4 illustrates the effect of 0.25% TFA on the
disassociation of the hCG subunits. The dissocia-
tion profiles represent 0, 60 min and 5 h after the
addition of 0.25% TFA. As the amount of time
increased following the addition of TFA, the

A

B
J

c
"

20 25 30- 35 40 45 50
Time Post-injection
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Fig. 4. Separation and analysis of microheterogeneity of the
a and B subunits of hCG 2292 following addition of 0.25%
TFA to the intact dimer. Figures represent 0 (A), 60 min (B)
and 5 h (C) after the addition of TFA. Conditions as in Fig.
3.
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magnitude of the peaks in Fig. 4C clearly de-
creased whereas peaks in positions similar to
those for @ and B appeared and increased in
magnitude. The dissociation of hCG was ex-
amined after 24 h and did not exhibit any
significant changes from the profile at 5 h.

The behavior and number of isoforms of the «
subunit were expected based on its known
glycosylation pattern. An important distinction
to make, however, is that the results obtained
here are for a subunit isolated from the dimer
and are not the free subunit isolated from urine.
This is a significant point because free subunit
produced during pregnancy is more acidic than
dimer «, may have a sialylated, serine-linked
oligosaccharide, and consequently cannot form a
heterodimer with the B subunit [27].

The oligosaccharides of the o« subunit are
characterized by a lack of fucosylation and exist
predominantly in the monosialylated (50%) and
asialylated (30%) forms [23]. The relative low
amount of sialylation indicates that amount of
acidity due to the oligosaccharides is minimal. In
addition, based on the limited number of differ-
ent possibilities that exist for oligosaccharides on
the a subunit, Grotjan and Cole [7] estimated
that two to three major isoforms of a exist.
Results of the present study confirm these ob-
servations and predictions. The fact that the «
subunit isoforms migrated more quickly than the
B subunit and the intact dimer is probably due to
the fact that it is smaller and less negatively
charged than the other species. In addition, the
number of peaks agrees nicely with Grotjan and
Cole’s estimate. In contrast, studies of the micro-
heterogeneity of the a subunit using IEF have
reported the presence of seven to eight peaks
[27-29]. The reason for the differences between
these reports and the present study is not known.

The similarity between the separation pattern
for the B subunit and the one for the intact
dimer is intriguing although not surprising. In
general, the number of glycoforms should be
influenced by the number of sialic acids present
on the oligosaccharides. Since the B subunit
contains six glycosylation sites and most of these
contain oligosaccharides with one or two sialic
acids, most of the heterogeneity of the dimer

should be the result of the 8 subunit. Indeed,
Cole [25] proposed this very idea based on
studies of the O-glycosylation of the 8 subunit.
The number of major peaks is in agreement with
earlier IEF studies [30-32] and estimates by
Grotjan and Cole [7]. Since the shape of the
electropherogram is similar to that of the dimer,
the contribution of the « subunit to dimer
heterogeneity appears to be small, possibly in-
creasing the total number of dimer isoforms by
one or two.

In order to further investigate the nature of
the separations, four unique preparations of
hCG were analyzed and the results compared.
Fig. 5 depicts the profiles of the four different

B
-V-J

C
.

D
A

20 24 28 32 36 40 4
Time Post-injection (minutes)
Fig. 5. Comparison of microheterogeneity among four sepa-
rate preparations of hCG. (A) hCG CR127, (B) hCG 393,
(€) hCG 2292 and (D) hCG AK930. Conditions as in Fig. 3.
Peak numbers are referred to in Table 1.
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preparations and illustrates an overall similar
pattern of separation. Thus it appears that each
of the four samples consists of roughly the same
eight major isoforms. However, the relative
amounts of each of the different isoforms, as
manifested in the size of the peaks, was different
among the different preparations. In order to
compare the relative proportions of each of the
peaks, it was necessary to quantitate them. The
data in Table 1 shows the average peak area for
each of the eight isoforms isolated from four
different hCG samples. The data shown are the
mean of three separate analyses for each prepa-
ration and are expressed as a percentage of the
total area for all eight peaks. For the sake of
comparison, Table 1 also depicts the mean
values for the first four and last four peaks.
Overall, the data show that there is a remarkable
difference in the composition of the different
hCG preparations. Nearly two thirds (64.9) of
the isoforms of CR127 migrate as peaks 5-8,

Table 1

whereas peaks 5-8 represent 57.2% of hCG 393
and 51.7% of hCG 2292. The peaks for the
choriocarcinoma preparation, AK930, migrated
in a manner that did not allow an accurate
comparison to the peak isoforms of the other
hCG samples. If the data are calculated for
AK930 in two ways so that the peaks align with
either the previous or subsequent peak, then the
relative amount of AK930 that is represented by
peaks 5-8 is either 48.2% or 65.5%. Future
studies using fraction collection and determina-
tion of the p/ values of the different isoforms will
provide a more complete picture of the charac-
teristics of these different preparations.

In summary, seven to eight isoforms of hCG
were separated with baseline resolution but only
in the presence of the EOF modifier, DAP.
Isoforms of the individual subunits were also
separated with this procedure. Although we have
not determined the pl of the different forms,
variances in the different isoforms among differ-

Comparison of the relative amounts of the glycoforms identified for each of four different preparations of hCG (%)

Sample® Peak”®
1 2 3 4 5 6 7 8

CR127 0.7+0.1° 26+0.1 10.5+0.1 21.2+02 26.6 +0.1 22.5+0.1 12.0+0.3 3.8+0.1
35.1+0.5¢ 64.9x0.6°

393 1.4+0.1 56+0.1 13.4+0.3 22.4+0.1 25.1+0.1 19.5+0.1 10.1+0.1 26%0.2
42.8+0.6" 57.2+0.5°

2292 23+0.1 7.4+0.1 15.4+0.1 23.2+0.1 242+0.1 17.5+0.1 8.0+0.1 1.9+0.1
48.3+0.4¢ 51.7+0.4°

AK930 55+0.3 8.7+0.5 16.9+0.5 20.7+0.4 19.9+0.3 15.0=0.6 9.1+0.3 42+0.7
51.8+1.7¢ 482+1.9°

“ Source of hCG (see Materials and methods section).
® Peak number in Fig. 5.

© Area under the curve for peak 1 divided by the total area under the curve for the entire electropherogram. Expressed as a mean

% =+ standard error.
4 Sum of peaks 1-4.
¢ Sum of peaks 5-8.
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ent preparations of hCG were clearly present
and suggest that HPCE may be of great utility
for the comparison of hCG microheterogeneity
in normal tissues and neoplasms.
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Abstract

O-Linked oligosaccharide chains are found in a wide variety of glycoproteins. Determination of the number of
O-linked serine and threonine residues is an important step in glycoprotein characterization. Alkaline release of the
oligosaccharide chains from the peptide chain followed by bisulfite addition to the unsaturated residues generates
sulfonates. Hydrolysis of treated samples followed by derivatization with naphthalene 2,3-dicarboxyaldehyde and
cyanide results in analytes which are separated and quantitated by capillary electrophoresis with UV detection. The
utility of the method was demonstrated using bovine submaxillary mucin yielding results that agreed with

previously published values.

1. Introduction

A variety of methods exist which can be used
to determine oligosaccharide chain structure and
peptide structure. However, there are relatively
few procedures which can be used to determine
the number and distribution of oligosaccharide
linkage positions on the peptide chain. The
current, most popular approach is to sequence a
peptide with a commercial sequencer and note at
which position sequencing is terminated. Sub-
sequent comparison of these data to the se-
quence obtained after the carbohydrate chains
have been enzymatically or chemically removed
usually gives the desired information [1-3]. Ex-

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00658-X

amples of recent reports using this method are
those of Schmid et al. [4] and Nakada et al. [5).
Alternative approaches include one which em-
ploys a biotinylated lectin/avidin-biotinylated
peroxidase on-membrane staining technique [6].

In 1973, Pigman and Moschera [7] reviewed a
reductive B-elimination procedure used to re-
lease oligosaccharide chains O-linked to serine
and threonine residues and effect conversion to
alanine and a-aminobutyric acid, respectively.
The amino acid residues can then be released by
acid hydrolysis and quantitated for compositional
information [8]. Alternatively, the treated pep-
tide can be subjected to sequence analysis [9].
One drawback to the reductive B-elimination is
that the alanine which is generated in the pro-
cedure is also a commonly occurring amino acid
in proteins. Therefore it is necessary to analyze

© 1994 Elsevier Science BV. All rights reserved



226 P.L. Weber et al. | J. Chromatogr. A 680 (1994) 225-232

an untreated sample in order to correct for
endogenous alanine.

In a recent review on carbohydrate analysis, a
relatively straightforward method similar to re-
ductive B-elimination is given [10]. Originally
described by Harbon et al. [11], it involves the
treatment of the glycoprotein with a solution of
alkaline sulfite in order to cause B-elimination of
oligosaccharide chains O-linked to serine and
threonine residues and conversion of the re-
sulting unsaturated derivatives to their sulfonates
(Fig. 1). The modified protein is then hydrolyzed
to produce free amino acids which are then
separated and quantitated. Using this procedure,
any serine residue which was attached to an
oligosaccharide will be converted to a cysteic
acid (CA) residue while an O-linked threonine
results in an a-amino-B-sulfonylbutyric acid res-
idue (ASBA). Thus, the quantity of these two
residues relative to the quantity of serine and
threonine residues, respectively, gives the rela-
tive number of serines and threonines O-linked
to oligosaccharide chains. Note that in this
procedure two unique amino acids are formed
which are not commonly found in peptide struc-
tures.

In order to increase sensitivity, this method
has been modified by using radioactively labeled
sulfite [12]. Though it gives useful results, it

requires the use of radioactive substances. It also
suffers from drawbacks common to other tech-
niques which involve quantitation of the amino
acid sulfonates in the presence of other amino
acids. The sulfonates coelute at the void volume
of an amino acid analyzer. The methods are
quite tedious and time-consuming requiring de-
salting, ion-exchange chromatography for sepa-
ration and then paper chromatography for
identification.

With the advent of capillary electrophoresis
(CE) it is possible to expedite the separation and
quantitation of the amino acids involved in the
procedure. Since CE in its simplest form, capil-
lary zone electrophoresis (CZE), separates sub-
stances by size and charge, it seems well suited
to analyze a reaction such as the alkaline-sulfite
reaction in which the products have acquired an
additional negative charge. CE also offers the
advantages of highly efficient separations, low
volume requirements and minimal sample prepa-
ration as compared to other separation tech-
niques such as liquid chromatography. Specifical-
ly, we have developed a method whereby the
amino acids, including the sulfonates, are de-
rivatized and analyzed by CE. The amino acids
are reacted with naphthalene-2,3-dicarboxyal-
dehyde (NDA) in the presence of cyanide to
generate the cyanobenzylisoindole (CBI) deriva-

Glycosylated L hydroxide
~a CH, CH—CH, 4
Serine (left) (l)
and .
Threonine (right) 0 Y
i i
|°| ﬁ -NH— CH~—C ——NH——CH—C —0-
“NH-= € — C ——NH—C ——C —0- Sulfite
u n - ot
water
CH, CH—CH, o=s=o 0=s=o0
I {
o- 0"

Fig. 1. Alkaline sulfite reaction causing B-elimination of O-linked serine and threonine residues and conversion of the

unsaturated intermediates to sulfonates.



P.L. Weber et al. | J. Chromatogr. A 680 (1994) 225-232 227

CN 0\
. _— \/c -0
CN
> N ~—CH
OO =, %

Fig. 2. NDA-cyanide derivatization reaction with primary
amino acids.

tives (Fig. 2) and subsequently separated by
CZE using UV detection. The separation of the
CBI derivatives of selected amino acids by CE
has been accomplished previously by us [13].
The CBI derivatives can also be detected with
greater sensitivity by fluorescent, electrochemical
and chemiluminescence detectors [14].

2. Experimental
2.1. Materials

Amino acids, glycoproteins and sodium
dodecyl sulfate were obtained from Sigma (St.
Louis, MO, USA). Sodium cyanide (99%) was
acquired from Fluka (Ronkonkoma, NY, USA).
Sodium borate (ACS), sodium sulfite (ACS),
NaOH and concentrated HCl (ACS) were pur-
chased from Fisher Scientific (Fair Lawn, NIJ,
USA) and NDA was acquired from Oread Labs.
(Lawrence, KS, USA). Solutions were prepared
in Nanopure water (Sybron-Barnstead, MA,
USA).

2.2. Alkaline sulfite reaction (B-elimination and
bisulfite addition)

The conditions used in this reaction are
adapted from Ref. [12]. Exactly 5.0 mg of
glycoprotein were mixed with 100 ul of 5 mM
a-aminoadipic acid (internal standard, IS). If the
sample was a control sample, 300 ul of 6 M HCl
was then added. Next, 1.5 ml of 0.5 M Na,SO;
in 0.1 M NaOH were added with thorough
mixing. The solution is then incubated at 37°C in

a recirculating water bath for the indicated
amount of time. The reaction is stopped by
removing the solution, allowing it to reach room
temperature, and combined with 400 ul of con-
centrated HCl. The mixture was sonicated and
then evaporated at 50°C under a stream of dry
air to remove HCl. To insure that the reaction
was stopped, 400 ul of 6 M HCIl was added, the
mixture sonicated and evaporated.

2.3. Hydrolysis of treated glycoprotein and
controls

Approximately 1.0 ml of 6 M HCl was mixed
with the sample and the mixture sonicated. From
the solution 190-ul aliquots were removed,
evacuated and sealed to exclude oxygen for the
solution. The vials were heated at 105°C for the
indicated amount of time, 48 h in the standard
protocol. Evaporation of the HCI solution from
the cooled sample was followed by a 750-u1 wash
and evaporation to ensure removal of HCI. The
residue was dissolved in 150 ul of water and
filtered through a 0.22-um filter.

2.4. Amino acid derivatization

The sample derivatization procedure used was
a modification of that given by Lunte and Wong
[14]. For derivatization of sample hydrolyzates,
the indicated volume of sample, 10 wul in the
standard protocol, was added to 5 ul of 10 mM
NaOH. Next, 40 ul of 5 mM NaCN followed by
40 pl of 5 mM NDA in acetonitrile were added
and mixed vigorously. The appearance of a
fluorescent yellow-green color within a few min-
utes indicated that the reaction is proceeding.
After the indicated amount of time, 1.25 h in the
standard protocol, the sample was injected into
the CE system.

Standard solutions of amino acids were de-
rivatized in a similar manner. To 20 ul of 20 mM
sodium borate (pH 9.0) were added 10 ul of a
stock amino acid mixture. The mixture contained
0.56 mM of each amino acid. Addition of NaCN
and NDA solutions were as above and the
sample injected 1.25 h later.
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2.5. Capillary electrophoresis

The instrument used in this work was an ISCO
Model 3140 capillary electropherograph. Un-
coated fused-silica columns of 100 cm (75 cm to
window) X 50 um I.D. were employed. The
buffer composition in the columns and reservoirs
was 20 mM sodium borate (pH 9.0). Operating
voltage as 30 kV. These conditions are similar to
those employed previously [13] for amino acid
analysis. Although CBI derivatives exhibit an
absorption maximum in the visible range at 420
nm, we found the 254 nm wavelength used for
detection in these studies provided greater sen-
sitivity. Samples were vacuum injected for 15 k
Pa:s. The column was flushed after every run
for 5 min with running buffer and after a maxi-
mum of six runs for 3 min each with 0.1 M
NaOH, then water, then buffer.

Micellar electrokinetic capillary chromatog-
raphy (MECC), used in the determination of the
absolute amount of threonine, was run under
identical conditions except that a 50 mM sodium
dodecyl sulfate in 20 mM sodium borate (pH
9.0) buffer was used [15].

The electropherograph was interfaced with an
IBM-compatible personal computer and output
from the electropherograph was collected and
analyzed using ICE software (ISCO).

3. Results and discussion

This method consists of four separate steps.
These are: (1) treatment of the glycoprotein with
alkaline sulfite to cause B-elimination and sub-
sequent generation of sulfonates (Fig. 1), (2)
hydrolysis of the treated glycoprotein, (3) de-
rivatization of the released amino acids (Fig. 2)
and (4) CE of the amino acid derivatives.

Optimization of the conditions used in steps 1,
2 and 3 were undertaken using mucin. Sepa-
ration parameters for step 4 had been optimized
previously by Weber et al. [13] and were used as
described.

Finally, the method was applied to the analysis
of bovine submaxillary mucin. This compound
was chosen since it is a glycoprotein with a

simple amino acid composition and a high per-
centage of serines and threonines O-linked to
oligosaccharides.

3.1. Optimization of derivatization time (step 3)

Initial studies involved determination of the
optimum reaction time for the derivatization
procedure. A previous report [15] indicated that
a minimum of 20 min is required. Observations
in our laboratories indicated that amino acids
with negatively charged side chains require addi-
tional time for derivatization especially if reagent
is not present in large excess. Therefore, solu-
tions obtained from the hydrolysis of an alkaline
sulfite treated mucin sample were derivatized
and allowed to react various lengths of time from
0.75 to 1.5 h before injection onto the CE
system. Though the electropherograms displayed
a broader mixture of amino acids, only serine,
threonine, CA and ASBA were investigated,
since these were the key amino acids for linkage
analysis. Glycine in the mixture was also ana-
lyzed. It serves as a reference point to which the
other four amino acids can be compared since it
reacts quickly and the resulting derivative is
quite stable. The height of each amino acid was
measured and a plot peak height relative to
glycine versus reaction time was made (Fig. 3).
A reaction time of 1.25 h produces the greatest
yield of CBI derivative and was thus chosen as
the reaction time to be used for subsequent
derivatizations. Note that the yield of the cysteic
acid derivative is particularly sensitive to re-
action time.

3.2. Hydrolysis time (step 2)

Since proteins vary dramatically in their resist-
ance to acid-catalyzed hydrolysis and since the
resultant amino acids also exhibit varying de-
grees of stability under the hydrolytic conditions,
a detailed study was undertaken to see the effect
of time of hydrolysis on the recovery of amino
acids for both alkaline-sulfite treated (for 24 h)
mucin and control mucin. The peak height of
each amino acid relative to that of glycine was
determined by CE following derivatization.
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Fig. 3. Effect of derivatization time on the relative peak
heights of amino acids in CE. Sample from mucin reacted
with alkaline sulfite, hydrolyzed, derivatized and analyzed by
CE as described in text. © = Thr + Val; A = Ser; @ = ASBA;
© =CA.

Glycine in the mixture was chosen as a reference
since it is relatively stable to acid hydrolysis. Fig.
4 shows the effect of hydrolysis time on relative
peak heights. Generally speaking, most amino
acids exhibited an optimum recovery when
treated for 48 h, although in the treated mucin
samples, threonine, alanine and ASBA showed
just slightly higher recoveries at 36 h. Thus, 48 h
seems to be the optimum time for acid hydrolysis
and this time was used for the standard protocol
in all subsequent analysis.

3.3. Alkaline sulfite reaction time (step 1)/
glycosylation percentage

Earlier work involving the alkaline-sulfite re-
action reported conflicting times for this reaction
[12,16,17]. In order to ascertain the appropriate
reaction time, the amino acid recovery as a
function of reaction time was studied. Samples of
treated mucin and controls were reacted for 24,
36, 48 or 60 h and then analyzed by the standard
protocol. A plot of amino acid peak height
relative to that of glycine versus reaction time is
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Fig. 4. Effect of acid-catalyzed hydrolysis time on the rela-
tive peak heights of amino acids in CE. Sample mucin
reacted with alkaline sulfite, hydrolyzed, derivatized and
analyzed by CE as described in text. (1= Thr + Val; O = Ser;
A =ASBA; ¢ =CA; A=Ala; O=1IS; O=Glu; &= Asp.

shown in Fig. 5. In general, reaction time seems
to have little affect on amino acid recovery. A
notable exception appears to be the 24-h treat-
ment which yields less CA and correspondingly
more serine. This effect, which was reproduc-
ible, indicates that 24 h does not effectively
convert all glycosylated serines to the sulfonate.

A more useful way of visualizing the data
given in Fig. 5 is seen in Fig. 6. By using the
appropriate response factors listed in Table 1
with the data from Fig. 5, one can determine the
percentage of serine O-linked to oligosaccharide
in samples at each reaction time. A different
situation exists for threonine. In the borate
buffer, threonine co-migrates with valine as a
single peak. This is expected by CE theory since
the amino acids are very close in size and shape
[18]. However, in MECC, these amino acids are
well separated [15] and MECC was performed
on a sample by merely adding sodium dodecyl
sulfate to the running buffer prior to analysis.
Thus, by including the information provided by
the MECC run, one can determine the per-
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Fig. 5. Effect of alkaline sulfite reaction time on the relative
peak heights of amino acids in CE. Sample mucin reacted
with alkaline sulfite, hydrolyzed, derivatized and analyzed by
CE as described in text. @ = Thr + Val; @ = Ser; A = ASBA;
©=CA.

centage of threonine O-linked to oligosaccharide
in the same manner as done for serine. The 36-,
48- and 60-h reaction times give values close to
each other, averaging 72% glycosylation for
serine and 69% for threonine. This compares
well to the values of 67% and 73% which we
calculated from data reported for a core peptide
of mucin [7].

3.4. Compositional analysis of mucin

A sample of bovine submaxillary mucin was
subjected to the alkaline sulfite treatment, hy-
drolysis and derivatization. The mixture was
separated by CE to give the electropherogram in
Fig. 7B. Note the excellent resolution obtained
in less than 20 min. When this electropherogram
is compared to a control sample of mucin (Fig.
7A), the appearance of two new sulfonate peaks
(migration times 15.7 and 16.8 min) and the
corresponding reduction in the threonine and
serine peaks (migration times 9.7 and 9.9 min) is
noted.
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Fig. 6. Effect of alkaline sulfite reaction time on the percent
glycosylation of serin and threonine in CE. Sample mucin
reacted with alkaline sulfite, hydrolyzed, derivatized and
analyzed by CE as described in text. @ =Thr; B =Ser.
Percent glycosylation for Ser = [CA]/([CA] + [Ser]); Percent
glycosylation for Thr = [ASBA]}/([ASBA] + [Thr]).

Table 1

Response factors for selected amino acids and composition of
bovine submaxillary mucin before and after alkaline sulfite
treatment

Amino Response Untreated® Treated® Literature’
acid® factors”

“Thr” 1.02 0.46 0.33 0.58
Ser 1.01 0.49 0.16 0.54
Ala 0.90 0.36 0.37 0.34
Gly 0.92 0.47 0.49 0.49
IS 1 - - -
Glu 1.06 0.27 0.27 0.18
ASBA  1.05 - 0.20 -
Asp 1.03 0.18 0.18 0.07
CA 1.01 - 0.41 -

*1S = Internal standard, «-aminoadipic acid; ASBA = a-
amino-B-sulfobutyric acid; CA =cysteic acid, “Thr” =
threonine and valine which coelute.

® Determined using relative peak heights.

€ Micromole/milligram protein.

¢ Relative values reported by Pigman and Moschera [7).

Conditions as in Fig. 7.
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Fig. 7. Electropherogram of NDA-derivatized amino acids
.obtained from the hydrolysis of untreated (A) and alkaline
sulfite treated (B) mucin. CE Conditions: 100 cm (effective
length, 75 cm) x 50 pm L.D.; applied voltage, 300 V/cm;
detection at 254 nm, 0.002 AUFS, 20 mM sodium borate
buffer (pH 9.0). Peaks: a=Thr and Val; b=Ser; c= Ala;
d=Gly; e=1S; f=Glu; g= ASBA; h= Asp; i=CA.

A solution containing equimolar amounts of
eight amino acids found in alkaline sulfite-
treated mucin samples and the internal standard
was derivatized and separated by CE. This
permitted determination of response factors used
for the quantitation of amino acids in glycopro-
tein samples (Table 1). The mixture contains the
sulfonated amino acids, CA and ASBA, that
would be generated from serine and threonine
respectively O-linked to oligosaccharides. Since
ASBA is not commercially available, its constitu-
tional isomer, homocysteic acid (HCA), was
used instead. This substitution scems acceptable
since the migration time of the two should be
virtually identical according to CE theory and
experimental results reported by Weber and
Vaught [18]. Also, peak response factors should
be nearly the same since the CBI moiety is the
primary chromophore.

Also given in Table 1 is the amino acid
composition of both treated and control mucin.
Comparison of the amino acid composition for
the mucin to reported values [7] shows good
agreement except that the amounts of glutamate
and aspartate are significantly higher. This could

be due to decarboxylation of these amino acids
or incomplete deamidation of asparagine and
glutamine during hydrolysis in the cited work.

Five consecutive injections of a treated mucin
sample gave relative standard deviations from 2
to 5% for the amino acids listed in Table 1.

4. Conclusions

The alkaline sulfite treatment of a glycopro-
tein, followed by hydrolysis, derivatization and
analysis by CE represents a useful alternative to
the current methods employed for the determi-
nation of O-linked serine and threonine residues.
Optimization of procedural conditions yield re-
sults comparable to literature values. CE offers a
number of advantages over methods which util-
ize liquid chromatography such as low volume
requirements and easy sample preparation. Since
limits of detection for the derivatization method
had previously been reported [13], this was not
studied. However, the procedure could easily be
scaled down yielding smaller volumes for CE
analysis. Also, the use of a laser-induced fluores-
cence detector for detection of CBI derivatives
[19] would further increase sensitivity.
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Abstract

Mixtures of a-, 8- and y-cyclodextrins were complexed with 2-anilinonaphthalene-6-sulfonic acid (2,6-ANS) and
separated by capillary electrophoresis. The enhanced fluorescence emission of 2,6-ANS when complexed with the
cyclodextrins allowed isolated zones to be visualized. Detection limits for a-, B- and y-cyclodextrin were
determined to be 62, 2.4, and 24 uM, respectively. Enhanced resolution of cyclodextrin mixtures could be obtained
by adjusting the concentration of ANS in the running buffer or by suppressing the electroosmotic flow.
Components in 2,6-di-O-methyl-B-cyclodextrin with differing degrees of substitution were separated by this
technique and compared with electrospray mass spectra of the same mixture.

1. Introduction

Cyclodextrins (CDs) are toroidally shaped
polysaccharides formed from 6, 7 and 8
glucopyranose units for the «, B and vy species,
respectively [1]. The interior of the torus is an
electron rich, hydrophobic environment while
the exterior contains many sites capable of
hydrophilic interactions. CDs are used to in-
crease the solubility and bioavailability of hydro-
phobic pharmaceuticals in aqueous solutions
[2,3], and as selectivity reagents for the res-
olution of structural, positional and stereo iso-
mers in the separation sciences [4-6].

CDs are difficult to analyze as they are un-
charged and demonstrate no appreciable UV-

* Corresponding author.

0021-9673/94/$07.00
SSDI 0021-9673(94)00605-9

Vis absorbance. Furthermore, the reactivity of
these compounds is such that they are not easily
labelled with a visualizing agent. Methods previ-
ously used for the analysis of CD mixtures
include thin-layer chromatography [7], high-per-
formance liquid chromatography (HPLC) [8-11]
and capillary electrophoresis (CE) [12]. The
chromatographic methods typically suffer from
poor sensitivity, long analysis times and poor
resolution. Electrophoretic separation methods
would not normally be considered for separating
CDs as the molecules are uncharged except at
very high pH. However, Nardi et al. [12] were
able to separate mixtures of native cyclodextrins
by CE when the CDs were complexed with the
benzoate ion. The benzoate anion also served as
a means of visualizing the complex via indirect
UV absorbance detection. Although this pro-

© 1994 Elsevier Science B.V. All rights reserved
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cedure was able to fully resolve a-, B- and
7-CD, the resolution was not sufficient to sepa-
rate more complex mixtures, and the quantity of
analyte required for detection was relatively
high.

To improve the sensitivity and separating
power of the cyclodextrin analysis, improved
methods for mobilizing and visualizing these
molecules must be employed. One promising
method for detecting CDs is to employ a fluores-
cent probe. CDs are known to dramatically alter
the fluorescence quantum efficiency of many
fluorophores which form an inclusion complex
[13]. This phenomenon has been recently ex-
ploited for detection of CDs by HPLC [14].
Steady state fluorescence and anisotropy mea-
surements have been used to determine the
binding constant (K) for B-CD and several
isomers of anilinonaphthalenesulfonates (ANS)
under varying pH and temperature conditions
[15]. Of the fluorophores studied, 2-
anilinonaphthalene-6-sulfonic acid (2,6-ANS)
consistently provided the highest binding con-
stant, 1860 M ' at pH 11.0, and so was judged
best for the studies described here. In this work,
we exploit the properties of host-guest complex-
es of CDs and 2,6-ANS to develop a more
sensitive means of separating and observing
mixtures of CDs by CE.

2. Experimental
2.1. Instrumentation

Fluorescence excitation and emission spectra
were acquired using a multifrequency cross-cor-
relation phase and modulation spectrofluorome-
ter (Model K2, ISS, Champaign, IL, USA) with
a 300-W Xe arc excitation source. The mono-
chromators on this instrument were adjusted so
that both excitation and emission signals had a
spectral bandpass of 4 nm. All spectra were
collected in the DC excitation and emission
mode.

The CE apparatus was constructed from com-
ponents. A regulated high-voltage DC power
supply (Model EHS50R02, Glassman High Volt-
age, White House Station, NJ, USA) operated at

30 kV was used to drive the electrophoretic
separation. A platinum wire electrode approxi-
mately 6 cm in length was used to establish
electrical contact between the high-voltage sup-
ply and a 1.5-ml inlet buffer reservoir. The inlet
reservoir and high-voltage end of the capillary
were enclosed in a Plexiglass box to minimize
arcing and to protect the operator from acciden-
tal shock. All separations were carried out in a
fused-silica capillary (Polymicro Technologies,
Phoenix, AZ, USA) of 50 um 1.D., 360 pum
O.D., and approximately 1 m in length. The
outlet buffer reservoir was grounded through a
1-MQ resistor to allow the current passing
through the capillary to be monitored with a
voltmeter.

Fluorescence excitation was performed with an
argon ion laser (Innova 90-5, Coherent, Palo
Alto, CA, USA) operating at 363.8 nm. To
minimize fluctuations in the signal, the intensity
of the laser beam was -actively regulated with a
laser stabilization accessory (Model 50SA,
LiCONiX, Santa Clara, CA, USA). An excita-
tion beam of approximately 14 mW was focused
with a fused-silica lens (focal length 100 mm,
Newport Research Corporation, Irvine, CA,
USA) into a region of the separation capillary
with the polyimide coating removed. The re-
sulting fluorescence emission signal was collected
and imaged on the entrance slit of a double
monochromator (Model DH-10, Instruments
SA, Edison, NJ, USA) with a microscope objec-
tive (15X, Oriel, Stratford, CT, USA). The
spectrometer was adjusted to provide a spectral
bandpass of 8 nm centered at 424 nm. Output
from the photomultiplier tube (Model R1527-03,
Hamamatsu, Bridgewater, NJ, USA) was am-
plified with a current-to-voltage amplifier (Model
428, Keithley Instruments, Cleveland, OH,
USA). For these studies, the photomultiplier
tube was biased at —700 V and the amplifier gain
maintained at 1-10° V A™" with a time constant
of 300 ms. An Objective C program running on a
NeXTCube computer (NeXT Computer, Red-
wood City, CA, USA) monitored the output
from the current amplifier with a 16-bit analog-
to-digital converter (Model XL-1900 mainframe
with XL-ADC2 ADC, Elexor Associates, Morris
Plains, NJ, USA) which digitized the signal at 7
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Hz. The column efficiency, theoretical plates,
retention time, peak areas, etc. were determined
by a program which calculated statistical mo-
ments for these data [16].

Electrospray spectra were acquired with a
quadrupole mass spectrometer configured with
an electrospray interface (Model 201 mass filter
with options ES and E2000, Vestec, Houston,
TX, USA). The quadrupole mass analyzer was
controlled and data recorded by a dedicated
processor (Model 900 DSP, Teknivent, Maryland
Heights, MO, USA) monitored by a 80486-based
computer running commercial software (Vector/
Two version 1.4, Teknivent).

Samples solutions were introduced into the
electrospray interface by means of a syringe
pump (Model 341B, Sage Instruments, Boston,
MA, USA) at a flow-rate of 1.4 ul min~'. The
electrospray needle was held between 2 and 3 kV
for all analyses. The electrospray voitage, dis-
tance between the needle and the first skimmer
cone, and sample flow-rate were adjusted to
achieve a stable spray current of approximately
0.2 uA. Instrument operating temperatures were
maintained at the following values for all analy-
ses; spray chamber 50°C, ion lenses 150°C, block
250°C. The repeller voltage was 20 V and the
pressure in the analyzer 5- 107° Torr (1 Torr =
1.3-10% Pa). Calibration of the mass analyzer
was performed while sequentially aspirating solu-
tions of poly(ethylene glycol) with average mo-
lecular masses of 400, 900, and 1500 u.

2.2. Reagents and materials

Chemicals and reagents were purchased from
the following sources and used without further
purification: «-CD, Sigma (St. Louis, MO,
USA); 2,6-ANS, Molecular Probes (Eugene,
OR, USA); anhydrous disodium hydrogen phos-
phate, methanol and sodium hydroxide, Fisher
Scientific (Pittsburgh, PA, USA); tetrabutylam-
monium bromide (TBAB), B-CD, y-CD and
heptakis (2,6-di-O-methyl)-3-CD (DM-8-CD),
Aldrich (Milwaukee, WI, USA). The DM-B8-CD
was specified to contain 30% of the 2-6-di-O-
methyl substituent by plasma desorption mass
spectrometry with the remainder primarily high-
er and lower O-methyl homologues.

2.3. Procedures

At the start of each day, the capillary was
sequentially rinsed with 1 M sodium hydroxide,
de-ionized water and the running buffer. Buffer
solutions were prepared from a 100 mM solution
of sodium phosphate adjusted to pH 12 with 1 M
sodium hydroxide. This solution was diluted with
deionized water to produce a 30 mM buffer.
Benzoic acid buffers were prepared from sodium
benzoate adjusted with 5 M hydrochloric acid to
pH 4.0. Just prior to analysis, 2,6-ANS was
added to these buffers to produce the stated
concentration of fluorophore.

In the initial investigation of 2,6-ANS as a
mobile phase additive for CE, it was observed
that the inlet buffer reservoir became visibly
discolored after a limited exposure to electro-
phoretic conditions (typically 5 analyses). The
fluorescence background signal monitored at the
detector increased proportionally with this dis-
coloration and was dramatically reduced when
the buffer in the inlet reservoir was replaced with
a fresh solution of 2,6-ANS. This reaction only
occurred when voltage was applied to the inlet
buffer reservoir, so it was inferred that the 2,6-
ANS molecule was being electrochemically al-
tered. A reaction consistent with these observa-
tions and known chemical properties of the
molecule would be the oxidation of 2,6-ANS to
form an imine. To minimize the generation of
interfering species, the electrode area available
for reaction was reduced by covering all but the
end of the electrode with a PTFE sleeve. The
production of the interfering species was greatly
inhibited and more than 20 separations could be
performed without significant hindrance from the
electrochemical reaction product.

3. Results and discussion

3.1. Anilinonaphthalenesulfonate fluorescence
measurements

Fig. 1 shows the steady-state excitation and
emission spectra for 2,6-ANS (6.7-107° M) in
distilled water, and in solutions saturated with
a-CD (0.15 M), B-CD (0.016 M), and y-CD
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Fig. 1. Fluorescence excitation and emission spectra for 6.7 -
107° M 2,6-ANS. A is the spectrum in a solution saturated
with CD, B is the spectrum in distilled water. Figs. I, II and
III correspond to B-CD (0.016 M), «-CD (0.15 M), and
v-CD (0.18 M) respectively. All excitation spectra were
monitored at 460 nm and emission spectra were excited at
351 nm.

(0.18 M). From these spectra, it is clear that the
uncomplexed 2,6-ANS demonstrates a fluores-
cence signal which is enhanced in the presence of
the CDs. For all CDs studied, when an inclusion
complex is formed, the fluorescence excitation
spectrum remains virtually unchanged but a
significant shift to shorter wavelengths is ob-
served in the emission signal. In addition to the
shift in the wavelength of maximum fluorescence
emission, the CD-2,6-ANS host—guest complex
produces a large change in fluorescence emission
intensity. This enhancement is as much as a
factor of 55 at 422 nm for B-CD, but «- and
v-CD also significantly enhance the fluorescence
signal of 2,6-ANS when complexed. Of the CDs
investigated, (a-, B-, vy-, hydroxypropyl-g-,
methyl-8-, and DM-B-CD), the derivatized -
CDs were found to provide the largest enhance-
ment of fluorescence emission. The fluorescence
emission signal for 2,6-ANS complexed with
DM-B-CD increased by a factor of 245 at 426
nm. The maximum excitation and emission
wavelengths as well as fluorescence enhancement
factors are summarized ih Table 1. For the work
described here, all fluorescence emission mea-
surements were made at 424 nm which was
found to give close to maximum enhancement
for all the CDs studied.

3.2. Separation of native cyclodextrins

Not only does the 2,6-ANS molecule allow the
CDs to be visualized, it also imparts a charge to
this otherwise neutral molecule to allow sepa-
ration in an electric field in much the same way
that benzoate was previously used [12]. Fig. 2
shows the molecular species and relative mo-
bilities of these species in the capillary. The
uncomplexed CD has no net charge under all but
strongly basic conditions [17] and so migrates at
the velocity of the electroosmotic flow. The 2,6-
ANS molecule and the complex are negatively
charged. Since the size of the complex is greater
than that of 2,6-ANS, the magnitude of the
electrophoretic mobility {u| will be lower, as
indicated by the relative size of the vectors in
Fig. 2. The electroosmotic flow, with mobility
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Table 1

Fluorescence signal properties for cyclodextrin—-2,6-ANS complexes

AZ (nm) Asn . (nm) Fluorescence emission

enhancement
Uncomplexed 2,6-ANS 318 464 -
a-CD-2,6-ANS 318 452 1.8 (416 nm)
B-CD-2,6-ANS 317 441 55 (422 nm)
y-CD-2,6-ANS 318 454 2.3 (426 nm)
Heptakis (2,6-di-O-methyl)- 317 437 245 (426 nm)
B-CD-2,6-ANS
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Fig. 2. Schematic diagram showing mobilities of 2,6-ANS, CD and CD-2,6-ANS complex in a bare fused-silica capillary.

Moo, Opposes the movement of 2,6-ANS and the
CD-ANS inclusion complex.

Fig. 3 shows a representative separation of a
mixture of a-, 8-, and y-CD at pH 12. The peak
corresponding to neutral species appears at 6.6
min while those of the CDs appeared shortly
thereafter. To account for these data we consider
the equilibrium,

CD + ANSs CD-ANS )

The equilibrium constant for this reaction, K, is
given by:

_ [CD-ANS]
K =1cDJ[ANS] )

The similarity in size between the CD cavity and
the fluorophore causes 2,6-ANS to form inclu-
sion complexes with 8-CD preferentially, but a-
and y-CD also form complexes to a lesser extent.
In previous work, the equilibrium constants for

Fluorescence (Arbitrary Units)
Neutrals
—

i

ST NG ) SN

T T T T T T T

6.4 6.6 6.8 7 7.2 74 7.6 7.8
Time (min)

Fig. 3. CE separation of a-, 8-, and y-CD. Analysis buffer:
40 mM phosphate, pH 11.76, 1 mM 2,6-ANS. The analysis
was carried out in a capillary of dimensions 50 um [.D., 360
wm O.D., and 1 m in length in a field of 300 V cm™'. The
sample was introduced into the capillary by electrokinetic
injection; 5 kV for 2 s from a sample containing 1.44 mg ml™’
a-CD, 0.017 mg mi™* B-CD and 0.24 mg m!™' y-CD.
Detection was by fluorescence excited at 363 nm and moni-
tored at 424 nm.
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most B-CD-ANS complexes have been found to
show no significant sensitivity to solution pH
[15]. From Fig. 3 it can be seen that |u| for
a-CD-2,6-ANS < y-CD-2,6-ANS < 8-CD-2,6-
ANS. These results are consistent with those
seen in Fig. 1, where the magnitude of the
fluorescence enhancement per unit concentration
of CD is observed to be a-CD-2,6-ANS <1y-
CD-2,6-ANS < B-CD-2,6-ANS. These ob-
served differences in mobility and fluorescence
enhancement must in part be due to differences
in the binding constants for CD-2,6-ANS. The
mixture of CDs may therefore be separated by
differences in the fraction of molecules which are
complexed with 2,6-ANS. For 8-CD-2,6-ANS,
K =2-10" [15] and therefore in 1 mM 2,6-ANS
Eq. 2 shows that a fraction 0.67 of the 8-CD is
complexed if buffer constituents do not interfere
with the binding. Although binding constants for
a- and y-CD have not been measured, they are
evidently less than that for 8-CD and so the
fractions complexed to 2,6-ANS will be less than
for B-CD. Increasing the 2,6-ANS concentration
in the running buffer improves the separation of
the native CDs, but also increases the back-
ground fluorescence signal, making detection
more difficult. In general, the optimum sepa-
ration/detection conditions were when the mini-
mum amount of 2,6-ANS necessary to achieve
the desired separation was added to the analysis
buffer.

To demonstrate the quantitative capabilities of
this technique, solutions containing pure «-, 8-
and y-CD were separated in a buffer containing
1.0 mM 2,6-ANS. Both peak height and peak
area measurements provided a linear signal re-
sponse over an extended range of concentration.
A linear signal response was observed for 8-CD
over a concentration range from 5.2-107° to
1.6-107° M. The signals from a- and y-CD
increased linearlgl with concentration from 2.1-
10710 6.3-107° M and 1.8-10° t0 6. 1-10°
M, respectively. From these data, the detection
limits (signal-to-noise of 3) are estimated to be
62, 2.4, and 24 mM for a-, B- and y-CD,
respectively. The limiting noise source in these
measurements was fluctuations in the fluores-
cence background signal from the uncomplexed

2,6-ANS. The upper limits of detection were
established either by the solubility of the CD or
the non-linear increase in the concentration of
the CD-2,6-ANS complex once a significant
fraction of the CD was complexed.

3.3. Separation of derivatized cyclodextrins

To demonstrate the potential resolving power
of this technique for the analysis of complex
mixtures of CDs, a separation of DM-8-CD was
performed. Derivatized CDs are usually a mix-
ture of CDs with various degrees of substitution.
These derivatized molecules are being investi-
gated by the pharmaceutical industry as possible
delivery complexes for very hydrophobic drugs
[2] and so monitoring their chemical composition
is a critical part of any toxicological study.

Initial attempts to separate DM-B-CD under
the conditions used to separate a-, 8- and y-CD
provided incomplete resolution of the molecules
with different degrees of substitution. From
these data and previous reports [12], it was clear
that the dominant mobilization mechanism for
the inclusion complexes was the electroosmotic
flow in the capillary. This flow would not sepa-
rate the different DM-B-CD species and over-
whelmed the electrophoretic processes so that
little separation was obtained. To increase the
ratio of electrophoretic to electroosmotic mobili-
ty, two changes were made to the separation
procedure. First, the separation was performed
in a benzoate buffer (30 mM) which contained a
small amount (1 mM) of 2,6-ANS. A previous
investigation of the complexation of benzoic acid
with the CDs suggests that electrophoretic
mobility can be enhanced by increasing the
concentration of complexing reagent [12]. The
presence of this additional charged inclusion
species increases the proportion of time the
mobility of the CD is influenced by the electric
field, without increasing the fluorescence back-
ground signal. Addition of benzoate to the
buffer did enhance the separation but also inter-
fered with the inclusion of 2,6-ANS, causing
detection limits to suffer. This effect can be
modeled as a competition between the benzoate
anion and the 2,6-ANS for the CD cavity. Under
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conditions where [benzoate] >>[2,6-ANS], as
used here, binding of the 2,6-ANS will be given
by,

_ Kans
Koo: = T3k, [B] &)

where K, is the observed binding constant,
K, s the binding constant for 2,6-ANS, and K,
and [B] the binding constant and concentration
of the competitor (the benzoate anion). Drawing
from the analogy of chiral separation by CE, the
concentration of the competitor can be opti-
mized to provide maximum mobility difference
while still providing adequate sensitivity [18].
Modeling of these interactions has found that the
maximum mobility difference is found when the
product of the binding constant and the con-
centration (K_, [CD]) is unity. From previous
work [12] it can be estimated that the binding
constant K for the B-CD-benzoate complex is 50
M™'. As previously mentioned, K,ys for 2,6-
ANS-B8-CD is 2-10° M™', and the derivatised
B-CDs have been inferred from fluorescence
studies to have even stronger binding. By apply-
ing Eq. 3, K_,, in 30 mM benzoate is reduced by
a factor of 2.5 in comparison with K, ys, bringing
K., [CD] closer to unity. This explains the action
of the benzoate ion on improving the separation,
as well as increasing the time the CD-2,6-ANS is
influenced by the electric field.

The second method for improving the sepa-
ration is to alter the analysis buffer to suppress
the electroosmotic flow. Reduced electroosmosis
increases the time required for the analysis but
enhances resolution [19].

One means of suppressing electroosmotic flow
in a fused-silica capillary is by the addition of
organic solvents to the analysis buffer [20].
Similarly, the addition of small quantities of
ammonium salts to the buffer can suppress or
even reverse electroosmotic flow [21]. Both of
these techniques were used to enhance the
separation of DM-B-CD. Representative sepa-
rations of DM-B-CD are shown in Fig. 4. In Fig.
4A, the separation is performed under condi-
tions similar to those used for the separation in
Fig. 3, where the elution time for the molecules
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Fig. 4. CE separation of DM-B-CD. Analysis buffers: (A) 1
mM 2,6-ANS in 40 mM phosphate buffer (pH 11.76), (B) 1
mM 2,6-ANS in 30 mM benzoate (pH 8.0) with 20%
methanol, (C) 40 oM TBAB and 1 mM 2,6-ANS in a pH 4.0
benzoate buffer (30 mM). The analysis was carried out in a
capillary of dimensions 50 um LD., 360 O.D., and 1 m in
length in a field of 300 V cm™'. The sample was introduced
into the capillary by electrokinetic injection; 5 kV for 2 s.
Detection was by fluorescence excitation at 363 nm and
monitored at 424 nm.
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is 6.6 min. Although the electropherogram clear-
ly indicates that the sample is heterogeneous,
individual components are not resolved. In Fig.
4B, methanol is added to the running buffer to
suppress electroosmosis and sodium benzoate
added to enhance electrophoretic migration. A
corresponding increase in resolution is observed.
For this electropherogram, the time corre-
sponding to the elution of neutral molecules is
14.8 min. Fig. 4C shows that addition of TBAB
to the buffer further suppresses electroosmosis
(elution time for neutral molecules is 26.9 min)
and an additional increase in resolution is ob-
served.

The identification of the species separated was
attempted by comparing the separation with the
electrospray ionization mass spectrum of DM-8-
CD shown in Fig. 5. Three major components
can be seen in both figures, with the intensity of
the signals in the mass spectrum reversed from
the trend in the electropherogram. In the mass
spectrum, the charge is imparted to the homo-
logues principally via a sodium adduct ion. The
slight shoulder on the high mass side of the
peaks is consistent with the formation of a

lon Current

1350 1400 1450 " 1500 1550
M/Z

Fig. 5. Electrospray mass spectrum of DM-8-CD (1.2 mg

mi™"). Spray current: 0.2 pA. Solvent: 3% aqueous acetic

acid—-methanol (50:50). Approximately 1.6 ug of the DM-8-

CD mixture was consumed for this analysis.

potassium adduct. The three major peaks in the
spectrum are assigned to be the B-CD (i) fully
methylated on all the 2 and 6 positions of all 7
glucose subunits, (ii) the addition of an extra
methyl group on species (i), (iii) the addition of
2 extra methyl groups on species (i). It is
interesting to note that for species (i) and (ii)
there are no geometric isomers, but for species
(iii) there are 3 geometric isomers that have the
same statistical weight. The mass spectrometer is
not able to distinguish the geometric isomers of
species (iii). The binding of the species (i), (ii)
and (iii) with 2,6-ANS will differ, due to the
possibility of steric interference of the extra
methyl groups. A lower binding constant of a
species in the electropherogram would lead to a
shorter migration time. Therefore it is possible
that the major peak at 36.4 min in Fig 4C is due
to species (i), and the peak at 35.2 min to species
(ii). The preceding peaks may all be due to
species (iii), being a partial separation of the
geometric isomers, to which the binding constant
and hence the electrophoresis will be sensitive.
This explanation is consistent with 30% of the
mixture being the fully substituted 2,6-di-O-
methylated-B8-CD, species (i). Since in both the
electropherogram and the mass spectrum, peak
intensity is not necessarily a quantitative indica-
tion of the relative abundance of each chemical
species, further work needs to be done to sub-
stantiate these arguments. The use of on-line
CE-mass spectrometry [22] or fraction collection
followed by mass spectrometry [23] could be
used to conclusively determine whether the CE
peaks were of single mass components. Even
without this information, this CE separation
could be used as a finger print method for the
comparison of batch-to-batch and supplier-to-
supplier variations in the derivatized CDs.

4. Conclusions

This work demonstrates the feasibility of
analyzing complex mixtures of cyclodextrins by
CE. Dynamic fluorescence labelling provides a
simple, sensitive and selective means of moni-
toring the CD. The increase in fluorescence



S.G. Penn et al. | J. Chromatogr. A 680 (1994) 233-241 241

associated with 2,6-ANS binding to g-CD al-
lowed sensitive detection of 8-CD, while a- and
v-CD demonstrated less of an enhancement and
correspondingly higher detection limits. Al-
though the instrument used in these studies
employed a laser excitation source, equivalent
sensitivity should be possible with less expensive
arc-lamp fluorescence detectors as the detection
limits are determined by the background fluores-
cence signal and not by shot noise or the detec-
tion electronics. Suppression of the electro-
osmotic flow increased the time required for the
analysis but provided enhanced separation capa-
bilities. Addition of organic modifiers and an
ammonium salt allowed components of DM-S-
CD with differing degrees of substitution to be
separated. Further suppression of the electro-
osmotic flow with coated capillaries [24,25] or
the application of a radial electric field [26,27]
should further enhance the separation capability
of this technique.
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Abstract

Organic acids in cerebrospinal fluid (CSF) from patient

s with various central nervous system (CNS) diseases

were determined by capillary zone electrophoresis (CZE). Under one of the two sets of conditions employed,
several anionic components of CSF were separated into corresponding peaks on the electropherograms and
determined. The other conditions employed were also useful in measurement of the lactate contents in CSF. The
CSF levels of lactate and pyruvate and the ratios of lactate to pyruvate were elevated in patients with cerebral
infarction and bacterial meningitis, whereas CSF ascorbate was reduced mainly in inflammatory disorders of the
CNS. The results showed that CZE can become a powerful tool in the biochemical diagnosis of CNS diseases.

1. Introduction

Cerebrospinal fluids (CSF) has been examined
biochemically for the diagnosis of central ner-
vous system (CNS) diseases. It is known from
earlier studies that lactate (LA) is the most
abundant among the organic acid components of
CSF and that its concentrations are increased in
cerebral infarction [1] and bacterial meningitis
but not in viral meningitis [2—6]. Such changes in
the CSF levels of LA were virtually independent
of the serum levels of LA [7], and the CSF
contents of LA and pyruvate (PA) were positive-
ly correlated with each other [8], indicating that

* Corresponding author.

the concentration ratios of LA to PA were
greater in CSF with higher LA levels [9]. It is
therefore generally accepted that increased LA
concentrations in CSF, which are generally ac-
companied by elevated CSF LA/PA values, can
reflect the pathological conditions of the CNS in
association with tissue acidosis and/or anaerobic
glycolysis caused by ischaemia or bacterial activi-
ty. The concentrations of these compounds in
CSF have conventionally been measured mainly
by high-performance liquid chromatography
(HPLC) or enzymatic methods. However, capil-
lary zone electrophoresis (CZE) is a simple and
valuable system for the determination of a varie-
ty of ionized substances, such as low-molecular-
mass cations [10], drugs [11-14], vitamins [15]

0021-9673/94/%07.00 © 1994 Elsevier Science B.V. All rights reserved
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and sugar derivatives [16]. In this work, CZE
was applied to the determination of CSF organic
acids, including LA and PA, as an aid in neuro-
logical diagnosis.

2. Experimental
2.1. Subjects and samples

Forty CSF samples were taken by lumbar
puncture from five cerebral infarction, two bac-
terial meningitis, two viral meningitis, one Guil-
lain—Barré syndrome, three Parkinson’s disease,
two senile dementia, three multiple sclerosis, six
epileptic, two schizophrenic, three depressive
illness, five neurosis and six other micellaneous
neuropsychiatric disorder patients (17 males and
23 females, 18-79 years old). All the samples
were stored at —20°C for up to 2 weeks until
analysed. Before the analyses, CSF samples were
deproteinized by centrifuging ultrafiltration at
740 g for 30 min with Centricon-10 miniconcen-
trators (Grace Japan), and 20-ul portions each
from the ultrafiltrates thus prepared were pipet-
ted into sample vials of the two CZE instru-
ments.

2.2. Conditions of CZE analyses

Two conditions, A and B, were established
employing a Waters Quanta-4000 unit equipped
with a negative power supply and a Beckman
P/ACE 2000 unit, respectively. Under conditions
A, samples to be examined, which were obtained
from 28 patients, including two acute-phase
cerebral infarction, one chronic-phase cerebral
infarction, two bacterial meningitis, two viral
meningitis, one Guillaine-Barré syndrome and
two shizophrenic, were injected by hydrostatic
loading for 60 s into a fused-silica capillary (60
cm X 75 um I.D.), and separation was done at 20
kV using 50 mM sodium tetraborate (pH 9.2)
containing 2.5% tetradecyltrimethylammonium
bromide (TTAB) (Nihon Millipore) as the elec-
trolyte. UV detection was performed at 185 nm
and the data were processed with a Waters 825
Data Station. Under conditions B, samples from

twelve patients, including two cerebral infarc-
tion, were injected by hydrostatic loading for 20
s into a capillary (50 cm X 75 um 1.D.), and
separation was done at 20 kV using 100 mM
borate buffer (pH 8.3) as the electrolyte. UV
detection was performed at 200 nm. Under both
conditions, the capillaries were conditioned at
the start of each analysis by purging with 0.1 M
potassium hydroxide solution for 1 min, deion-
ized water for 1 min and the electrolytes for 2
min.

3. Results and discussion

A typical electropherogram obtained under
conditions A is illustrated in Fig. 1. Several
peaks in addition to a large peak of chloride (Cl)
were detected on the electropherograms, and
peaks with the migration times (¢,) of ca. 4.9,
5.2, 5.5, 58,59, 63, 6.6 and 6.8 min were
identified as oxalate, fumarate, inorganic phos-
phate, acetate, PA, LA, glutamate (Glu) and
ascorbate (AsA), respectively, by mixed analyses
with the authentic samples. Among these anions,
oxalate, acetate and LA, and also two major
inorganic anions (Cl and phosphate), were de-
tected in all 28 samples examined, although
fumarate, PA, Glu and AsA were detected only
in 6, 22, 9 and 23 samples, respectively, out of
the 28. In the experiments using standard sam-
ples with the concentrations of 1.56-800 wg/ml,
the detection limits of these seven organic acids
(including Glu) were in the range 1.56-3.12 ug/
ml, and linear increases in the peak areas were

185 nm

Migration Time (Min)
Fig. 1. Typical electropherogram obtained under conditions
A. Cl=chloride; 1=oxalate; 2=fumarate; 3= inorganic
phosphate;” 4= acetate; 5=pyruvate; 6=lactate; 7=
glutamate; 8 = ascorbate.



A. Hiraoka et al. | J. Chromatogr. A 680 (1994) 243-246 245

also confirmed in the concentration ranges 0-800
wg/ml (LA) and 0-100 pg/ml (others). There-
fore, the levels of these compounds in the CSF
examined could be determined from the ratios of
peak areas against the 100 wg/ml standard
samples.

The mean =+ standard deviation (S.D.) CSF
LA concentration was 147.4 +83.7 ug/ml (n=
28), and the highest and lowest values were 475
and 66 pug/ml, respectively. Evaluated LA levels
above 180 wg/ml were found only in CSF from
two acute-phase cerebral infarction patients and
two bacterial meningitis patients. All the other
24 CSF samples, including those from a chronic-
phase cerebral infarction patient and two viral
meningitis patients, had LA concentrations with-
in the range 66—173 wg/ml. The mean *S.D.
CSF PA level (the value for six samples in which
this compound was not detected were taken as 0
pg/ml) was 4.1+2.8 ug/ml (n=28), and the
highest value (12.2 ug/ml) observed in a bacteri-
al meningitis patient was associated with the
highest level of CSF LA mentioned above.

In 22 CSF samples in which PA was detected,
a positive correlation (r=0.72) was observed
between the levels of PA and LA. The mean
+=S.D. LA/PA value in above-described four
CSF samples with elevated LA levels of 180-475
wg/ml was 36.8 +4.4 ug/ml (n =4), which was
significantly greater (p < 0.05) than that in other
samples (28.0*+3.3 pg/ml, n=18) with non-
raised LA levels of 66—173 pg/ml and detectable
amounts of PA.

All of these trends in pathological changes in
the CSF levels of LA and Pa agreed with those
reported by earlier workers who examined CSF
by HPLC or enzymatic methods [1-9] (see
Introduction). The mean =S.D. CSF AsA con-
centration (a value obtained in the same manner
as for PA) was 5.2*2.9 pg/ml (n=28). This
compound was not detected in five CSF samples,
three of which were taken from patients with
inflammatory disorders of the CNS (bacteral
meningitis, viral meningitis and Guillain—Barré
syndrome). This trend was in agreement with
that revealed by our previous work employing
HPLC, in which we demonstrated that the rela-
tive AsA concentrations in CSF to serum were

reduced in various CNS diseases, especially in
such inflammatory disorders [17]. _

Glu was detected in nine CSF samples out of
the 28 examined. Kim et al. [18] reported that
Glu decreased in CSF of patients with schizo-
phrenia, although in CSF samples from two
schizophrenic patients treated in this study (see
Section 2.1) this compound was detected, sug-
gesting that there is no decrease in its level in
CSF in schizophrenia. Virtually no diagnostic
value for other CSF organic acids detected by
this system was found owing to the small
amounts present.

A typical electropherogram obtained under
conditions B is illustrated in Fig. 2. Several
peaks were detected on the electropherograms,
and those with t,,~4.5 and 8.8 min were iden-
tified as glutamine (Gln) and LA, respectively.
Under these conditions, peaks of organic acids
other than LA, which were detected and iden-
tified under conditions A (Fig. 1), were not so
separated well enough for these CSF minor
organic acids to be determined. However, the
concentrations of LA in twelve CSF samples
examined were measured, and the results were
essentially the same as those for the other 28
samples examined under conditions A, as the
mean +S.D. CSF LA level in these twelve
samples was 112.9+58.6 pg/ml (n=12) and
levels above 180 wg/ml (the highest was 224
wg/ml) were detected only in two cerebral
infarction patients.

It was also noteworthy that only under these
conditions peaks of Gln, which is a neutral
amino acid, and LA, which is an organic acid,
appeared on the same electropherograms. The
cause of this difference in the electropherogram

Gln

T

Migration Time (Min}

Fig. 2. Typical electropherogram obtained under conditions
B. N.P. = neutral peak; Gln = glutamine; LA = lactate.
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patterns obtained under conditions A and B was
assumed to be as follows. Under conditions B,
which do not use TTAB and a negative power
supply, the capillary has a cathodic electroosmot-
ic flow (EOF), which carries Gln, having little
charge and low mobility at this pH (8.3), to the
cathode. On the other hand, LA with a negative
charge has a migration potential to the anode,
but organic acids have a low net mobility.
Therefore, LA was also carried to the cathode
with the strong EOF. The CZE analyses under
conditions B, which is a capillary isotachophor-
esis system previously developed by us [19], can
become a useful tool for the determination of
Gln in CSF, an increase in which is an important
marker of hepatic encephalitis [20].

The present results indicate that CZE is a
powerful tool for the determination of organic
acids in CSF as an aid in the biochemical
diagnosis of -CNS disease. In analyses under
conditions A, a high resolution of peaks which
was achieved with the use of a negative power
supply, and addition of TTAB to the electrolyte
enabled us not only to determine LA, the major
organic component of CSF, but also to detect
changes in the levels of some other CSF minor
organic acids in association with pathological
conditions of the CNS. However, in analyses
under conditions B, evaluated levels of LA in
CSF can be clearly detected. This type of exami-
nation of CSF is very valuable for estimating the
brain damage in ischaemia of cerebral infarction
[1] and also to distinguish between bacterial
meningitis and viral meningitis [2~6].
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Abstract

The simultancous measurement of organic acids was studied using capillary electrophoresis with direct
measurement of UV absorption at 185 nm. The organic acids studied were oxalic, formic, malonic, fumaric,
succinic, a-ketoglutaric, citric, acetic, pyruvic, lactic, isovaleric and hippuric acid. They were separated in a
fused-silica capillary (100 cm X 75 pm L.D.) filled with 50 mM borax buffer (pH 10.0) containing cationic
surfactant as the electroosmotic flow modifier. The method was successfully applied to the determination of organic

acids in urine in comparison with an organic acid analyser.

1. Introduction

Organic acids in the living body are present as
intermediate and ultimate metabolites. When
metabolic disorders occur, accumulation in the
body fluids or tissues and excretion in the urine
and stool of particular organic acids are ob-
served. Organic acids have been determined in
urine and serum in order to diagnose numerous
inborn errors of metabolism known as organic
acidurias [1-3]. It is also necessary to measure
the concentration of organic acids in foods with
respect to quality control of foods and their
storage. Organic acid analysers (OAA), a post-
labelling HPLC system and gas chroma-
tography—mass spectrometry have been used for
the determination of organic acids [4-8]. How-

* Corresponding author.
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ever, these techniques are time consuming and
need tedious operation.

Capillary electrophoresis is a modern analyti-
cal technique that permits rapid and efficient
separations of charged components present in
small sample volumes [6,7]. In conventional
capillary electrophoresis, a specimen is injected
on to the anodic electrode and detection is
performed on the cathodic electrode, as electro-
osmotic flow (EOF) goes from the anode to the
cathode because of the negative electric charge
of the capillary wall. In the measurement of
particular anions, such as inorganic acids and
short-chain carboxylic acids, the reversal of the
EOF with cationic surfactants together with
sample injection from the anode is reported to
give successful separations [9-14]. In those
studies, indirect detection of anions using UV-
absorbing electrolytes was employed. However,

© 1994 Elsevier Science B.V. All rights reserved
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the indirect method was not applicable to the
trace determination of organic acids in urine as
described here. In this study, we developed
analytical conditions for the simultaneous de-
termination of organic acids with direct detection
at 185 nm. In addition, the method was applied
to the measurement of organic acids in urine and
compared with an organic acid analyser.

2. Experimental
2.1. Reagents and samples

Oxalic acid, malonic acid, sodium isovalerate
and hippuric acid were obtained from Kanto
Chemical (Tokyo, Japan), a-ketoglutaric,
pyruvic, DL-citric, malic, pL-tartaric and succinic
acid and sodium tetraborate (borax) from Wako
(Osaka, Japan) and t-lactic, fumaric and
methylmalonic acid from Sigma (St. Louis, MO,
USA). All solutions were prepared from dis-
tilled, deionized water. Stock solutions of the
organic acids were prepared at a concentration
of 1-10* ppm. 2-Nitrophenylhydrazine hydro-
chloride (ONPH) and 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide hydrochloride (EDC)
were obtained from Tokyo Rikakikai (Tokyo,
Japan). CIA OFM Anion-BT, the electroosmotic
flow modifier, was purchased from Waters Divi-
sion of Nihon Millipore (Tokyo, Japan).

Human urine was collected from healthy vol-
unteers and stored at —20°C until analysis. The
samples were clarified by centrifugation at 800 g
for 20 min to remove cells and other particulate
matter, then passed through a C,; solid-phase
extraction cartridge (Waters) before injection.

2.2. Instrumentation and analytical conditions

Capillary electrophoresis was carried out with
a Quanta 4000 system with a Model 820 data
station (Waters). The separations were carried
out using an uncoated fused-silica capillary (100
cm X 75 pwm I.D.) obtained from Waters. The
injection mode used was hydrostatic, urine sam-
ples being elevated to a height of 10 cm for 45 s.
The injection volume was calculated as approxi-

mately 54 nl. Detection was carried out at 254
nm by the indirect method and at 185 nm by the
direct method. The applied voltage was 20 kV
using a negative power supply.

A Model S300Z organic acid analyser (Tokyo
Rikakikai) was used with an HC-5-500 anion-
exchange column (50 cm X5 mm I.D.) (Tokyo
Rikakikai) [6]. The conditions for separation and
postcolumn reaction for detection were as fol-
lows: mobile phase, 0.2 M HCI; reaction solu-
tion 1, 0.01 M ONPH in 0.1 M HCI, reaction
solution 2, 0.15 M EDC in 4% pyridine solution
in ethanol; reaction solution 3, 1.5 M NaOH;
column temperature, 60°C; flow-rate of mobile
phase, 0.25 ml/min; flow-rate of reaction solu-
tions, 0.3 ml/min; injection volume, 100 ul; and
detection wavelength, 530 nm.

3. Results and discussion
3.1. Assessment of detection wavelength

Kenney [14] and Wildman er al. [13] deter-
mined organic acids in foods and urine by the
indirect method at 254 nm with potassium phtha-
late buffer and sodium chromate buffer. When
we analysed urine samples for trace organic acids
using similar methods the phosphate present
interfered. The use of borax buffer with direct
detection at 185 nm gave satisfactory results for
organic acids without interference.

As the pK, value of each organic acid ex-
pected in urine was lower than 7, the pH of the
buffer was studied between 6 and 11 with 50 mM
borax adjusted with sodium hydroxide or hydro-
chloric acid in the presence of 0.5 mM CIA
OFM Anion-BT. Satisfactory results were ob-
tained with borax buffer at pH 10 in respect of
peak resolution, stability of the baseline and
operation time. Similar migration times were
obtained with buffers with pH < 8, but both the
shape of the peaks and the separation of several
acids were far inferior to those at pH 10, while
the baseline became labile at pH 11.

Fig. 1 shows the effect of the concentration of
borax buffer at pH 10.0 on the migration time of
organic acids. While the resolution was improved
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Fig. 1. Effect of concentration of borax buffer (pH 10.0) on
migration time. Solutes: 1 = oxalic acid; 2 = formic acid; 3 =
malonic acid; 4 = fumaric acid; 5 = succinic acid; 6 = a-keto-
glutaric acid; 7 = citric acid; 8 = pyruvic acid; 9 = lactic acid;
10 = isovaleric acid; 11 = hippuric acid. For other conditions,
see Experimental.

with increase in concentration, the operation
time became longer and the electric current was
elevated, as shown in Fig. 2 at higher concen-
tration. As a high electric current should be
avoided in order to suppress Joule heat genera-

160]

120}

Current(uA)

80|

40 ) ) L 2
20 40 60 80 100

Concentrarlon of Borax Buffer(mM)

Fig. 2. Effect of concentration of borax buffer (pH 10.0) on
electric current. Conditions as in Fig. 1.

tion [15], the concentration of the buffer adopted
was 50 mM with an applied voltage of 20 kV.

Among the cationic surfactants tested, includ-
ing cetyltrimethylammonium chloride and tetra-
butylammonium bromide, CIA-Pak OFM
Anion-BT gave the best separation and good
peak shapes for simultaneous analysis. Fig. 3
shows the electropherogram of twelve organic
acids employing 50 mM borax buffer at pH 10.0
with 0.5 mM CIA OFM Anion-BT.

It is known that the temperature in the capil-
lary greatly affects electrophoresis [15]. As the
instrument used in this study had no temperature
control system except the forced cooling of the
capillary by a fan, the influence of the tempera-
ture of the laboratory on the reproducibility of
analysis was investigated. From the results with a
standard solution in a laboratory without air
conditioning, the migration time was greatly
affected, with R.S.D. 9.50% (n = 8). In contrast,
results obtained in an air-conditioned room
(25 £1°C) showed good reproducibility, with
R.S.D. 0.92% (n = 8). Therefore, all subsequent
experiments were carried out in an air-con-
ditioned room.

When we analysed urine samples, the delay in
the migration times of organic acids became
greater; the many impurities in the samples and

03 1 4

1

x10 " volts

01

111

1 1 1 1 1 j
7.0 8.0 9.0 10.0 11.0 120

Migration time (min)
Fig. 3. Electropherogram of standard organic acids. Peaks:
1 = oxalic acid; 2 = formic acid; 3 = malonic acid; 4 = fumaric
acid; 5 = succinic acid; 6 = a-ketoglutaric acid; 7 = citric acid;
8 =acetic acid; 9=pyruvic acid; 10=lactic acid; 11=
isovaleric acid; 12 = hippuric acid. For conditions, see Ex-
perimental.
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the possibility of the occurrence of precipitates
were thought to be responsible, and the effect of
washing the capillary was investigated. Among
the solutions studied, successive washing of the
capillary with methanolic KOH solution (3 min),
distilled water (3 min) and electrophoresis buffer
(5 min) was suitable for precise analysis.

3.2. Calibration

The linearity of the method was evaluated
between 10 and 250 ppm with respect to both
peak-area and peak-height response. As the
correlation coefficients for peak height (0.901-
0.999) were better than those for peak area
(0.878-0.999), calculations were carried out
using peak height. The detection limits of oxalic,
formic, malonic, fumaric, succinic, a-keto-
glutaric, citric, acetic, pyruvic, lactic and iso-
valeric acid were 5 ppm and that of hippuric acid
was 100 ppb.

3.3. Determination of organic acids in urine

Fig. 4 shows the electropherogram of organic
acids in human urine using the developed meth-

03 ~ ’-— 100

02—

x10 " volts

12.0

Migration time (min)

Fig. 4. Electropherogram of organic acids in urine. Peaks:
1 = oxalic acid; 2 = formic acid; 3 = malonic acid; 4 = fumaric
acid; 5 = succinic acid; 6 = citric acid; 7 = acetic acid; 8=
pyruvic acid; 9 =lactic acid; 10 = hippuric acid. The arrows
numbered 3, 4 and 7 indicate the migration time of malonic,
fumaric and acetic acid, respectively. Conditions as in Fig. 4.

od. The peaks were identified by adding a
standard solution to urine according to the
procedure of Wildman et al. [13]. The amounts
of organic acids were different for each urine
sample. Oxalic, formic, succinic, citric, pyruvic,
lactic and hippuric acid were identified as shown
in Fig. 4. The arrows numbered 3, 4 and 7
indicate the migration times of malonic, fumaric
and acetic acid. Although the peaks of these
acids in this sample did not appear larger than
the background noise, they were reproducible
and they appeared as peaks in other samples.

This method could also be applicable to urine
samples without dilution. A chromatogram of
organic acids in the same sample obtained with
the organic acid analyser is shown in Fig. 5.
The organic acids indicated were identified.
Glucuronic acid was appeared in some samples.
Under these conditions, it was difficult to de-
termine fumaric and hippuric acid, because they
eluted as broad peaks at ca. 4.5 and 6.5 h,
respectively. The detection limits of other acids
were ca. 500 ppb with the organic acid analyser.

When the concentrations of some acids that
are abundant in urine, such as citric acid, were
calculated, the values determined by capillary
electrophoresis were similar to those obtained
with the organic acid analyser.

absorbance (530nm)

N

| "M

o 50 100 150

Retention time (min)

Fig. 5. Chromatogram of organic acids in urine obtained
with the organic acid analyser. Peaks: 1= lactic acid; 2=
acetic acid; 3 = pyruvic acid; 4 = formic acid; 5 = citric acid;
6 = succinic acid. For conditions, see Experimental.
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4. Conclusions

We have discussed the fundamental conditions
for the determination of organic acids in urine by
capillary electrophoresis. Using detection at 185
nm and an applied voltage of 20 kV, favourable
separation was achieved in a fused-silica capillary
of 100 cm X 75 um filled with 50 mM borax
buffer (pH 10) without interference from phos-
phate present in urine. The capillary electro-
phoresis method was to an organic acid analyser
especially with respect to operating time and the
amount of the sample required, but the latter
was more sensitive than the former.

The determination of organic acids is also
important in food manufacturing and quality
control of foods. From our preliminary results
for the analysis of food samples, such as wines
and soy sauce, the method described was applic-
able except for a few acids contained in these
samples which overlapped others. Slight modi-
fication of analytical conditions is necessary and
is under study for the determination of organic
acids in foods and other samples.
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Abstract

High-performance liquid chromatography with a chiral crown ether stationary phase and capillary electrophoresis
(CE) with a chiral crown ether dissolved in the operating buffer have been used for the separations of enantiomers
of a variety of primary amines of pharmaceutical interest, including aminotetralin analogues, aminomethylben-
zodioxane, amino derivatives of naphthalene and phenanthrene, and aminodecalin analogues. Interestingly, the
enantiomers of many of these compounds were adequately resolved by only one or the other of the two methods,
indicating that the techniques are complementary. The influence of the degree of complexation of analyte
molecules with the crown ether on chromatographic retention, electrophoretic migration, and chiral recognition is
discussed, as well as the relative advantages and disadvantages of the two methods in practical applications.

1. Introduction

High-performance liquid chromatography
(HPLC) using various types of chiral stationary
phases, mobile phase additives, and derivatizing
agents has been used extensively for the analysis
of amino acids and amines [1,2]. More recently,
capillary electrophoresis (CE) has been applied
to chiral separations [3]. Although some work
has focused on the use of CE for the separation
of diastereomeric derivatives of chiral com-
pounds, much of the work has focused on the
use of chiral selectors in the electrophoretic
operating buffer. Most commonly, cyclodextrin
buffer additives are used for chiral separations

* Corresponding author. Present address: Institute of Ana-
lytical Research (R6), Syntex (USA), Inc., 3401 Hillview
Avenue, P.O. Box 10850, Palo Alto, CA 94303, USA.

0021-9673/94/$07.00
SSDI 0021-9673(94)00298-N

by CE. More recently, Kuhn and co-workers
[4,5] described the use of a chiral crown ether for
chiral resolution of various amino acids, pep-
tides, and optically active amines without prior
derivatization. In this work we compare the use
of CE with a chiral crown ether in the buffer and
HPLC with a crown ether stationary phase for
the enantiomeric resolution of primary amines of
pharmaceutical interest.

2. Experimental

All CE experiments were carried out using a
Beckman P/ACE 2100 CE system. The system
was interfaced to an IBM-compatible personal
computer and Beckman System Gold software
was used for data collection and manipulation.
Separations were carried out in a fused-silica

© 1994 Elsevier Science B.V. All rights reserved
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capillary tube (Beckman Instruments, Neuilly,
France). The dimensions of the tube were 57
cm X 75 um L.D., with the detector located 7 cm
from the outlet end of the capillary. A detector
slit size of 100 pum %200 um was used for
experiments with direct detection. The detection
wavelength was either 254 or 280 nm, depending
on the absorbance spectrum of the analyte. The
capillary was thermostatted at 25°C. Most ex-
periments were carried out using a 50 mM
sodium phosphate buffer at pH 2.2 containing 30
mM 18-crown-6 tetracarboxylic acid (18-crown-6
TCA). Sample concentrations were typically 0.5
mg/ml in water. Pressure injections of 2-3 s
(approximately 10-15 nl) were made.

For chiral resolutions of compounds which
have poor UV absorbance, an electrolyte solu-
tion containing 6 mM benzyltrimethylammonium
chloride (BTMACI) and 30 mM 18-crown-6
TCA and the pH adjusted to 3.7 with 1 M
NaOH was used, with indirect detection. The
detector wavelength was set at 214 nm. A slit
size of 50 um X 200 wm was used for measure-
ments with indirect detection. A 57 cm X 75 um
L.D. capillary thermostatted at 25°C was used for
these experiments. Sample concentrations were
typically 0.5 mg/ml in water. Pressure injections
of 5 s (approximately 26 nl) were made.

HPLC experiments were carried out using a
conventional HPLC system consisting of a Wa-
ters M590 pump, a Waters WISP 710B auto-
sampler, and either a Waters M481 UV detector
or a Kratos Spectroflow 773 UV detector. A
CrownPak( + ) column (15 cm X4 mm 1LD., §
mm packing) obtained from Daicel (Tokyo,
Japan) was used. The column was thermostatted
using either a water bath or a methanol bath., A
guard column (2.1 cm X 2.0 mm 1.D.) containing
glass beads (30-50 um diameter) was used. For
those experiments using post-column derivatiza-
tion with o-phthalaldehyde (OPA) and fluores-
cence detection, a Dosapro minipump from
Milton Roy was used to pump the derivatization
reagent. A Shimadzu RF530 detector was used,
with an excitation wavelength of 360 nm and
emission wavelength of 450 nm. The conditions
of the OPA derivatization were as described in
Ref. 6, except that the ionic strength of the

potassium borate buffer used for pH control in
these experiments was higher (0.8 M). Unless
otherwise indicated, the following chromato-
graphic conditions were used for the aminotet-
ralin analogues: mobile phase, 0.013 M HCIO,,
pH 2.04, 15% methanol; temperature, 40°C;
flow-rate, 1 ml/min; detector wavelength, 210
nm. The conditions used for the amino-
naphthalene analogues were: mobile phase, 0.16
M HCIO,, pH 1.00, 15% methanol; tempera-
ture, 30°C; flow-rate, 1 ml/min; detector wave-
length, 254 nm. The conditions used for the
aminophenanthrene analogues were, unless
otherwise stated: mobile phase, 0.0011 M
HCIO,, pH 2.92, 15% methanol; temperature,
30°C; flow-rate, 1 ml/min; detector wavelength,
280 nm. The chromatographic conditions used
for the aminodecalin analogues were: 0.16 M
HCIO,, pH 0.98, 15% methanol; temperature,
30°C; flow-rate, 1 ml/min; detector wavelength;
210 nm. Sample concentrations for all experi-
ments were typically 0.5 mg/ml in water or
eluent and injections volumes were 10 ul.

Chemicals were reagent grade, unless other-
wise stated. Phosphoric acid, sodium hydroxide,
perchloric acid and methanol were obtained
from Merck (Darmstadt, Germany). 18-Crown-6
TCA was also obtained from Merck. BTMACI
was obtained from ICN Pharmaceuticals (Plain-
view, NY, USA). Water was purified from lab-
oratory water using a Millipore water-purifica-
tion system. 1-Aminotetrahydronaphthalene was
obtained from Aldrich (Saint Quentin Fallavier,
France) The other aminotetralins and amino-
methylbenzodioxane were synthesized in our
laboratories by published procedures [7,8]. The
amino derivatives of naphthalene and phenan-
threne were prepared as described in Ref. 9. The
3-amino-2-decalones [10,11] and decalylamine
[12] were also prepared in our laboratories.

3. Results and discussion

3.1. Aminotetralins

We investigated a group of aminotetralins,
including positional isomers and substituted ana-
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logues. Rondelli et al. [13] reported the enantio-
meric resolution of a substituted aminotetralin
by HPLC, following chiral derivatization with
R-( + )-a-methylbenzylisocyanate. Witte et al.
[14] have done an extensive study of resolution
of substituted aminotetralins by HPLC using a
cellulose tris-3,5-carbamate stationary phase, but
most of the compounds in this study were sec-
ondary or tertiary amines. The HPLC retention
times, CE migration times, separation factors
(@), and resolution (R,) for the aminotetralins
and aminomethylbenzodioxane are given in
Table 1. The separation factor in HPLC was
calculated as described in Ref. 15. The sepa-
ration factor for CE was calculated as indicated
in Ref. 5. Resolution for both methods was
calculated according to Ref. 15.

Structures of the crown ethers used in the
HPLC and CE systems are shown in Fig. 1. In
the CE system, there are two mechanisms for
chiral recognition. These have been previously
discussed by Kuhn et al. [5]. Recognition occurs
by either a steric barrier mechanism or by
hydrogen bonding between the guest molecule
and the carboxylic acid groups on the crown

Table 1
Results for aminotetralins and aminomethylbenzodioxane

NH,
: : _NH, : i

9,
SO (RS
o

W

b

OH

Q,
o OH//\O/\\
(o} O

0, o)

HO N N
[o] o OH

Fig. 1. (@) (5)-2,3:4,5-Bis(1,2,3-phenyinaphtho)-1,6,9,12,
15,18-hexaoxacycloeicosa-2,4-diene, crown ether incorpo-
rated into the stationary phase of the CrownPak( +) HPLC
column. (b) (2R,3R,11R,12R)-( +)-1,4;7,10,13,16-hexaoxa-
cyclooctadecane-2,3,11,12-tetracarboxylic acid, crown ether
used in the CE operating buffer.

o
" ©i j\/
NH
o 2

Compound 1 Compound 2 Compounds 3 - 5 Compound 6
Compound X HPLC Results CE Results
Iri 193 @ R, [ L2 @ R,

1 9.01 11.53 1.31 2.82 20.56 1.000 0

2 4.61 5.60 1.27 1.27 13.22 17.86 1.351 3.34
3 OCH, 23.96 28.90 1.21 1.88 17.72 17.91 1.011 0.41
4 C=N 18.82 19.91 1.06 0.51 20.91 22.94 1.097 6.12
5 Br - - - - 20.93 22.07 1.054 3.68
6 7.41 11.59 1.56 3.45 24.95 25.45 1.020 1.12

tRl’ tRZ
the faster- and slower-migrating isomers, respectively.

= HPLC retention times (min) of the first- and second-cluting isomers, respectively; £,,,, fn; = CE migration times (min) of
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ether. Similarly, chiral recognition in the HPLC
system occurs by either a steric barrier mecha-
nism or through hydrophobic interactions be-
tween the guest molecule and the hydrophobic
substituents on the crown ether incorporated
into the HPLC stationary phase.

The results for compounds 1 and 2 indicate
that the position of the amino group is important
in chiral recognition for these compounds. By
HPLC, 2-aminotetralin (compound 1) is more
strongly retained and better resolved than 1-
aminotetralin (compound 2). In the CE experi-
ment, the opposite result was observed. Com-
pound 1 exhibits a strong affinity for the crown
ether in the electrophoresis buffer, as evidenced
by its longer migration time, but no chiral
resolution is observed. However, compound 2,
while more weakly complexed by the crown
ether, is well resolved. The geometry of com-
pound 2 must lead to a larger difference in the
stability constants for its enantiomers with the
crown ether as compared to its positional isomer,
compound 1. A large number of spikes were
observed in the electropherograms for com-
pounds 1 and 2, indicating that there may be a
problem with the solubility of these compounds
in the operating buffer.

Results for compounds 3-5 demonstrate the
effect of different substituents at the 9-position
on chiral resolution for substituted 2-aminotet-
ralins. In the HPLC system, if non-stereospecific
interactions such as hydrophobic interactions
with the stationary phase are weak, then the
retention time can be used as an indicator of the
degree of complexation of the analytes with the
crown ecther. In the CE system, other factors
contribute to the overall migration rate of an
analyte, such as the molecular size and shape.
Complexation with the crown ether effectively
retards the migration of analytes in this system.
For a group of analytes with similar size and
charge, the migration time in CE will be a rough
indicator of the degree of complexation. In Fig.
2, the separation factor, a, is plotted as a
function of the retention time of the first-eluting
isomer in HPLC and the migration time of the
first-eluting isomer in CE. These plots indicate
that in both systems there is a correlation be-
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Fig. 2. (a) Correlation between separation factor, a, and
HPLC retention time. (b) Correlation between o and CE
migration time. Compound numbers refer to Table 1.

tween the strength of complexation, as measured
by the migration time for CE and the retention
time for HPLC, and the degree of chiral recogni-
tion, as measured by a. Interestingly, we ob-
served that for those compounds which were well
resolved by CE (compounds 4 and 5), poor
results were obtained by HPLC. Conversely,
compound 3 was well resolved by HPLC, by not
by CE. Compound 5 was well resolved by CE,
but was not eluted from the CrownPak( +)
column. We found no conditions that would elute
this compound from the column. No indications
of solubility problems, such as spurious spikes,
were observed in the electropherograms for
compounds 3-5.

One compound with the amine group located
two carbons from the chiral center (compound 6)
was also included in this study. This compound
was very well resolved by HPLC, most likely
because the position of the aromatic portion of
the guest molecule with respect to the amino
group permits hydrophobic interactions with the
aromatic portion of the crown ether in the
stationary phase of the CrownPak( +) column.
Compound 6 is also adequately resolved by CE.
The resolution is less than that observed by
HPLC since there is no possibility of hydro-
phobic interactions assisting in chiral recogni-
tion. However, this data is in contrast to results
observed by Kuhn et al. [5] in which compounds
with the chiral center a the B-carbon were poorly
resolved by CE under conditions similar to ours.
Kuhn et al. observed better selectivity by CE for
compounds with bulky substituents, due to in-
creased steric hindrance. Compound 6 is bulkier
than the compounds in Kuhn et al.’s study and
thus a better separation is obtained. Representa-
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tive chromatograms of compounds 4 and 6 are
given in Fig. 3. Corresponding electrophero-
grams are shown in Fig. 4.

3.2. Amino derivatives of naphthalene and
phenanthrene

The results for a group of bicyclic and tricyclic
aromatic amines are summarized in Table 2. This
group of compounds can be divided into two
sub-groups, aminonaphthalene analogues (com-
pounds 7-10) and aminophenanthrene analogues
(compounds 11-15). For the aminonaphthalene
analogues (compounds 7-10), the effect of sub-
stitution on chiral recognition by the crown
ethers is apparent. Two methyl groups at the

0.02

Absorbance

10 20 30
Time (min )

0.03 r M

Absorbance

i\

10 20 30
Time {min )

Fig. 3. Chromatograms of (a) compound 4, 162 ng injected;
and (b) compound 6, 5.7 ug injected. Conditions: Column,
CrownPak( +), 15 cm X 4.0 mm; mobile phase, 0.013 M
HCIO,, pH 2.04, 15% methanol; temperature, 40°C; flow-
rate, 1 ml/min; detector wavelength, 210 nm; injection
volume, 10 ul.
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Fig. 4. Electropherograms of (a) compound 4, 7.5 ng in-
jected; and (b) compound 6, 5 ng injected. Conditions:
capillary, 57 ecm x75 pm LD.; buffer, 50 mM sodium
phosphate, pH 2.2, 30 mM 18-crown-6 TCA; temperature,
25°C; voltage, + 15000 V; detector wavelength, 210 nm.

3-position (compound 8) result in a large in-
crease in retention and resolution by HPLC.
Similarly, dimethyl substitution at the 3-position
results in increased migration times and resolu-
tion in the CE experiment. The substitution of
two fluorine atoms at the 3-position (compound
9) results in decreased retention and resolution
by HPLC. But in the CE experiment, increases
in migration time and resolution were observed.

In Fig. 5, the separation factor, «, is plotted
versus retention time in HPLC and migration
time in CE for compounds 7-10. The plots
indicate that for this group of compounds, there
is a correlation between the degree of com-
plexation and the degree of chiral recognition in
both systems.

Compound 10 is a secondary amine which
does not form complexes with crown ethers. As
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Table 2
Results for aminonaphthalenes and aminophenanthrenes

H,C_ CH, F_F
@@o [ﬁo [ :i fe ©/\:/(0 o
NH, NH, NH, NHCH, NH,

Compound7  Compound 8 Compound 9 Compound 10 Compound 11
& @ °
: » -~ OO
Oy UL, TUO -
NH, {cis) NHa (trans) N
Compound 12 Compound 13 Compound 14 Compound 15
Compound Eluent HPLC Results CE Results
Ir1 gy @ R, Im L @ R,
7 A 8.46 16.67 - 2.16 3.40 18.89 20.76 1.099 1.89
8 A 16.61 38.61 2.45 9.00 25.19 28.34 1.125 4.88
9 A 5.61 6.47 1.20 1.46 19.68 21.73 1.104 2.22
10 A 4.02 - 1.00 0 14.61 - 1.000 0
11 B 47.54 80.18 1.70 2.52 18.00 18.96 1.053 1.07
12 B 31.77 68.61 2.26 3.00 18.50 19.23 1.039 3.00
13 B 17.71 22.75 1.31 1.03 20.87 21.14 1.013 0.73
14 B 31.38 58.07 1.89 2.58 16.64 17.72 1.065 3.36
15 C 37.5 71.4 1.96 1.28 19.84 20.07 1.011 <0.5

Eluents: (A) 0.16 M HCIO,, pH 1.00, 15% methanol; (B) 0.0011 M HCIO,, pH 2.92, 15% methanol; (C) 0.0016 M HCIO,, pH
2.51, 15% methanol. Other experimental conditions given in text. fg,, ty,, f,, and ¢, as in Table 1.

expected, the HPLC retention time and the CE
migration time are shorter for this molecule than
for its demethylated analogue (compound 7).
Also, no chiral resolution was achieved for this
compound, which shows that complex formation
is required for chiral recognition. Similar results
were observed previously by Kuhn et al. [5].
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Fig. 5. (a) Correlation between separation factor, «, and
HPLC retention time. (b) Correlation between a and CE
migration time. Compound numbers refer to Table 2.

The second sub-group, aminophenanthrene
analogues (compounds 11-15), have three fused
rings and are significantly more hydrophobic
than the aminonaphthalene analogues. For these
compounds, the relationship between HPLC
retention time and chiral recognition is less clear
(see Fig. 6a). This is probably due to the in-
creased hydrophobicity of these compounds in

24 a 12 108 b
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2 4 106 u
18 1 12

s * ol

14 5] 102 13
12

1+ 1+

10 20 30 4 50 15 77 19 21
Retorfion ime (min) Mgaionime (min

Fig. 6. (a) Correlation between separation factor, a, and
HPLC retention time. (b) Correlation between « and CE
migration time. Compound numbers refer to Table 2.
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comparison to those having only two rings.
Increased hydrophobicity contributes to reten-
tion, but not to chiral resolution. Thus retention
time is no longer a good indication of the degree
of complexation in the HPLC system. The chro-
matographic retention times for most of these
compounds were extremely long as 60—80 min in
most cases, and the peaks were quite broad. By
CE, analysis times are fairly short in comparison
to HPLC. Because the peaks in CE are very
narrow, good resolution is still achieved for three
of the five compounds. The relationship between
the CE migration time and the observed sepa-
ration factor is unclear (see Fig. 6b). This indi-
cates that factors such as molecular size and
shape or perhaps a difference in the degree of
ionization, are at least as important as com-
plexation with the crown ether in the overall
mobilities of the analytes.

For this series of compounds, the structure of
the molecule and steric effects leading to a large
difference in stability constant appear important
for chiral recognition in both the HPLC and CE
systems. For example, for compounds 13 and 14,
which are cis/trans isomers, the trans isomer is
better resolved in both the HPLC and CE
systems. The much shorter retention times by

Table 3
Results for aminodecalin analogues

H /o
o //o o
m H NH,
NH,
H H

Compound 16 Compound 17

Compound 18

HPLC indicate that when the hydroxyl is cis to
the amino group, the complex with the crown
ether in that system is considerably less stable.
The effect in the CE system is more dramatic
and can be explained by differences in hydrogen
bonding between the hydroxyl group and carbox-
yl groups on the crown ether. Compounds 12
and 15 are structural isomers, differing only in
the orientation of the dibenzo functionality with
respect to the amino and carbonyl groups. Al-
though the structural difference in these two
compounds is located far from the chiral center,
there are significant differences in resolution
observed using both techniques. In the HPLC
system, the difference in resolution for these two
compounds may be a combination of steric and
hydrophobic effects. In the CE system, the effect
is most likely purely steric, since the carbonyl
group is in the same position relative to the
amino group in both molecules.

3.3. Aminodecaline analogues
The final group of compounds consists of three
structural isomers (compounds 16-18) and re-

lated compound which lacks the carbonyl moiety
at the 2-position (compound 19) (see Table 3).

OH
H
H%\NHz
i i “NH,

Compound 19

(trans) (cis) (cis - 3R,9R,10S)
Compound HPLC Results CE Results
Iry gy a R, I [ o R,
16 8.71 16.50 2.06 6.15 12.31 13.07 1.062 1.45
17 7.50 9.29 1.28 2.15 12.85 14.01 1.090 3.34
18 6.03 6.27 1.05 0.42 12.89 13.55 1.051 2.26
19 28.35 - 1.00 0 12.81 - 1.000 0

Experimental conditions given in text. ty,, tg,, L, and f,, as in Table 1.
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Fig. 7. (a) Correlation between separation factor, «, and
HPLC retention time. (b) Correlation between a« and CE
migration time. Compound numbers refer to Table 3.

In the HPLC experiment, a strong correlation is
observed between retention time and « (see Fig.
7a). Under the standard conditions for this series
of compounds, compound 18 is only poorly
resolved. By adjusting the eluent, it is possible to
adequately resolve compound 18, at the expense
of analysis time. Under the eluent conditions
required to resolve this compound, retention
times for compounds 16 and 17 are expected to
be very long. Nevertheless, it is possible to
analyze all three compounds in the same run. In
the CE system, all three compounds are well
resolved, but no correlation between migration
time and a was observed (see Fig. 7b). The
retention times of all three compounds are
within 0.5 min of one another. The cis isomers
are significantly different in shape from the
trans, with probably leads to the larger res-
olutions observed for these isomers.

A fourth compound (compound 19) was ana-
lyzed by both HPLC and CE. This compound
lacks any chromophore whatsoever. In order to
detect it by HPLC, post-column derivatization
with OPA was employed. Indirect UV detection
was used in the CE experiment. No resolution
for this compound was observed in either sys-
tem. Even when the column temperature in the
HPLC system was reduced, no resolution was
observed. Its retention time in the HPLC system
indicates that the compound interacts with the
crown ether in that system, at least to some
extent. Because the relationship between migra-
tion time and complexation in CE is weak, it is
difficult to estimate the amount of complexation
in that system. The fact that compound 19 was
not resolved by either method suggests that the
structures of the stereoisomers are so similar that

there is no difference in the stability constants
for complexes with crown ethers. Compound 19
was the only compound in the entire group of
amines studied which was not resolved by either
technique.

4. Conclusions

We have demonstrated the utility of crown
ethers in the chiral separation of a variety of
primary amines of pharmaceutical interest. For
all but the most hydrophobic compounds tested,
we found that within a series of related com-
pounds, a correlation between the degree of
retention on the HPLC column and chiral recog-
nition was observed. For hydrophobic com-
pounds this relationship was less clear, probably
due to the more significant contribution of hy-
drophobic interactions to chromatographic re-
tention. A correlation between CE migration
time and chiral recognition was observed within
some groups of compounds, but not others. This
result is not surprising, since electrophoretic
mobility in our system is a complex function of
molecular size, shape, and charge, as well the
degree of complexation with the crown ether.

In general, for those compounds having a
reasonably strong chromophore in the UV, nei-
ther CE nor HPLC is clearly advantageous. In
cases where both techniques give a good sepa-
ration, CE is advantageous when the amount of
available sample is very small. It may also be
advantageous in the area of routine analysis
because the high cost of a chiral HPLC column
can be avoided. However, when high sensitivity
is required, HPLC is advantageous because of
the larger detector cell volume. Also, for a few
compounds in this study, solubility problems
were encountered in the totally aqueous CE
electrolyte. For such compounds, HPLC may be
more practical, although it may be possible to
use an organic modifier in the CE buffer for
these compounds. In the analysis of compounds
that absorb poorly in the UV, HPLC is clearly
advantageous in terms of its sensitivity.

For many of the compounds in this study, only
one of the two techniques was successful in
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separating the enantiomers. This is because
different crown ethers are used in each of the
two techniques. The two crown ethers have
somewhat different mechanisms for chiral selec-
tion. Depending on their structure, some com-
pounds are more easily separated by one or the
other of the two systems. Therefore, one should
regard CE and HPLC as complementary tools
for enantiomeric resolution of primary amines.
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Abstract

A method for the simultaneous determination of cysteine and cystine at the submillimolar level is presented
based on the capillary zone electrophoretic (CZE) separation of the analytes coupled to a dual electrochemical
detection system. The detector uses two gold/mercury amalgam electrodes placed in series and set at —1.00 V and
at +0.20 V vs. Ag/AgCl, respectively. The advantages of the proposed method for the analysis of these
compounds include direct detection of both analytes, no elaborate sample preparation, no derivatization
procedures, and no pathlength dependence. In addition, the small volumes required for CZE analysis make it
suitable for clinical studies. The method was applied to human urine samples.

1. Introduction

The separation and detection of sulfur-con-
taining amino acids is a topic of active interest
and has medical applications. For example,
hepatic cystinuria is an inherited disorder of
amino acid transport characterized by high con-
centrations of cysteine and cystine in urine
(usually >1 mM levels) [1]. Several analytical
methods have been reported for the specific
measurement of these species in urine, such as
colorimetry [2,3] and high-performance liquid
chromatography (HPLC) followed by spectro-
photometric [4-6] or fluorimetric detection [7].
These methods usually require, however, a
colorimetric or derivatizing reagent that reacts
exclusively with the free sulfhydryl group and
not with the disulfidic form. Therefore, cystine

* Corresponding author.
! Present address: Department of Chemistry, State University
of New York at Buffalo, Buffalo, NY 14214, USA.

SSDI 0021-9673(94)00533-F

must be previously reduced to cysteine before
detection, for example, by using dithiothreitol
[7], KCN [2,4], sodium sulfite [5,6], or KBH,
[3]-

The use of HPLC with electrochemical detec-
tion has also been proposed for the determi-
nation of thiols. Initial work on this subject was
performed by Rabenstein and Saetre [8], who
reported the use of a mercury pool electrode.
Allison and Shoup [9] developed a dual-elec-
trode detector for the simultaneous determina-
tion of thiols and disulfides. This detector used
two gold/mercury amalgam electrodes placed in
series. The first electrode, or upstream elec-
trode, set at —1.0 V vs. Ag/AgCl, reduces the
disulfides to their corresponding thiols. The
second electrode, or downstream electrode, set
at +150 mV vs. Ag/AgCl, detects thiols that
result from the reduction of disulfides at the first
electrode as well as free thiols present in the
sample. The main advantages of using this dual-
electrode detection system are the direct detec-
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tion of analytes, no need for reduction or de-
rivatization before separation, and the provision
of measurements independent of pathlength or
cell dimensions. Moreover, the selectivity
achieved when using gold/mercury amalgam
electrodes is enhanced over that when using
glassy carbon or gold electrodes because of the
low detection potential (+ 150 mV) applied.
Further applications of this dual-electrode detec-
tor coupled to HPLC have been widely reported
for various thiolic and disulfidic compounds in
complex matrices [10-13].

Another novel method for electrochemical
detection of thiols and disulfides in HPLC is
based on the formation of silver mercaptides
from free sulfhydryl groups with silver ion in an
ammoniacal medium [14,15]. This method again
requires the conversion of disulfides into thiols
with sulfite or by electroreduction. The sample
preparation steps are therefore more elaborate
than those with the use of gold/mercury elec-
trodes.

As an alternative to HPLC, capillary zone
electrophoresis (CZE) provides specific advan-
tages regarding the analysis of thiols. Applica-
tions of HPLC to the detection of thiols are
characterized by low column efficiency and often
irreproducible results [16-19]. For clinical sam-
ple analysis, CZE is especially recommended
over HPLC for the low volume of sample re-
quired, the absence of packing material, and the
minimization of metallic instrumentation that
would catalyze the conversion of free thiols to
disulfidic forms. CZE has actually been proposed
for use in the determination of thiols and disul-
fides coupled to absorbance [20] and to fluores-
cence [21] detection. A reduction of the disulfide
followed by its derivatization with a fluorigenic
reagent prior to CZE is again required in both
methods proposed. More recently, O’Shea and
Lunte [22] reported the use of gold/mercury
amalgam microelectrodes for free thiol detec-
tion. Considering the previous advantages re-
ported for CZE separations as well as for the
dual electrochemical detection system, this paper
presents, to our knowledge, the first time that
both analytical methods are coupled together.
Two gold/mercury amalgam microelectrodes are

placed in series to detect simultaneously the
thiolic species cysteine together with its disulfide
cystine separated by CZE. Our work builds on
the use of gold/mercury amalgam electrodes
reported by O’Shea and Lunte combined with
the use of the dual-electrode detection system
proposed by Allison and Shoup for HPLC sepa-
rations. The method proposed is direct, specific,
and selective for the detection of cysteine and
cystine. Its successful application to urine sam-
ples is also presented.

2. Experimental
2.1. Chemicals and sample preparation

Cysteine, cystine, EDTA and 2-(N-mor-
pholinoethanesulfonic acid) (MES) were ob-
tained from Sigma (St. Louis, MO, USA). All
other compounds were chemically pure and used
as received. Water purified with an Ultra-Pure
water system (Millipore, Bedford, MA, USA)
was used to prepare all solutions. The separation
buffer consisted of a 10 mM MES solution
adjusted at a pH of 5.5 with sodium hydroxide.
The standard cysteine solutions were prepared
daily in the previously mentioned MES buffer
containing 2 mM EDTA used to prevent metal-
catalyzed thiol oxidation. Cystine had to be
dissolved in 10 mM HCI because of its poor
solubility in aqueous solutions. The urine sam-
ples were diluted by a factor of ten in the
separation buffer containing EDTA and stored
at <4°C without further sample pretreatment.
All the solutions were passed through a mem-
brane filter (Nalgene syringe filters, 0.4-um pore
size; Baxter Diagnostic, Hayward, CA, USA)
before use.

2.2. Apparatus

Capillary zone electrophoresis

The complete CZE system was built in the
laboratory and has been described previously
[23]. A high-voltage power supply (Hipotronics,
Brewster, NY, USA) set at 20 kV was used to
drive the electrophoresis in the capillary. Fused-
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silica capillaries (360 um O.D.X75 pm 1.D.)
were purchased from Polymicro Technologies
(Phoenix, AZ, USA). A hole was drilled
through the capillary (Laser Machining, Somer-
set, WI, USA) leaving a distance of ca. 50 cm
length at one side and 1 cm on the other side.
The samples were injected electrokinetically.
The separation was achieved on a 10 mM MES
buffer, pH 5.5, through which argon gas was
bubbled vigorously for 30 min prior to use [22].
A gas purifier (Oxiclear; Supelco, Bellefonte,
PA, USA) was used to ensure the purity of the
argon before bubbling. The electrophoretic cur-
rents reached were approximately 3.5 pA. All
the capillaries were cleaned with sodium hy-
droxide (100 mM) before use, followed by water
and separation buffer. Whenever urine samples
were injected, the cleaning procedure was re-
peated between runs.

Detection

Constant-potential amperometric detection in
combination with CZE was performed using the
end-column approach [24]. A mercury battery
(Duracell, 1.4 V) provided the required voltage
to the working electrode placed at the end of the
separation capillary. The Faraday current was
amplified using a two-electrode current amplifier
(Model 428; Keithley Instruments, Cleveland,
OH, USA). All potentials were referenced to the
Ag/AgCl electrode (MI-402, 3 M KCl saturated

Nuts

Ferrules

Reference
Electrode
(Downstream)

with AgCl; Microelectrodes, Londonderry, NH,
USA). Data collection was performed using a
Lab Calc program. The electrochemical cell used
was similar to those reported previously [25]. To
decouple the electrophoretic separation field
from the electrochemical detection field, three
different strategies were tried: a nafion tubing
joint [26], a liquid nafion joint [27], and a
palladium connector device [28]. Nafion is a
cation-exchange polymer membrane that allows
the movement of the ions but not of the bulk
solution, whereas the palladium connector is a
solid-state field decoupler. The construction of
each was similar to that described previously
except for the palladium connector. This connec-
tor was adapted to the dual-electrode detection
system as shown in Fig. 1. On one side of the
decoupler was placed a 50 cm long fused-silica
capillary tubing. On the other side of the de-
coupler was placed a capillary piece of ca. 3 cm
length. This last capillary piece contains the hole
at ca. 1 cm from the protruding end of the
capillary. At this point, the generator electrode
was built.

Dual gold/mercury microelectrode system

The downstream gold/mercury amalgam
working microelectrode was constructed similar
to those described previously [25] but using a 25
pm diameter gold wire (California Fine Wire,
Grover City, CA, USA). This gold electrode was

Electrochemical

/ Cell

Hg-Au
Electrode
(Downstream)
1 /

Capillary Palladium Hg-Au
Connector Electrode
(Separation L (Upstream)
Electrode) -

Reference
» Electrode
% (Upstream)

Battery

Current
Amplifier

Battery

Fig. 1. Schematic diagram of the transversal cross-section of the palladium field decoupler and the dual-electrode detection

system.
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washed carefully with acetone and deionized
water and then dipped into triple-distilled mer-
cury (Aldrich, Milwaukee, WI, USA) for ca. 45
s.

The upstream generator electrode was con-
structed by inserting a ca. 1 cm piece of gold
wire (25 pm diameter) through a hole drilled in
the capillary. Epoxy (epoxy 907, Miller Stephen-
son, Danbury, CT, USA) was applied to seal the
wire in place. Once cured, the rest of the
protruding gold wire was attached to the end of a
5 ‘cm length copper wire (380 um diameter) by
using conductive silver paint (Epoxy Tech-
nologies, Billerica, MA, USA) to achieve electri-
cal connection. Once the silver paint was dry,
more epoxy was applied to cover the completed
connection. After an overnight curing period,
the capillary was flushed with acetone and water
to clean the gold electrode. The gold/mercury
amalgam was prepared by electrodeposition. A
1.0 M KNO; with 5.8 mM mercurous ion and
0.5% HNO, solution was flushed through the
column. A deposition potential of —230 mV vs.
Ag/AgCl was applied for 5 min. The column was
then thoroughly flushed with water to eliminate
all traces of the mercurous solution. For the
experimental measurements, this electrode was
set at —1.0 V vs. Ag/AgCl by means of a
mercury battery in a two-electrode configuration.
The Ag/AgCl electrode was placed at the outlet
buffer vial together with the detection elec-
trodes. For reproducible results, the gold/mer-
cury amalgam required an equilibrium period of
ca. 24 h before use, in agreement with previous
reports on the use of this electrode [9,22].

3. Results and discussion
3.1. Dual-electrode configuration

We first attempted to optimize the type of
microelectrodes used for determining free thiols.
According to the literature, gold, glassy carbon
and graphite [29] coupled to HPLC have been
used to measure thiols. We preferred mercury for
the present determinations, however, as the
optimum potential for oxidation is relatively low

(<0.25 V) so that interferences from other
easily oxidized species are avoided. Further-
more, gold/mercury amalgam microelectrodes
were recently reported for the successful analysis
of free thiols in CZE [22]. The microelectrodes
we employed were similar to those reported in
the literature except the gold electrode was
dipped in mercury for a longer period of time.

Fig. 2 shows the hydrodynamic cyclovoltam-
mogram of the gold/mercury microelectrode
with and without cysteine in the buffer elec-
trolyte. A potential of 0.2 V vs. Ag/AgCl was
chosen for thiol determination, as it gave the
maximum response while it retained the prop-
erties of the gold/mercury amalgam. Higher
potentials would decrease the selectivity of the
determination and remove mercury by electroox-
idation.

Various designs were considered for construc-
tion of the upstream electrode. The configura-
tion using the palladium connector was shown in
Fig. 1. The configurations built at ca. 1 cm after
the nafion tubing joint are shown in Fig. 3. In
the configuration of Fig. 3a, the upstream elec-
trode and a pseudoreference platinum electrode
were placed facing each other on opposite sides
of the CZE column. They were both connected
to a battery. This first approach did not result in

CYSTEINE

RELATIVE INTENSITY
N

BUFFER

-0.2 0.0 0.2

APPLIED POTENTIAL (V)
Fig. 2. Hydrodynamic cyclovoltammogram using a gold/mer-
cury microelectrode of (¢) 10 mM MES (pH 5.5) and (O) 10
uM cysteine in MES buffer containing 2 mM EDTA, CZE
capillary: 52 cm X 75 pm LD., separation voltage: 20 kV,
sample injection: electrokinetically 10 s. All potentials are
referenced vs. an Ag/AgCl electrode.
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Fig. 3. Schematic diagram of two different designs for the
dual-electrode detection system.
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any detectable signal for cystine. Apparently, the
surface of this upstream electrode was too small
for the quantitative reduction of the disulfide
into the corresponding thiol.

A second attempt was then made to lengthen
the exposed upstream electrode surface. No
reference electrode was placed inside the capil-
lary. Instead, only the gold wire was inserted
inside the capillary hole, and, with the aid of
another gold wire of 50 um diameter inserted
thorough the capillary, it was pushed further
inside the capillary to achieve the configuration
depicted in Fig. 3b. The Ag/AgCl reference
electrode for this upstream electrode was then
placed outside the separation capillary, inside
the electrochemical cell. This model provided
reproducible signals for the determination of
both cysteine and cystine and was used in sub-
sequent measurements.

A third design was attempted that used a
palladium field decoupler instead of the nafion

tubing joint to simplify the handling and con-
struction of the dual electrochemical system.
This solid-state decoupler was definitely more
useful for the determination of the free thiols by
themselves. The selectivity, sensitivity, resolu-
tion, and reproducibility of the overall cysteine
determination were similar to those of the nafion
tubing joint. When this design was applied to the
simultaneous determination of thiols and disul-
fides, however, the upstream electrode had to be
placed at the second short piece of the CZE
capillary, after the palladium connector and near
the electrochemical cell (Fig. 1) so that the
separation field would not interfere with the
reduction field. All these requirements resulted
in the need of at least a ca. 3 cm piece of
capillary tubing that protruded through the sec-
ond part of the connector. Consequently a loss
of efficiency resulted from having a distance
longer than 2 cm from the separation cathode to
the detection cell [30]. No further attempts were
therefore made in this direction.

Another approach used liquid nafion in place
of nafion tubing to cover the capillary fracture.
Liquid nafion was tried out on both configura-
tions depicted in Fig. 3. The need to apply
several layers of nafion, coupled with the long
periods of solvent drying, made the construction
of the capillary field decoupling system relatively
troublesome. Moreover, if the capillary was not
properly sealed to a support, the nafion could
enter through the fracture and block the capil-
lary. As a result, off-column detection using
nafion tubing was chosen for the qualitative and
quantitative simultaneous determination of
cysteine and cystine. This design appeared to be
the simplest and provided the most reproducible
measurements for our purposes, and the results
are reported in detail in the next section.

3.2. Qualitative and quantitative determination
of cysteine and cystine

The CZE analysis of both cysteine and cystine
was performed in a 52 cm long capillary using 10
mM MES buffer, pH 5.5. MES buffer was used
because its high resistance provided low detector
noise, in accordance with previous reports [30].
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(a)
To.1naA
(b)
(c) To.01nA
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Fig. 4. Electropherograms of (a) 1 mM cysteine, (b) 10 mM
cystine and (c) 10 uM cysteine and 300 puM cystine, all
analytes dissolved in 10 mM MES pH 5.5 containing 2 mM
EDTA. Upstream electrode : —1.0 V vs. Ag/AgCl, down-
stream electrode: +0.200 Vvs. Ag/AgCl. CZE conditions as
in Fig. 2.

It was therefore preferred to phosphate, borate
and acetate buffers, which were also tried at
varying pH values ranging from 3 to 9. Fig. 4
shows the electropherograms of cysteine (a),
cystine (b) and a mixture of the two (c). The
migration times of the two individual peaks

Table 1

appeared slightly shorter than those of the mix-
ture owing to the difference in time between the
injections. After various CZE injections, the
heated columns provided shorter migration times
for each analyte. The different concentrations of
analyte injected accounts for the different peak
shapes obtained. A decrease in column voltage
improved the separation although it was accom-
panied by a loss of efficiency and longer analysis
times. A separation voltage of 20 kV was used
throughout and provided the separation of both
analytes in ca. 10 min. Increasing column lengths
would result in a similar effect as decreasing the
applied separation voltage. An average column
length of 52 cm was used. The statistical data
obtained from the quantitative study of cysteine
and cystine following the proposed method are
shown in Table 1. The poor detectability ob-
served for cystine was caused by the low yield of
cystine reduction (ca. 8%). The exposed mi-
croelectrode surface was relatively small and
present only on one side of the capillary. Future
work might be aimed at improving the reduction
yield of the disulfide by either increasing the
exposed upstream electrode surface inside the
capillary or by using other dual-electrode de-
signs.

3.3. Application to urine samples

To analyze the potential of this detector for
the analysis of cysteine and cystine in real
samples, urine samples from healthy volunteers
were injected and evaluated. Fig. 5 shows the

Statistical data on the quantitative determination of cysteine and cystine following the proposed method

Cysteine Cystine
Migration time reproducibility (R.S.D., n = 10 runs) <1% <1%
Migration time reproducibility (R.S.D., n = 3 days) <5% <5%
Peak height reproducibility (R.S.D., n = 10) 4.49% 5.98%
Linearity range (correlation coefficient >0.997, 5 uM-1mM 100 pM~10 mM
peak height vs. analyte concentration)
Detection limits (S/N = 3) 5uM 100 uM

The specific experimental conditions are described in the text. The reproducibility tests were performed at 100 uM cysteine and 1

mM cystine concentration levels.
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Fig. 5. Electropherogram of (a) urine diluted 1:10 and (b)
the same urine sample to which 20 uM cysteine and 500 uM
cystine (final concentrations) were added before injection.
Conditions as in Fig. 4.

electropherogram of a tenfold dilution of human
urine assayed as such (Fig. 5a) and after its
spiking with cysteine and cystine at cystine
concentration levels of cystinuric patients (Fig.
5b). The mean analytical recovery of spiked
cysteine and cystine was 97.5% (S.D. 1.8%,
n=3) and 99.3% (S.D. 7.4%, n=3), respec-
tively. In this particular urine sample, a 78 uM
concentration of cysteine was found, calculated
by standard addition for three different determi-
nations. This concentration is within the normal
range reported [7,31]. The second compound of
this electropherogram has not yet been iden-
tified. Assays from other urine samples diluted
and analyzed similarly gave this unidentified
peak in 50% of the volunteers. The slight shoul-
der observed in Fig. 5b and peak splitting ob-
served in Fig. 5a suggests the presence of a
rapidly decomposing compound or a mixture of
compounds co-migrating at the same time. In
any case, the analytes of interest seem to be well
resolved from the unknown species. The sen-
sitivity of the disulfide detection may be the
subject of further improvement, and the applica-
tion of this method to urine samples from

cystinuric patients as well as to the determination
of other thiolic and disulfidic species is envis-
aged.
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electrophoresis—electrochemical detection using a mixed-
valence ruthenium cyanide-modified microelectrode
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Abstract

Thiols and disulfides are separated and detected by capillary electrophoresis—electrochemical detection using a
mixed-valence ruthenium cyanide-modified microelectrode. A carbon fiber array microelectrode was employed to
maximize the signal-to-noise ratio. Detection limits for glutathione disulfide, cystine and homocystine were 2.5,1.3
and 1.1 fmol, respectively. The response for cystine was linear over two orders of magnitude with a correlation
coefficient of 0.992. The long-term stability and overall reproducibility of the electrode were investigated and found
to be highly dependent on the cation concentration in the electrophoretic buffer. The selectivity of this technique
for disulfides was demonstrated by the detection of cystine in the urine of a patient with kidney stones.

1. Introduction

There is currently a great deal of interest in
the detection of oxidized and reduced thiols in
biological and chemical systems. Thiols and
disulfides play important roles in drug metabo-
lism and protein synthesis, as well as having been
used as radio-protective agents and antibiotics.
Examples of important thiols and their corre-
sponding disulfides include glutathione (GSH),
glutathione disulfide (GSSG), cysteine and
cystine. Glutathione plays an important role in
drug metabolism and toxicity. The appearance of
high levels of GSSG in tissue have been shown
to be related to oxidative stress. Cysteine is

* Corresponding author.
! Present address: Searle Research and Development, 4901
Searle Parkway, Skokie, IL 66077, USA
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an amino acid which plays a critical role in pro-
tein synthesis and structure. High levels of
cystine in the urine are indicative of kidney dys-
function.

The determination of disulfides is a particu-
larly challenging analytical problem because
most have no distinguishing chromophores, and
the thiol group is no longer available for de-
rivatization. One approach is to separate the
thiols and disulfides into fractions, and then
chemically reduce the disulfide to its corre-
sponding thiol. The resulting thiol in each frac-
tion is then determined colorimetrically follow-
ing reaction with Ellman’s reagent, 3,3'-
dithiobis(6-nitrobenzoic acid) [1]. This wet
chemistry is tedious, although relatively sensi-
tive. Utilizing this chemistry, disulfides have also
been detected following separation by liquid
chromatography using a two-stage solid-phase

© 1994 Elsevier Science B.V. All rights reserved
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postcolumn reactor [2]. Disulfides have also
been determined by liquid chromatography—
electrochemical detection (ED) using a dual
gold—mercury amalgam electrode [3]. In this
case, the disulfides are reduced electrochemically
prior to detection of the thiol at the second
electrode.

Modified electrodes have been used for the
detection of a wide variety of analytes including
thiols, carbohydrates and amines [4,5]. In 1989,
Cox and Gray [6] reported a new type of
modified electrode based on a mixed-valence
(mv) ruthenium oxide cross-linked with cyanide.
This electrode has been employed for the detec-
tion of insulin, cystine and methionine following
flow injection analysis [4]. More recently, Ken-
nedy et al. [7] utilized the mv RuCN-modified
electrode for direct detection of insulin in pan-
creatic B cells.

Capillary electrophoresis (CE) is a powerful
tool for separation of a wide range of analytes,
including both large and small molecules [8,9].
Thiols and disulfides have been separated by
using CE prior to UV detection [10]. However,
this method of detection yields poor detection
limits as a results of the small optical pathlength
characteristic of CE (typically less than 100 pm).
In addition, the wavelength employed is 200 nm,
which limits selectivity in biological matrices.
Previously, we demonstrated the use of modified
electrodes for ED in CE [11,12]. Since this
method of detection is based on a reaction
occurring at an electrode surface, the limits of
detection are not compromised by the small
dimensions characteristic of microcolumn-based
separation systems. CE-ED has been extensive-
ly applied for the analysis of catecholamines in
single cells and for the detection of amino acids
and pharmaceuticals in microdialysate samples
[13-17].

In this paper, the separation and detection of
thiols and disulfides by CE-ED is reported. A
carbon fiber array microelectrode modified with
a ruthenium-containing inorganic film is em-
ployed as the working electrode. The selectivity
of the method is demonstrated by the determi-
nation of cystine in urine.

2. Experimental
2.1. Chemicals and solutions

L-Cystine, p,L-homocystine and oxidized gluta-
thione were obtained from Sigma (St. Louis,
MO, USA) and used as received. Stock solutions
of disulfides were prepared daily in 1 M HCl to a
final concentration of 10 mM. They were then
immediately diluted in 10 mM HCI, 10 mM
sodium phosphate, pH 2.8, to the appropriate
concentration level. Solutions were stored at 4°C
until use. All solutions were made with NANO-
pure water (Sybron-Barnstead, Boston, MA,
USA) and passed through a 0.2-um pore size
membrane filter prior to CE.

2.2. Apparatus

The construction of the basic CE system has
been described elsewhere {11]. However, in this
case end column detection was employed, as
described by Huang et al. [18]. A 28 cm X 360
pum O.D.x20 um L.D. fused-silica capillary
(Polymicro Technologies, Phoenix, AZ, USA)
was employed in all separations. The run buffer
was 10 mM sodium phosphate, 10 mM HCI, pH
2.8. Samples were injected using a laboratory-
built pressure-injection system. Using the con-
tinuous fill mode, the injection volume was
calculated to be 440 pl by recording the time
required for the sample to reach the detector.

A BAS LC-4C amperometric detector
(Bioanalytical Systems, West Lafayette, IN,
USA) was used for amperometric detection in a
conventional three-electrode mode. A Pt aux-
iliary and Ag/AgCl reference electrode were
used in all studies. Electropherograms were
recorded with a Model BD-41 dual-pen strip
chart recorder (Kipp and Zonen, Netherlands).
The detector potential was set at + 850 mV
unless otherwise indicated.

Cyclic voltammetry was carried out with a
Model CySy-1 computerized electrochemical
analyzer (Cypress Systems, Lawrence, KS,
USA) in a three-electrode system cell with an
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Ag/AgCl reference electrode and a platinum
wire auxiliary electrode.

2.3. Construction of microelectrodes

Carbon fiber array microelectrodes were pre-
pared as follows: a bundle (15-20) of 10-pm-
diameter carbon fibers (Amoco Performance
Products, Greenville, SC, USA) was carefully
inserted into a 3 cm piece of fused-silica capillary
of 150 um LD.x360 um O.D., until they
protruded approximately 0.5 cm from one end of
the capillary and approximately 1 cm out of the
opposite end of the capillary. The latter was
bonded to a length of copper wire using silver
epoxy (Ted Pella, Redding, CA, USA). At the
detection end, the carbon fibers (0.5 cm) were
cut off along the cross-section of the capillary,
which was then filled with epoxy (Miller-
Stephenson, Danbury, CT, USA). Once cured,
the capillary end was gently polished on fine
emery paper until a smooth surface was
achieved, with the cross-sections of carbon fibers
being clearly observed. The electrode was then
ultrasonicated in acetone and NANOpure water
for several minutes. A single carbon fiber disk
electrode was also made and used for compari-
son. The same preparation procedure was em-
ployed, except that a single 33-um-diameter
carbon fiber was placed in a 50 um I.D. X 360
pm O.D. fused-silica capillary.

The modification of microelectrodes was per-
formed according to previously reported meth-
ods [6,7,19]. Briefly, the electrode was cycled
between 500 and 1100 mV vs. Ag/AgCl at a scan
rate of 50 mV/s for a total of 50 cycles in a
deoxygenated plating solution of 2 mM RuCl,, 2
mM K,Ru(CN), and 0.5 M KCl, which had
been adjusted to pH 2.0 with 1 M HCI. The
initial and final potentials were 500 mV. Follow-
ing the modification procedures, the electrode
was removed from the plating solution, rinsed
thoroughly with distilled water, and allowed to
air dry for ca. 20 min.

Since problems were encountered with
grounding of the Nafion joint at pH values below
3 (presumably due to protonation of the Nafion

273

film), end-column detection was employed. This
method, which has been described in detail by
Huang et al. [18], mandates the use of capillaries
of relatively small internal diameter (20 pum or
less) to minimize background current due to the
electrophoretic current. In this work, a “wall-
jet” design similar to that previously described
was used [11}.

2.4. Sample preparation

Human urine samples were immediately di-
luted with the run buffer (1:10 dilution), filtered
(2-wm pore) and directly injected onto the CE
system.

3. Results and discussion
3.1. Cyclic voltammetry

A cyclic voltammogram of the modified elec-
trode in the supporting electrolyte (solid curve)
and in a solution of glutathione disulfide (dashed
curve) is presented in Fig. 1. The electrode
exhibited only a single redox couple in 10 mM

Current (nA)

e 7 sw et 1000
Potential (mV)

Fig. 1. Cyclic voltammogram of 107* M oxidized glutathione

(GSSG) using the mv RuCN-modified carbon fiber array

microelectrode in 10 mM sodium phosphate-10 mM HCl,

pH 2.8; scan rate, 50 mV/s. Curve 1 shows the surface waves

of the electrode in blank electrolyte.
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sodium phosphate buffer, pH 2.8, with the
anodic and cathodic peak potentials (E,, and
E, ) around 900 and 850 mV, respectively. It has
been suggested that these surface waves can be
attributed to the reversible oxidation of Ru®*
[20,21]. The electrocatalytic oxidation of GSSG
using this electrode is apparent in Fig. 1. There
is an increase in the oxidation peak current upon
addition of the analyte, without any obvious shift
in the peak potential. This behavior is charac-
teristic of a typical heterogeneous catalytic oxi-
dation electrode process [5]. As is the case with
other modified electrodes containing mixed-val-
ence inorganic films [20-22], the voltammetry
was found to be dependent on the cation con-
centration. However, the voltammetric behavior
of the electrode was not dependent on the type
of cation used in the supporting electrolyte.

3.2. End-column CE—-ED system using a
carbon fiber array microelectrode

For these studies, a disk-type microelectrode
was employed. Compared to the single carbon
fiber electrode, it is much easier to handle and
operate and also to align with the separation
capillary since it is sealed in a capillary of exactly
the same outer diameter as the separation capil-
lary [11]. In addition, its surface can be easily
renewed by polishing. This attribute is particu-
larly important for the reproducible modification
of the microelectrode. One of the primary ad-
vantages of using an array electrode is that it is
possible to obtain the higher current responses
characteristic of a macroelectrode with these low
background currents. Carbon fiber array elec-
trodes have been used effectively as detectors for
liquid chromatography [23,24] and flow injection
analysis [25]. In all of these applications, the
carbon fiber array electrodes have been reported
to exhibit low background currents and good
reproducibility. In addition, microarray elec-
trodes have been shown to be useful for mea-
surements at extreme positive potentials [26] and
have been used in the construction of per-
oxidase-modified amperometric biosensors for
the electrocatalytic reduction of hydrogen perox-
ide [27]. All of these factors prompted us to

investigate the applicability of carbon fiber array
electrodes for CE-ED. Therefore, a modified
carbon fiber array microelectrode was used for
all subsequent work.

Separation of 5-10~° M each of homocystine,
cystine and oxidized glutathione by CE-ED
using the carbon fiber array microelectrode-
based detector is shown in Fig. 2. All of these
homodisulfides were resolved and were easily
detected at the micromolar level. Detection
limits were 2.5, 3.0 and 6.2 uM for homocystine,
cystine and oxidized glutathione, respectively (S/
N =3). Based on an injection volume of 440 pl,
the mass detection limits correspond to 1.1, 1.3
and 2.5 fmol. The response of cystine was
examined over the concentration range of
5-107° to 10™* M. Linear regression analysis
yielded a slope of 0.027 nA/uM with a correla-
tion coefficient of 0.992.

The stability of the detector response for
cystine was examined using a pressure injection
flow-through (FIA) system in the same capillary.
A comparison of the response of the electrode in
two different buffers, one containing 150 mM
Na™ and the other 10 mM Na*, is shown in Fig.
3A. These data show that both the sensitivity
and stability of electrode response are much
greater in 150 mM sodium phosphate buffer than
in 10 mM sodium phosphate~10 mM HCI at the
same pH. This is not unexpected considering the

T
0.5 nA a
1
b
<
inj
0 1‘2 2:1 3‘6

Time (min)

Fig. 2. Electropherogram of 5-107° M each of homocystine
(@), cystine (b) and GSSG (c). Buffer, 10 mM sodium
phosphate-10 mM HCI, pH 2.8. Separation voltage, 20 kV.
Detection potential, 850 mV vs. Ag/AgCl.
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Fig. 3. (A) Relative current response for 5- 1073 M cystine at the modified electrode using FIA; carrier phase in FIA is (&) 150
mM sodium phosphate, pH 2.8 and (©) 10 mM sodium phosphate-10 mM HCI, pH 2. Detection potential was fixed at 850 mV
vs. Ag/AgCl. (B) Effect of injection frequency of cystine on detector response under CE conditions; run buffer 10 mM sodium
phosphate; (Q) injection of cystine every 15 min and (@) injection of cystine every 45 min.

requirement for a high cation concentration by
the mv RuCN-modified electrode to facilitate
both the electrochemical process of the depos-
ited film and the catalytic oxidation of disulfides
[6,19].

The detector stability under CE-ED condi-
tions is shown in Fig. 3B. It was observed that
the current response decreased gradually over
time, and that the magnitude was essentially
independent of the number of sample injections.
This indicates that the reduction in response is
not due to passivation of the electrode surface
but to a gradual loss of catalytic activity of the
film. This observation is in agreement with
previous reports in which it has been suggested
that the film catalyzes the oxidation of disulfides
through the transfer of oxygen as well as elec-
trons, thereby producing a non-passivating prod-
uct [19].

From all of these observations, it was con-
cluded that the decrease in detector response
resulted from the continuous loss of electro-
chemical activity of the modified electrode due
to the use of a buffer solution of inadequate
cation concentration. This is confirmed by the
observation of the baseline and background
noise level in blank run buffer. As can be seen
from Fig. 2, the electrode was relatively noisy,
and exhibited a baseline drift. These same phe-

nomena were observed in a FIA-ED system
using the same buffer conditions. The noise level
and baseline drift could be markedly reduced in
the FIA-ED by increasing the sodium concen-
tration in the mobile phase to 150 mM.

It is clear that the performance of the elec-
trode for the catalytic oxidation of disulfides in
the CE-ED system would be significantly im-
proved if a buffer containing a high (> 150 mM)
concentration of cation were used. Unfortuna-
tely, a buffer solution of extremely high conduc-
tivity is impractical for the present CE-ED
system because the high electrophoretic current
causes losses in efficiency due to Joule heating
and the generation of high background in the
electrochemical detector. It was found that the
detector response stabilized after 90 min at 850
mV vs. Ag/AgCl in the 10 mM sodium phosphate
run buffer. Under these conditions, eight succes-
sive injections of 107° M cystine produced a
R.S.D. value of 8.7% for peak current measure-
ment.

The stability of the electrode can be improved
by decreasing the time period at which the
detection potential is applied. Only 40% of the
initial response for 5-107> M cystine remained
after 4 h of continuous operation of the working
electrode in the CE-ED system. On the other
hand, the electrode gave 65% of the initial
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current response in the same time period, as long
as it was held at open circuit between sample
injections. The reproducibility of electrode re-
generation was also investigated. Responses for
5:-107° M cystine at ten individually modified
electrode surfaces using the same electrode (with
the surface being renewed by polishing) resulted
in a R.S.D. of 13.2%. The catalytic current was
measured for the first sample injection after the
electrode had been subjected to the applied
potential for approximately 30 min.

3.3. Analytical applications

Simultaneous detection of thiols and disulfides

Thiols such as cysteine and reduced gluta-
thione (GSH) are also detected by this modified
electrode. An electropherogram showing the
simultaneous detection of 107> M GSH and
5-107° M GSSG obtained with the CE-ED
system is shown in Fig. 4A. This is the first
report of the simultaneous electrochemical de-
tection of thiols and disulfides by CE. An ana-
lytical application is shown in Fig. 4B for the
determination of contaminating GSSG in com-
mercially available GSH (Sigma). That GSH
from Sigma contains a small amount of the
homodisulfide GSSG has been previously dem-
onstrated by CE using UV detection [10]. Calcu-
lations by external standard method revealed
that there was about 5% of the contaminant
present in the GSH sample.

. Determination of urinary cystine

The urinary concentrations of cystine in pa-
tients with kidney stones are excessively high
because the diminished renal tubular resorption
of this compound increases its concentration in
urine [28]. Cystine is poorly soluble in acid urine
and when its concentration exceeds its solubility,
precipitation of both crystals and stones in the
urinary tract results.

The application of the CE-ED system with a
mv RuCN-modified electrode for the analysis of
urinary cystine from a kidney stone patient was
performed in order to evaluate its performance
in real sample analysis. As shown in Fig. 5, a
well-defined cystine peak can be clearly iden-

GSH

0.5 nA

GSH

GSSG GSSG

L~

32 36 40 32 36 40

Time (min)

Fig. 4. (A) Electropherograms of 5-107° M GSSG and 107°
M GSH; (B) Electropherogram of GSH sample from Sigma,
concentration: 10”* M. Conditions as in Fig. 2.

Cys

x 1 N

20 26 32
Time (min)
Fig. 5. Electropherogram of a urine sample (1:10 dilute) from

a subject with kidney stones. The peak corresponds to
6-107* M cystine. Conditions as in Fig. 2.
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tified from the background of the urine. The
concentration of cystine in this urine sample was
calculated as approximately 0.6 mM. No cystine
was detectable in urine obtained from healthy
volunteers.

4. Conclusions

A modified electrode based on a mv RuCN
film has been evaluated for the simultaneous
detection of thiols and disulfides by CE. An
end-column, CE-ED system using a microarray
disk carbon fiber electrode was employed. The
divergence in the requirements of buffer (or
cation) concentration between CE and ED is still
a limiting factor in improvement of the sensitivi-
ty and reproducibility of the detection system.
Possible solutions to this problem are under
investigation.
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Abstract

Laser-induced fluorescence detection in capillary zone electrophoresis of fluorescein isothiocyanate (FITC I)-
derivatized amino acids is a very sensitive detection technique. Unfortunately, the excess of FITC I and additional
compounds interferes with the separation and detection of the amino acids. Therefore, the interferences were
minimized by using optimal derivatization conditions. A liquid ion-exchange resin LA-2 was used to extract FITC 1
from the sample solution after derivatization. A better long-term stability was one of the results we obtained from
optimizing the extraction step. The separations of the FITC-amino acids were performed in borate buffer solution
of pH 9.5. Not all amino acids can be separated completely. The detection limits of two selected compounds,

proline and arginine, were 0.3 and 0.5 nM, respectively.

1. Introduction

Laser-induced fluorescence (LIF) detection is
the most sensitive detection technique [1-4] in
capillary zone electrophoresis (CZE). Amino
acids and primary amines can react with fluores-
cein isothiocyanate (FITC) to form highly
fluorescent compounds [5-8]. The efficiency of
the derivatization reaction depends on many
factors; there are many interfering reactions,
partly attributed to the impurities in the re-
agents. Therefore, it is difficult to identify the
FITC-amino acid signals unambiguously and to
distinguish them from the interfering peaks [5].
Previous results [9] showed that the stability of
the derivatives decreases with time, leading to

* Corresponding author.
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bad reproducibility and high detection limits.
The aim of this work was to minimize the
interfering effects of the amino acid determi-
nation after derivatization in different ways.

First, decreasing interferences implies that the
derivatization conditions should be optimized,
such as variation of buffer concentration, buffer
components, buffer additives, FITC concentra-
tion and timing of the preparation.

Second, the reaction of the impurities with the
FITC can be stopped by deactivating the deriva-
tives or by minimizing their concentration to a
very low level after complete reaction with the
amino acids. Furthermore, it should be of inter-
est to improve the reproducibility of the method,
too. The basic idea is to decrease the FITC
excess by reaction with an water-insoluble ion-
exchange resin modified with amine groups simi-

© 1994 Elsevier Science B.V. All rights reserved
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lar to the derivatization of the amino acids, but
differing in the FITC derivative being fixed in
the organic phase. The result should be a simple
liquid-liquid separation of the aqueous and
organic phases.

2. Experimental
2.1. Equipment

A commercial Beckman P/ACE System 2050
with a laser-induced fluorescence detector was
used for all experiments. The excitation was
performed by an air-cooled argon ion laser (3
mW) at a wavelength of 488 nm. The emission
intensities were measured at a wavelength of
520 + 10 nm filtered by a band pass filter. Unless
otherwise specified, the separations took place in
a 57 cm (50 cm effective length) X 75 um 1.D.
capillary and a voltage of 20 kV with the cathode
on the detector side. The capillary was thermos-
tated at 25°C. Sample injection was accom-
plished by voltage (5 kV, 5 s) or mainly by
pressure (0.5 p.s.i.; 1 p.s.i. =6894.76 Pa) for a
time of 10 s. The instrument was controlled and
data were collected with software Gold. The
detector signals were amplified by a factor of 10
by the software.

2.2. Materials

The r-amino acids alanine (Ala), arginine
(Arg), asparagine (Asn), glutamine (Gln),
glutamic acid (Glu), glycine (Gly), histidine
(His), isoleucine (Ile), phenylalanine (Phe), pro-
line (Pro) and tyrosine (Tyr) were purchased
from Merck (Darmstadt, Germany), the FITC
isomer I (FITC I) and the ion-exchange resin
Amberlite LA-2 from Fluka (Buchs, Switzer-
land). The 1 mM stock solutions of the amino
acids were stored at +4°C. The FITC I stock
solution was prepared by dissolution of 19.5 mg
FITC I in 100 ml acetone. After derivatization
overnight 9 ml of the solution were mixed (by
shaking) with a known volume of resin LA-2.

3. Results and discussion

3.1. Optimization of the derivatization reaction
with FITC I

To show the influence of the kind and con-
centration of the buffer solution on the efficiency
of the derivatization reaction L-Arg was selected
as a model substance because of its short migra-
tion time. The comparison of phosphate and
carbonate buffer solutions is shown in Fig. 1.
The peak intensity and the peak shape strongly
depend on the concentration of the buffer which
varied from 4.4 to 133 mM. The best results
(small and high peaks) were obtained at lower
buffer concentrations. Similar results were also
observed for disodium hydrogenphosphate solu-
tion, which was preferred for the higher sensitivi-
ty (expressed as peak area) at a concentration of
0.022 M and the shorter derivatization time.
Working without any buffer components gives
very low derivatization efficiencies and totally
disturbed peak shapes. The carbonate and phos-
phate buffer conditions for maximum sensitivity
are shown in Table 1.

Experiments on the time dependence of the
derivatization have shown that pyridine recom-
mended as activator [S] for the derivatization
had no significant influence on the degree of
formation of FITC-amino acid derivatives (Fig.
2). In addition, the pyridine impurities produced
additional FITC derivatives which overlapped
with the amino acid peaks of interest. This
means that derivatization without pyridine is
possible without a great decrease of efficiency.

Decreasing FITC concentrations ranging from
55.5 to 0.55 uM also led to decreasing absolute
intensities of the components FITC-Arg and
FITC but in every case in the same intensity
ratios of FITC and FITC-amino acid (Fig. 3). It
was not possible to get a high constant intensity
of the analyte by decreasing the FITC concen-
tration. Therefore, the higher concentration
(55.5 pM) of FITC was used for the following
investigations. A additional increase in FITC
concentration to improve sensitivity is possible
but interfering peaks have to be eliminated more
effectively then.
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Fig. 1. Electropherograms of FITC-Arg and FITC using different buffer solutions. Derivatization conditions: FITC (11 pM),
Arg (10 pM); separation conditions: borate buffer pH 9.
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Table 1
Conditions for effective derivatization

Buffer Concentration pH Reaction
(mM) time (h)

Hydrogencarbonate 4.4 9 14

Hydrogenphosphate 22 9 12

Derivatization stock solutions: sodium hydrogencarbonate
(0.2 M) and disodium hydrogenphosphate (0.2 M), both
analytical-reagent grade.

Peak area
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Fig. 2. Plot of peak area of FITC-Arg as a function of
derivatization time with (@) and without () pyridine.
Derivatization conditions: carbonate buffer (0.022 M) pH 9,
FITC (11 uM), without or 10 ul pyridine/4.5 ml deri-
vatization solution, Arg (10 uM).
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Fig. 4. Plot of peak areas of FITC-Arg (&), FITC-Pro (®),
FITC (A) and two unknown compounds (@, V) as a function
of added Amberlite LA-2 amount. LA-2 amount (u1)/6 ml
derivatization solution, Pro (10 uwM), other conditions as in
Fig. 2.

3.2. Elimination of interfering components
To eliminate the interfering components corre-

sponding to the higher FITC concentration for a
more effective derivatization an ion-exchange
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Fig. 3. Electropherograms of FITC-Arg and FITC using different FITC concentrations. Derivatization conditions: 0.022 M
phosphate buffer pH 9.4, arginine (10 uM), (A) 55.5 uM FITC, (B) 0.55 uM FITC.
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Fig. 5. Dependence of peak area of FITC-Pro (Q) and
FITC-Arg (O) on extraction time. Extraction condition: 10
ul LA-2/9 ml derivatization solution, other conditions as in
Fig. 3. A=FITC.

resin with secondary amine functionalitics to
react with FITC was tested. This resin was
selected for three reasons: (1) the water-insolu-
ble resin reacts with the FITC excess to decrease
their concentration in the aqueous solution by
liquid-liquid extraction, (2) it may stop the
reaction with the amino acids at a specific time
and (3) it may prevent further side reactions with
impurities. Depending on the amount of the
resin LA-2 the FITC intensity (expressed as peak
area) is drastically reduced (Fig. 4). Unfortuna-
tely, some of the interfering peaks, the two
unknowns, do not follow in the same matter. But

Peak Area
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the peak areas of FITC-Arg and FITC-Pro are
unchanged so that a reaction between the deriva-
tives and the resin did not take place. The
interfering FITC resin adduct is easily separated
by the distribution in the organic phase and/or a
simultaneous formation of an orange precipitate
in the organic phase. The aqueous phase sepa-
rated from the resin phase can be used without
further pretreatment for analysis. The plot of
peak area versus extraction time in Fig. 5 with 10
unl LA-2/9 ml aqueous solution shows the re-
action of LA-2 and FITC without changes in Arg
and Pro intensities. One of the advantages of the
FITC excess deactivation by LA-2 is also the
improvement of the long-term stability of the
amino acid derivatives demonstrated on Arg and
Pro in Fig. 6. After a derivatization time of 12 h
the liquid phases of the three samples were
separated and analyzed over a period of 20 h.
Contrary to the continuous increase of the peak
intensities of the FITC-amino acids without LA-
2 to reach a maximum the peak intensities
decreased slightly in the case of LA-2 extracts
(100 and 500 p1/9 ml) to reach stable signals
over the time. Summarizing the results, the
following conditions were selected for the most
effective derivatization procedure: 55 uM FITC,
22 mM Na,HPO,, reaction time 12 h, room
temperature, 0.2 ml Amberlite LA-2, 30 min
shaking.

Peak area

50 4 4

04 4

v T T T T T v
0 200 400 600 800 1000 1200 1400
Time/ min

Fig. 6. Dependence of peak area of FITC-Arg and FITC-Pro on time after extraction of FITC with different amounts of LA-2
(long-term stability). LA-2 amounts/6 ml derivatization solution, time was measured after phase separation, other conditions as

in Fig. 3. O =Without LA-2; O =100 ul LA-2; A=500 ul LA-2.
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3.3. Optimization of the electrophoretic
separation

To optimize the electrophoretic separation two
main parameters were considered, e.g. the pH
and the concentration of the buffer solution. Our
previous investigations shown that the best re-
sults for FITC-amino acid separations with re-
spect to short analysis time and high separation
efficiency were obtained with a borate buffer.
An increase in pH from 8.6 to 9.9 led to longer
migration times for all amino acids investigated
without drastic changes in sequence (Fig. 7). The
elution order of FITC-amino acids depends only
on the degree of the electroosmotic flow showing
a maximum between pH 8 and 9. For the best
combination resolution and migration time a pH
value of 9.5 was chosen. By dilution of the
original borate solution the migration time can
be decreased even further if a complete analysis
of all amino acids is not required. The migration
times for all amino acids investigated may be
found in Table 2. The pressure injection tech-
nique (10 s) has produced the highest sensitivity
without distortion of peak shape for the FITC-
amino acid detection.

The calibration for FITC-Arg and FIT-Pro has
given detection limits (S/N =3, 5 s peak width)

56
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Fig. 7. Electropherogram of selected FITC-amino acids.
Separation buffer: 0.4% boric acid, 0.3% sodium tetraborate
pH 9.5; derivatization conditions: 0.022 M phosphate pH 9.4;
extraction: 0.2 ml LA-2/6 ml sample solution. Peaks: 1=
Arg; 2=(Cys),; 3=1le; 4=His; 5= Pro; 6 =Tyr; 7=Phe;
8=Gln; 9 = Ala; 10=(Cys),; 11 = Gly; 12 = Glu.

Table 2
Migration times of the FITC-amino acids

Derivatives Migration time (min)”

A B
Ala 9.15, 13.25 26.79
Arg 7.36 10.4
Asn 11.8 15.05
(Cys), 13.45 14.28,27.73
Gln 13.21 14.72,22.87
Glu 19.84 41.13
Gly 14.09 31.03
His 12.21 22.12
Ile 12.07 14.51,21.93
Phe 12.19 22.95
Pro 12.6 22.00
Tyr 12.24 22.49

Borate buffer: A =0.2% boric acid, 0.15% sodium tetra-
borate, pH 9.5; B=0.4% boric acid, 0.3% sodium tetra-
borate, pH 9.5

of 0.5 and 0.3 nM, respectively, with correlation
coefficients of 0.999 in both cases. The relative
standard deviations are lower then 10% for a
concentration of 10 nM. The dynamic range is
more than three orders of magnitude. The pro-
posed method will be applied to the determi-
nation of amino acids in needles of trees and
other environmental samples in addition and
comparison to the traditional HPLC determi-
nation. Further investigations on this subject will
be aim at a more effective separation.
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Abstract

Methods for the capillary electrophoretic (CE) analysis of a mixture of twenty common amino acids with indirect
absorbance detection were developed. The suitability of nine background electrolytes (BGEs) was investigated.
The effects on the CE separation of the analytes of the BGE, pH, and various additives were evaluated. Metal
cations and cationic surfactants were used as buffer additives either to decrease or to reverse the electroosmotic
flow in order to improve the resolution. p-Aminosalicylic acid and 4-(N,N-dimethyl)aminobenzoic acid are best
suited as the carrier buffers and background absorbance providers as they have effective mobilities closer to the
mobilities of most amino acids at alkaline pH. The CE separation of 17-19 amino acid peaks could be achieved in
20-40 min. The performance of CE in various BGEs and the influence of pH, divalent metal ions and cationic

surfactants are discussed.

1. Introduction

The detection method in the capillary electro-
phoretic (CE) determination of amino acids is of
considerable interest as it dictates whether the
determination of amino acids can be routinely
performed in most commercial instruments. The
most widely used detection method for amino
acids developed in the past is via pre- or post-
column derivatization of the analytes with
fluorescent probes [1-3] and detection by
measuring fluorescence or laser-induced fluores-
cence. The fluorescence method has the advan-
tage of high detection sensitivity, reaching at-
tomolar mass detection limits. However, the
derivatization process can be very time consum-
ing and requires considerable additional work.
The process also changes the native electropho-

* Corresponding author.
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retic mobility of analytes. Alteration of the
electrophoretic mobility of the analyte is depen-
dent on the nature and reactive group of chemi-
cal modifying agents.

The detection of underivatized amino acids
can also be accomplished by indirect methods in
CE similar to those employed in liquid chroma-
tography. In capillary zone electrophoresis
(CZE), indirect fluorescence detection has been
developed for a variety of analytes, including
amino acids [4,5]. For the best detection limits,
often a laser light source is required. Am-
perometric and refractive index gradient detec-
tion methods for the CE of amino acids have
also been demonstrated [6,7]. Another very
attractive alternative is by indirect absorbance
detection, as most commercial CE systems are
equipped with a UV-Vis absorbance detector
and a wide variety of background absorbers are
available.

© 1994 Elsevier Science B.V. All rights reserved
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Indirect UV detection in CZE has become
popular recently, and has been applied to the
detection of a wide variety of analytes, e.g.,
organic acids and bases, inorganic anions and
metal cations. However, only very few studies
have been made on the CE of amino acids based
on indirect UV detection. Foret et al. [8] re-
ported the use of benzoic acid or sorbic acid as
background absorbing co-ion [or background
electrolyte (BGE)] for separating organic anions
including some dicarboxylic amino acids. Bruin
et al. [9] discussed theoretical and experimental
considerations for indirect detection methods in
general and reported the indirect CE determi-
nation with UV detection of seven amino acids
using salicylate as the BGE at pH 11.0. Ma et al.
[10] reported the use of indirect UV detection in
the CE separation of polyamines and some basic
amino acids with quinine sulphate as the BGE.
Quinine sulphate could also be used for indirect
fluorescence detection as its quantum yield is
high.

In this work, we investigated the potential use
and suitability of nine BGEs for the CE de-
termination of amino acids with indirect UV
detection. The BGEs studied were sorbic, sali-
cylic, benzoic, nicotinic, phthalic, p-amino-
salicylic (PAS), p-aminobenzoic (PAB), 4-
(N,N’-dimethylamino)benzoic (DMAB) and 7-
amino-4-hydroxy-2-naphthalenesulphonic (AHN-
S) acids. The type and concentration of the BGE
and pH all play a role as they influence the
separation behaviour of amino acids in CE.
Metal cations (Mg”*, Zn** and Cu*") and long-
chain cationic surfactants were employed as
buffer additives either to decrease or to reverse
the electroosmotic flow (EOF) in order to im-
prove the resolution. The roles that BGEs, pH
and buffer additives play in the CE separation
are discussed.

2. Experimental
2.1. .Chemicals

BGEs and twenty common amino acids were
obtained from Sigma. All other chemicals were

of analytical-reagent grade from several sup-
pliers. Doubly deionized water prepared with a
Milli-Q system (Millipore, Bedford, MA, USA)
or doubly deionized, distilled water was used
exclusively for all solutions. Metal cation addi-
tives were chloride salts.

Buffers and pH adjustment

Sorbic, nicotinic, benzoic, phthalic, DMAB
and AHNS acids and sodium salts of salicylic,
PAS and PAB acids were prepared as 0.01 M
stock standard solutions. These were diluted to 5
or 10 mM of BGE and the pH was adjusted as
required, by adding aliquots of 1 M NaOH, from
10 to 11.2, depending on the experiments, as
specified in the figures. As the buffer had a fairly
high pH, if exposed to air the pH could be
lowered by dissolution of CO,, hence the vial
must be capped tightly immediately after use.
The original pH could be maintained for 3-4
days. The pH of the buffer was checked period-
ically and readjusted if necessary. For the surfac-
tant experiments, dodecyltrimethylammonium
bromide @ (DTAB), tetradecyltrimethylam-
monium bromide (TTAB) and cetyltrimethyl-
ammonium bromide (CTAB) were employed.
Surfactant solutions of 10 mM were prepared,
containing 10 mM BGE, and then diluted to the
desired concentration.

2.2. Apparatus

CE experiments were carried out in a fully
automated Spectra Phoresis Model 1000 instru-
ment (Spectra-Physics, San Jose, CA, USA) as
described previously [11]. In most experiments
except in the determination of the electropho-
retic mobility of BGEs, the detector wavelength
was fixed at the optimum value depending on the
BGE used (see Table 1). In indirect detection,
peaks in the electropherogram appeared origi-
nally as negative peaks but were inverted to
positive peaks by using the vendor’s software.
The separation capillaries (bare fused silica)
from Polymicro Technologies (Phoenix, AZ,
USA) were 75 pm LD, (365 um O.D.) X 70 cm
(63 cm to the detector) for the determination of
the mobilities of BGEs and 75 um I.D. (365 pm
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0.D.) x90 cm (83 cm to the detector) for the
separation of mixtures of amino acids. UV-Vis
absorption of the BGEs were measured with a
-Model U-2000 double-beam scanning spectro-
photometer (Hitachi, Tokyo, Japan).

2.3. Electrophoretic procedures

Prior to first use, a new capillary was subjected
to a standard wash cycle, and subsequent runs
were carried out according to the established
procedure [11]. Stock 10 mM solutions of amino
acids were prepared in deionized water. Equal
aliquots of each were mixed to obtain a mixture
of twenty amino acids, each with a final con-
centration of 5% 10™* M. Sample injection was
effected in the hydrodynamic (HD) mode for 1
s. The separation run was carried out at +20 kV
constant voltage at 25°C constant temperature
and with a current of 7-10 pA. All buffer
solutions were filtered through 0.20-um mem-
branes and degassed under vacuum for 10 min.
Between runs, the capillary was post-washed
with deionized water for 5 min. As a daily
routine, the capillary was prewashed in the
following sequence: (a) 0.1 M NaOH, (b) deion-
ized water, 10 min each at 60°C, (c) deionized
water, 5 min at 25°C and (d) running buffer, 10
min at 25°C.

Peak identification for each analyte was car-
ried out by spiking with known standards and the
peaks with increased height were identified.

2.4. Electrophoretic mobility determination

Benzyl alcohol was added to the samples as a
neutral marker for the electrophoretic mobility
determination. The mobilities of various BGEs
under the specified CE conditions were deter-
mined in the buffer containing 10 mM sodium
borate and 10 mM sodium phosphate at pH 11.0.
A mixture of all BGEs, 0.1 mM each in deion-
ized water at pH 11.0, was injected in the HD
mode for 1 s. The CE voltage applied was +15
kV. Detection was effected by rapid scanning of
the absorbance from 200 to 350 nm, which
allowed a positive identification of the back-
ground provider. The electroosmotic mobility

(oo, in cm® V7! s™') is calculated by the
following equation:

Moo = Ll /(L V)
Me = Mops — HMeo

where [, and [, are the length of the capillary to
the detector and the total length of the capillary,
respectively, V is the running voltage and ¢,, the
migration time of the neutral marker (benzyl
alcohol). The electrophoretic mobility of the
BGE, u,, is obtained by subtracting u., from
the observed mobility, -

3. Results and discussion
3.1. General considerations for selecting BGE

In selecting a BGE suitable for CE, the
mobility of the BGE and the molar absorptivity
of the BGE in the wavelength region where the
BGE and amino acids both absorb were taken
into consideration. A BGE with a mobility
matching those of the majority of the analytes
would give a better separation and resolution.
The absorbance of the BGE should be high and,
ideally, should not overlap with those of the
analytes. To avoid the absorbance from the
aromatic amino acid residues, the wavelength
region 265-285 nm should be avoided. In Fig. 1,
a three-dimensional spectral scan of the CE of
six BGEs is presented to show the absorption
spectral characteristics of various BGEs. The
optimum detection wavelengths are summarized
in Table 1.

In order to maximize the negative charges
carried by the analytes, the pH was set between
10 and 11.2. In this pH range, the amine group is
unprotonated and all BGEs carry negative
charges. The electrophoretic mobility (in cm’
V™' s7' x10%) of amino acids (not counting the
basic amino acids, Arg and Lys) varies from
—0.100 (proline) to —0.440 (aspartic acid). The
mobilities of the BGEs are in the range —0.249
to —0.329 (Table 1). Hence no single BGE could
accommodate all amino acids with good res-
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Fig. 1. Three-dimensional spectral view of CE separation of a mixture of six BGEs: (A) DMAB, (B) sorbic, (C) PAB, (D) PAS,
(E) nicotinic and (F) salicylic acids. Conditions same as in the mobility determination (see Experimental for details).

olution. Our search with nine BGEs resulted in
finding two BGEs that serve better than the
others. Under optimum conditions, nineteen
peaks could be resolved with at least seventeen
peaks completely separated at the baseline level.
Among the twenty amino acids, leucine (Leu)
and isoleucine (Ile) have the closest structural
and charge similarity, and hence are the most

difficult to separate.

3.2. Separation of the amino acids in DMAB
and PAS

Among the BGEs that were investigated,
DMAB and PAS gave the best overall results.
Fig. 2a shows the electropherogram of twenty
amino acids in 10 mM DMAB at pH 11.0.
Seventeen amino acid peaks are identified. The
Arg peak merged with the system peak (the

Table 1

pK, values, electrophoretic mobilities, electroosmotic velocities and detection wavelengths for various BGEs

BGE pK, Mobility* T30 Detection

acid (em®* kV™'s™h) (em’> kV~'s7h) wavelength
(nm)

Salicylic 2.94 -0.329 0.796 230

Nicotinic 4.82 —0.309 0.770 263

PAS 3.25 —0.301 0.766 266

‘Benzoic 4.19 —0.290 222

PAB 4.94 —0.285 0.756 266

Sorbic 4.77 —0.281 0.737 254

DMAB 6.03 —0.249 0.714 288

“ See Experimental for details.

” Mean value (n = 5); relative standard deviation <0.2%.
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Fig. 2. Electropherograms of twenty common amino acids in 10 mM (a) DMAB and (b) PAS at pH 11.0. Concentrations of
amino acids, 0.5 mM each. Migration order (peaks): 1= Lys; 2= Pro; 3=Trp; 4= Leu, Ile; 5=Phe; 6 =Val; 7= His; 8 = Met;
9= Gln; 10 = Ala; 11 = Thr; 12 = Asn; 13 = Ser; 14 = Gly; 15 = Tyr; 16 = Cys; 17 = Glu; 18 = Asp. Peak i is the internal marker
(benzoic acid). Arg is merged with the system peak (the first peak). The upward arrows indicate the migration positions of the
BGEs.
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leading peak). The migration order for the
twenty amino acids is as follows: (0) Arg, system
peak, (1) Lys, (2) Pro, (3) Trp, (4) Leu, Ile (not
resolved), (5) Phe, (6) Val, (7) His, (8) Met, (9)
Gln, (10) Ala, (11) Thr, (12) Asn, (13) Ser, (14)
Gly, (i) internal marker, benzoic acid, (15) Tyr,
(16) Cys, (17) Glu and (18) Asp. Peaks are
labelled in this way throughout the text and
figures.

In DMAB, Met and Gln (peaks 8 and 9) could
not be separated; peaks 5-7 and peaks 10 and 11
could not be baseline resolved. Leu and Ile could
not be separated at all in any of the BGEs. The
electropherogram of the mixtures in PAS is
presented in Fig. 2b. The migration pattern is
similar to that in DMAB, but the profiles are
different in the region where the peaks (peaks
5-12 from 12 to 14 min) are most congested and
difficult to resolve. In PAS, only sixteen peaks
are resolved. Phe (peak 5) could be separated
but Val and His are merged (peaks 6 and 7). Met
and GIn (peaks 8 and 9) still could not be
separated. The separation among Ala, Thr and
Asn (peaks 10-12) is worse.

3.3. Effects of Mg®*, Zn®* and Cu’" as buffer
additives

In order to improve the resolution of amino
acids in the most congested region (time span
between 12 and 14 min.), means to decrease the
EOF was sought. Decreasing the EOF would
allow the analytes more time to be resolved.
Previous studies [12,13] have shown that the
addition of metal ions leads to better separations
and improves the number of theoretical plates in
the micellar CE of oligonucleotides and in the
separation of sulphonate and sulphate surfac-
tants. Addition of metal cations could neutralize
the negative charges on the bare silica capillary
wall, thus decreasing the EOF. However, these
cations also form complexes with the BGEs
(formation  constant  Cu’* >Zn*" >Mg?").
Because the formation constant of Mg** is
lower, the extent of complex formation with
BGE is less. Mg®* is most effective in decreasing
the EOF, as shown in Fig. 3. The extent of the
decrease in EOF increases as the concentration

7 4 Cuu
I 6
I>
§ 5
7
(=]
= 4 Zn*
2
5 Mg?*
2 T T T T T L
0.0 0.2 04 06 0.8 1.0

Cone. of buffer cation (mM)

Fig. 3. Effect of divalent metal cations on EOF in 10 mM
PAS at pH 11.0.

of cation is raised. However, concentrations of
cation higher than 0.1 mM result in a significant
increase in the overall separation time. The
optimum Mg** concentration is about 0.05 mM.
When the Zn®" concentration is >0.1 mM,
precipitates will form. Note that complex forma-
tion of metals with BGEs also results in altera-
tions of the charge and mobility of the BGE. Of
the three metal ions studied, Cu’* is the least
suitable.

The electropherogram in 10 mM PAS in the
presence of 0.05 mM Mg”" is presented in Fig.
4. In comparison with Fig. 2b, the addition of
Mg®" improves the separation of the peaks in
the congested region, particularly for Ala, Thr
and Asn (peaks 10-12). However, Val and Phe
(peaks 5 and 6) are merged as one peak, and so
are Met and Gin (peaks 8 and 9). Note also that
the overall separation time is about 8 min longer
for the mid-region, and is double for the last
three peaks owing to the decrease in EOF.

3.4. Influence of pH

A major factor affecting electrophoretic sepa-
rations in almost every kind of CE is pH. Its
effects are manifested in several ways: (1) in
ionizing analytes and BGEs and affecting their
mobilities, (2) in altering charges on the capillary
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Fig. 4. Electropherogram of twenty common amino acids in 10 mM PAS-0.05 mM Mg”* at pH 11.1.

surface, thus affecting the EOF, and (3) in
changing the extent of complexation between the
BGE and metal ion additive. Fig. 5 is a plot of
pH vs. the electrophoretic mobilities for ten

-0.15
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S
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Fig. 5. Effect of pH on the electrophoretic mobility of
selected amino acids in 10 mM PAS-0.05 mM Mg®>*. O=
Val; V=His; O=GIn; A=Thr; & =Gly, O=Phe; V=
Met; O = Ala; A =Ser; ¢ =Tyr.

selected amino acids in 10 mM PAS-0.05 mM
Mg®" in the pH range 10.0-11.2. In this range,
the change in mobility is associated with the pK,
or pK; of the analytes. In general, the a-amino
groups of aliphatic amino acids have larger pKs
and they are more sensitive to pH. They exhibit
a sharper slope in the plot. They are also the
analytes in the most congested region, and
therefore are the most difficult to separate. At
pH 10.3, nineteen peaks could be identified, but
the peaks of Met and Gln (peaks 8 and 9) and of
Ser and Tyr (peaks 13 and 15) are only partially
resolved (Fig. 6). Note that the migration order
for peaks 3-10 changes significantly. The last
three peaks are also delayed by about 30 min
owing to the decrease in EOF.

3.5. Influence of cationic surfactants on CE

To improve the resolution further, the influ-
ence of some cationic surfactants on CE was
investigated. Surfactants affect the CE separa-
tion mainly by dynamically controlling the EOF
[14]. There have been several reports on im-
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Fig. 6. Electropherogram of twenty common amino acids in 10 mM PAS-0.05 mM Mg”* at pH 10.3. The leading peak (0) is

Arg, separable from the system peak.

provements of resolution in CE separations of
catecholamines [15], inorganic anions [16], urea
herbicides, alkylbenzenes and phenylalkyl al-
cohols [17] by the addition of cationic surfac-
tants. The effects of three cationic surfactants,
DTAB, TTAB and CTAB, are illustrated in Fig.
7. Surfactants with longer straight alkyl chains,
e.g. CTAB and TTAB, are more effective in
reversing the EOF. Complete reversal of the
EOF is achieved with 0.05 mM CTAB or 0.1
mM TTAB. On the other hand, 1 mM DTAB
would be required to obtain a similar decrease in
EOF. At these concentrations, the surfactants
are well below their critical micelle concentra-
tions (CMC). Above the CMC, the EOF is less
affected by the concentration of the surfactant.
The electropherogram of a mixture in 10 mM
PAS in the presence of 0.25 mM DTAB at pH
10.9 is displayed in Fig. 8. Seventeen analyte
peaks could be detected. However, Phe and Val
(peaks 5 and 6), and Met and Gln (peaks 8 and
9) could not be separated. In DTAB, thé

baseline is flatter and the overall separation time
span is about 3 min shorter. In 0.05 mM CTAB,
the EOF is completely reversed. The CE sepa-
ration of amino acids could be performed with
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Fig. 7. Effect of cationic surfactants on EOF in 10 mM PAS
at pH 11.0. O=DTAB; © =TTAB; V = CTAB.
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Fig. 8. Electropherogram of twenty common amino acids in 10 mM PAS—0.25 mM DTAB at pH 10.9. The leading peak (0) is

Arg.

reversed polarity (applying a negative voltage);
the analytes would then run toward anode. The
migration order of all analytes is reversed com-
pletely. The negatively charged Asp and Glu
(peaks 18 and 17) come out first (Fig. 9). Two
advantages could be realized by running with
reversed polarity: (1) the separation time span is
significantly shorter and (2) acidic analytes ex-
hibit sharper and more symmetric peaks. How-
ever, the separation for peaks 5-9 is only partial.

3.6. Separation of amino acids in other BGEs

The use of salicylic acid as the BGE has been
reported [9], but the mobility is fairly high (i.e.,
more negative in value) and its absorptivity at
230 nm is only moderate. When CE is performed
in salicylate buffer (electropherogram not
shown), only the peaks of the slowly migrating
Cys, Glu and Asp are improved by shortening
the migration time and narrowing the peak

width. Similar results were obtained with nico-
tinic acid. Hence they are not suitable as BGEs
for the complete separation of all amino acids
with indirect detection. Phthalic acid is not a
good BGE if used alone, but could be mixed
with a less mobile (towards the anode) BGE to
improve the peak width for the acidic residues.
AHNS is a larger molecule and may interact
strongly with the analytes and the capillary wall,
resulting in peak broadening and baseline drift.
Another BGE that has been studied is PAB.
Similarly to PAS, CE performed in PAB gives a
good separation of at least seventeen peaks
(electropherogram similar to Fig. 2b; data not
shown). However, PAB is not stable in alkaline
solution; a faint brown colour appears in the
buffer solution after applying a high voltage.
Although sorbic acid has a high molar absorp-
tivity and the CE resolution appears to be as
good as with PAS, the sensitivity appears to be
only half that in PAS. Therefore, judged from
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Fig. 9. Electropherogram of twenty common amino acids in 10 mM PAS-0.05 mM CTAB at pH 11.0 running with reversed

polarity (towards the anode).

the overall performance, PAS and DMAB ap-
pear to be the best.

4. Conclusions

The effective CE separation and detection of
17-19 peaks for twenty acids could be achieved
using commercial CE instruments with indirect
UV absorbance methods. Of the nine BGEs
studied, PAS and DMAB (10 mM) appear to be
best suited for the analysis, running at pH 10.3-
11.2. Resolution is also.improved by the addition
of Mg®* (0.05 mM), DTAB (0.25 mM) or
CTAB (0.05 mM) as buffer additives.

Acknowledgement

This work was supported by grant NSC83-
0208-M002-068 from the National Science Coun-
cil, Taiwan.

References

(1] S.F.Y. Li, Capillary Electrophoresis, Elsevier, Amster-
dam, 1992, Ch. 7.
[2] J. Liu, Y.-Z. Hsieh, D. Wiesler and M. Novotny, Anal.
Chem., 63 (1991) 408.
[3] M. Albin, R. Weinberger, E. Sapp and S. Moring, Anal.
Chem., 63 (1991) 417.
[4] W.G. Kubr and E.S. Yeung, Anal. Chem., 60 (1988)
1832.
[S] E.S. Yeung and W.G. Kuhr, Anal. Chem., 63 (1991)
275A.
[6] T.M. Olefirowicz and A.G. Ewing, J. Chromatogr., 499
(1990) 713.
[7] 3. Pawliszyn, Anal. Chem., 60 (1988) 2796.
[8] F. Foret, S. Fanali, L. Ossicini and P. Bocek, J.
Chromatogr., 470 (1989) 299.
[9] G.J.M. Bruin, A.C. van Asten, X. Xu and H. Poppe, J.
Chromatogr., 608 (1992) 979.
[10] Y. Ma, R. Zhang and C.L. Cooper, J. Chromuwgr., 608
(1992) 93.
{11] T.-L Lin, Y.-H. Lee and Y.-C. Chen, J. Chromatogr. A,
654 (1993) 167.
[12] S. Chen and D.J. Pietrzyk, Anal. Chem., 65 (1993)
2770.
[13] A.S. Cohen, S. Terabe, J.A. Smith and B.L. Karger,
Anal. Chem., 59 (1987) 1021.



Y.-H. Lee, T.-I. Lin | J. Chromatogr. A 680 (1994) 287-297 297

{14] H.-T. Chang and E.S. Yeung, Anal. Chem., 65 (1993) [16] T. Kaneta, S. Tanaka, M. Taga and H. Yoshida, Anal.
650. Chem., 64 (1992) 798. :
[15] T. Kaneta, S. Tanaka and H. Yoshida, J. Chromatogr., [17] D. Crosby and Z. El Rassi, J. Lig. Chromatogr., 16

538 (1991) 385. (1993) 2161.






JOURNAL Of
CHROMATOGRAPHY A

s

Journal of Chromatography A, 680 (1994) 299-310

Analysis of dansyl amino acids in feedstuffs and skin by
micellar electrokinetic capillary chromatography

Sgren Michaelsen*“, Peter Mgller®, Hilmer Sgrensen”
¢ Department of Research in Small Animals, National Institute of Animal Science, Research Centre Foulum, P.O. Box 39,
DK-8830 Tjele, Denmark
b Chemistry Department, Royal Veterinary and Agricultural University, 40 Thorvaldsensvej, DK-1871 Frederiksberg C,
Denmark

Abstract

Micellar electrokinetic capillary chromatography (MECC) using sodium dodecyl sulphate (SDS) and sodium
cholate have been used for analyses of 30 dansylated (Dns) amino acids. The influences of sample preparation,
Dns/amino acid ratio, sample solvent composition, and separation conditions including voltage, temperature, pH
and buffer composition were investigated. Complete separations of acidic and neutral amino acids were obtained
within 45 min in the SDS system. The efficiency expressed as number of theoretical plates for the applied capillary
0.52 m long were between 210 000 and 343 000, and the repeatability was very good with relative standard
deviations on relative migration times between 0.09 and 0.70% and on relative normalised peak areas (RNPAs)
between 0.85 and 3.41%. The linearity studies gave correlation coefficients between 0.9957 and 0.9993 for RNPAs
against concentration. Detection limits were between 3 and 6 fmol or approximately 2 pg of each amino acid. Basic
amino acids were separated in a MECC system using sodium cholate. Procedures and problems using Dns
derivatisation for amino acids analysed by the MECC methods are described. Finally, examples of analyses of
hydrolysates of real complex samples show, that this method can be applied to determine the amino acid
composition of proteins in feedstuffs and skin.

in especially the proteins collagen and elastin.
The amino acid composition of such proteins
includes Pro, 4-HyPro, 5-HyLys (Hy = hydroxy),
desmosine and isodesmosine [2]. Analyses of

1. Introduction

Efficient methods of amino acid analyses are
required in connection with determining the

nutritional value of proteins in food and feed-
stuffs including the special non-protein amino
acids {1]. Furthermore, studies of the properties
of connective tissues such as skin also requires
suitable methods of analyses for the amino acids

* Corresponding author. Present address: Novo Nordisk
A/S, Biochemicals, Bygning SMH, Mgrkhgj Bygade 28,
DK-2880 Sgborg, Denmark.

0021-9673/94/$07.00
SSDI 0021-9673(94)00365-G

secondary amines and imino acids like Pro and
4-HyPro demands special derivatisation methods
[1,2]. Dansyl (Dns) derivatisation is well suited,
as it works on secondary amino groups, and the
obtained derivatives are very stable [1].
High-performance capillary electrophoresis
(HPCE) methods have gained increasing interest
due to their many advantages [3]. Many HPCE
papers describing amino acid separations have

© 1994 Elsevier Science BV. All rights reserved
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been published. The methods published include
the use of Dns-amino acid derivatives [4-8],
phenylthiohydantoin (PTH) [9,10], naphthalene
dicarboxaldehyde (NDA) [11,12], dabsyl [13,14],
fluorescein isothiocyanate (FITC) [15-17], o-
phthaldialdehyde (OPA) [17,18], fluorescamine
(4,17}, 9-fluorenylmethylchloroformate (FMOC)
[17] and 3-(4-carboxybenzoyl)-2-quinoline car-
boxaldehyde (CBQCA) [19]. The HPCE meth-
ods described in these papers include free zone
and micellar electrokinetic capillary chromatog-
raphy (MECC) as well as inclusion chromatog-
raphy for amino acid enantiomers. The MECC
methods show the most promising results. How-
ever, most papers are only dealing with few
amino acids and with purchased amino acid
* derivatives of various types. Hereby problems
with interfering reagent compounds have not
been considered, Furthermore, the performance
including the qualitative aspects of the methods
have not been reported. Finally, results from
analyses of amino acids in hydrolysates of com-
plex samples like feedstuffs and skin have not
been reported either.

This paper describes the use of MECC with
sodium dodecyl sulphate (SDS) and sodium
cholate for analysing Dns-amino acids. The in-
fluences of sample preparation, Dns/amino acid
ratio, sample solvent composition, and separa-
tion conditions including voltage, temperature,
pH and buffer composition were investigated.
Procedures and problems using Dns derivatisa-
tion for amino acids analysed by HPCE are
reported. Determination of the performance
including linearity, repeatability and response
factors were performed: Finally, amino acid
analyses of real complex samples are shown. The
procedure described gives an efficient and reli-
able determination of amino acids in complex
samples.

2. Experimental

2.1. Apparatus

An ABI Model 270 A-HT capillary electro-
phoresis system and a Model 600 data analysis

system was used (Applied Biosystems, Foster
City, CA, USA). The fused silica capillary was
720 mm X 50 um I.D. (J & W Scientific, Folsom,
CA, USA), and the detection point was 520 mm
from the injection end of the capillary.

2.2. Materials and reagents

Free amino acids including cis-4-Hy-L-Pro
(C4Hy-L-Pro), cis-4-Hy-p-Pro (C4Hy-p-Pro) and
8-Hy-Lys (HyLys) as well as the derivatives Dns-
L-Asp (Asp), Dns-L-Glu (Glu), N-Dns-L-Ser
(Ser), Dns-Gly (Gly), N-Dns-L-Thr (Thr), Dns-
L-Ala (Ala), O-Dns-L-Tyr (Tyr), N,O-di-Dns-L-
Tyr (DiTyr), Dns-L-Val (Val), Dns-L-Met (Met),
Dns-L-Phe (Phe), Dns-L-lle (Ile), Dns-r-Leu
(Leu), Dns-L-Pro (Pro), N-Dns-trans-4-Hy-L-Pro
(T4HyPro), N*-Dns-L-Trp (Trp), N,N-di-Dns-L-
cystine (Di2Cys), Dns-L-cysteic acid (cysteic
acid), Dns-L-Norvaline (Nor), Dns-L-a-amino-»-
butyric acid (a-ABA), Dns-y-amino-n-butyric
acid (y-ABA), a-Dns-L-Arg (Arg), N°-Dns-L-
Lys (Lys), di-Dns-L-Lys (DiLys), Dns-B8-Ala (8-
Ala), Dns-tryptamine (Trypt), Dns-cadavarine
(Cad), di-Dns-cadavarine (DiCad), Dns-sper-
midine (Sper), di-Dns-1,4-diaminobutane (Putr)
and di-Dns-histamine (Hisn) were obtained from
Sigma (St. Louis, MO, USA). Desmosine and
isodesmosine were obtained from Elastin Prod-
uct Co. (Owensville, MO, USA).

2.3. Procedure

Buffers for HPCE separations were made in
pure water, and buffers were filtered through a
0.2-pm filter prior to use. Dns-Amino acids were
dissolved in methanol and diluted to 20% metha-
nol with water. Samples were introduced from
the anodic end of the capillary by 1-s vacuum
injection. Separations were performed under
various separation conditions as described in the
text. On-column UV detection was at 216 nm
unless otherwise stated. The capillary was
washed for 2 min with 1 M NaOH, 2 min with
water and 5 min with run buffer prior to each
analysis. Data processing was performed with
the data analysis system and according to Mich-
aelsen et al. [20].
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Proteins in the samples (10-30 mg) were
hydrolysed in 6 M HCIl (10 ml) at 120°C and for
20 h. The hydrolysate was dried with air, re-
dissolved in water and dried again. The sample
was then redissolved in 2.0 ml of water and the
internal standards Nor (0.010 mmol/sample) and
3,4-dimethoxyphenylammonium chloride (0.005
mmol/sample) were added. For group separation
of amino acids 0.5 ml of the redissolved sample
was applied to two connected columns set up
vertically on top of each other. From top to
bottom the columns were: (A) CM-Sephadex
C-25 (H"; 1.0 ml slurry of water and column
material, 1:1), (B) Dowex S50W-X8, 200-400
mesh (H"; 1.0 ml slurry of water and column
material, 1:1) [1]. The columns were washed
with 9.5 ml water, separated and eluted with 20
ml 2 M acetic acid—methanol (1:1) for the A
column and with 10 ml 1 M pyridine for the B
column. The eluates were dried with air and
redissolved in 0.5 ml water. The derivatisation
was performed in the dark for 2 h with 50 ul
sample added to 1.0 ml 25 mM Dns-Cl in
acetonitrile and 1.0 ml 40 mM LiCO,, pH 9.5.
The reaction was then stopped by adding 100 w1
4% ethylamine, and the derivatised sample was
dried with air. The derivatised sample was re-
dissolved in 20% aqueous methanol, where most
amino acid derivatives are dissolved but not all
the products of the reagents. The samples were
centrifuged at 2000 g for 2 min before analysis by
HPCE.

3. Results and discussion

The separation mechanisms which are most
likely to give acceptable separations of Dns-
amino acids are exploitation of hydrophobic
interaction of the amino acid side chain and Dns
with surfactant monomers and micelles and dif-
ferences in electrophoretic mobilities of the
negatively charged Dns-derivatives at pH values
above 4.5. The most promising results published
are obtained by use of MECC with SDS in boric
acid [8,21]. This MECC method was therefore
tested for our purpose.

Dns-Amino acids and amines were dissolved
in methanol (4 mg/ml) and diluted ( X 86) to a
final concentration in 20% aqueous methanol.
Tyr could only be dissolved in a lower con-
centration of 2 mg/ml. Trypt, Cad, DiCad and
v-ABA precipitated when diluted to 20% aque-
ous methanol in the standards. Furthermore,
Di2Cys, B-Ala and Putr could not be dissolved
to acceptable concentrations in other solvents
tested (acetonitrile, 1-propanol solutions, di-
methyl sulphoxide, formamide, MECC buffers).
All other 28 Dns-amino acids were dissolved and
diluted without problems in methanol.

3.1. Separation conditions

The influence of separation conditions on the
separations expressed as migration times (tm)s
relative migration times (RMT), and the number
of theoretical plates per meter of capillary (N/ m)
were investigated. The standard used contained
18 amino acids Asp, Glu, Ser, Gly, Thr, Ala,
DiTyr, Val, Met, Phe, Ile, Leu, Pro, T4HyPro,
cysteic acid, Trp, Asn and Gln. Not all results
are shown here, but the evaluation and determi-
nation of the best separation conditions are
based on all results. The most important parame-
ters are mentioned here. The initial HPCE
conditions were a buffer of 100 mM boric acid,
100 mM SDS, pH 8.3, a temperature of 27°C
and a voltage of 15 kV. Asn and Ser were not
completely separated under these conditions,
which has also been reported by Miyashita and
Terabe [21].

The migration orders changed for Glu, Asp,
Val, Gly, Ala, Gln and cysteic acid with increas-
ing SDS concentration from 100 to 180 mM (Fig.
1). Asn and Ser coeluted at concentrations
between 100 and 140 mM as did Glu and Val at
120 mM SDS. At a concentration of 150 mM
SDS all 18 amino acids could be separated,
whereas at concentrations from 160 to 180 mM
the amino acids Asp and Gly, Gly and cysteic
acid as well as Glu and Gln were not completely
separated. A concentration of 150 mM SDS was
therefore chosen, as this also resulted in an
acceptable migration time of 44 min for the latest
appearing amino acid DiTyr. The observed ef-
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Fig. 1. Influence of SDS concentration on migration times of
9 amino acids. Conditions: 100 mM boric acid, pH 8.3, 27°C,
15 kV, 216 nm, vacuum injection 1 s.

fects of increasing SDS concentrations are proba-
bly a combination of changes in the shape and
size of the micelles as well as the surface charge
due to the presence of counter ionms, increased
ratio of the volume of the micellar phase to that
of the aqueous phase and decreased electro-
osmotic flow, due to viscosity changes in the
buffer [20]. The effects of SDS in conicentrations
from 30 to 50 mM have been thoroughly de-
scribed by Ong et al. [8]. However, the number
of amino acids included in their study was lower
and did not include Asn, Gln, T4HyPro, Pro,
Ala and Ile. The low concentrations of SDS are
not sufficient to separate these amino acids.

Boric acid concentrations of 50, 75, 90, 100
and 125 mM gave poor separations of Asn and
Ser except at 100 and 125 mM. Other amino
acids did also coelute at various concentrations
except at 100 mM (Fig. 2, data for 100 mM in
Fig. 1). As a consequence hereof a concentration
of 100 mM boric acid was chosen.

The separations obtained using pH values of
7.5, 8.0, 8.3, 8.5, 8.8, 9.0 and 9.3 were investi-
gated. Increasing pH resulted in changed migra-
tion order of Asp, Gly and Glu. The best
separations were obtained at pH 7.5 and 8.3.
The other pH values of the buffer gave coelution
of Gly and Glu or Asn and Ser. A buffer value
of pH 8.3 was chosen. A general decrease in
migration times with increasing pH was expected
due to increased electroosmotic flow [20]. How-

Amino acid
-0~ Asn ~5— Ser =% Gln
—o— Ala ——Gly ——Glu
—=— Asp —+— Cysteic acid —— Val
22
[=]
£ oAr
- 20t
B 19}
-
o 18F
b=}
g 17t
=
216
= 15
40 50 60 70 80 90 100 110 120 130 140

Boric acid conc. (mM)

Fig. 2. Influence of boric acid concentration on migration
times of 9 amino acids. Conditions: 150 mM SDS, other
conditions as in Fig. 1.

ever, this was not seen, and changed properties
of amino acids are probably the cause of that [8].
Ong et al. [8] also describes the effect of pH, but
this is from pH 6.6 to 8.0.

Four voltages of 11, 13, 15 and 17 kV were
tested. Good separations were obtained for all
amino acids except for Asp and Gly at 17 kV.
Furthermore, a small increase in N was observed
when going from 11 to 15 kV. A voltage of 15 kV
was chosen due to these results and because of a
decrease in migration time of the latest appear-
ing amino acid DiTyr from 61 to 43 min when
going from 11 to 15 kV.

Temperatures of 22.4, 23.7, 25, 26, 27 and
29°C were also tested. The temperature was
found to be very important for the separation of
especially Thr, Asn and Ser; Ala and Glu as well
as Asp and Gly (Fig. 3). The results clearly
showed the best separation at the lowest tem-
perature, and even such small changes in tem-
perature of 1°C had a great effect (Fig. 3). Values
of N were generally highest at the lowest tem-
peratures. Values of N obtained with the applied
capillary 0.52 m long were for Met, Phe and Trp
determined to be 170 000, 210 000 and 190 000 at
22.4°C, 149 000, 168 000 and 1635 000 at 25°C,
127000, 147000 and 145000 at 27°C and
123 000, 133 600 and 130 000 at 29°C. Unfor-
tunately, obtaining lower temperatures than
27°C is not possible with the applied ABI instru-
ment, because there is no cooling possibility.
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Fig. 3. Influence of temperature on the separation of 9 amino
acids. Conditions: 150 mM SDS, 13 kV; other conditions as
in Fig. 1.

215

The lowest temperature possible will therefore
be determined by the ambient temperature. A
temperature of 27°C had to be chosen.

Finally, various concentrations of 1-propanol
and tetracthyl ammonium bromide (TEAB)
were added to the buffer in order to obtain a
higher selectivity of the method, especially for
the first appearing amino acids. Addition of 1-
propanol had a great influence on migration
times, as especially the electroosmotic flow de-
creased with increasing l-propanol concentra-
tions. Moreover, changes in migration orders
were seen. However, several amino acids co-
eluted, and inclusion of 1-propanol can therefore
not increase the selectivity. TEAB is supposed to
form ion pairs with the amino acid carboxyl
group and thereby change selectivity. Further-
more, TEAB may have some influence on the
electroosmotic flow, due to interaction with the
capillary wall. Addition of 1 to 40 mM TEAB to
the buffer did also result in changes in migration
times and relative migration times, but no gener-
al improvement in selectivity was found.

The best detection wavelength was chosen by
testing 200, 216 and 245 nm in the optimised
method. These values were selected from UV
data of the Dns-amino acids. The amino acid
peak areas at 216 nm were between 145 and
180% of the areas obtained at 200 nm except for

the aromatic amino acids Phe, Trp and DiTyr,
which were 0, 138 and 119%, respectively, of the
areas at 200 nm. The peak areas at 245 nm were
only between 50 and 65% of the areas at 200 nm,
except again for the aromatic amino acids. The
best sensitivity in UV detection of Dns-amino
acids is therefore obtained at 216 nm. However,
this wavelength has not been used in any of the
previously published papers using UV detection.

The influence of the methanol concentration in
Dns-amino acid samples on the separation ef-
ficiency was studied. A relatively high methanol
concentration in the sample is necessary (o
dissolve the derivatised amino acids. However,
high methanol concentrations in the sample
reduced the separation efficiency dramatically
(Fig. 4). This may be explained by reduced
interaction with SDS or changed stacking con-
ditions in the first minutes after voltage has been
applied. The migration time for the tested amino
acid Phe slightly decreased from 24.7 to 22.2
min, when the methanol concentration increased
from 5 to S0%. This supports the explanation
with reduced interaction with SDS. A concen-
tration of 20 to 25% methanol can be used to
obtain complete dissolution of Dns-amino acids
and only loosing little in separation efficiency.
We have used 20% methanol.

The separation obtained by using the opti-
mised conditions on a sample containing 21

700
650
600 -
550
500 -
450
400 -
350
300
250
0

N/m (x 1000}

0 20 30 40 50 60
Methanol in sample (%)

Fig. 4. Influence of the methanol concentration on the
separation efficiency (N/m) for Phe. Conditions: 150 mM
SDS, 25°C; other conditions as in Fig. 1.
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amino acids is seen in Fig. 5. The migration
times were between 17.3 and 44.5 min, and the
separation efficiencies were between 403 000 N/
m for cysteic acid and 660 000 N/m for Phe,
which are considered satisfactory.

3.2. Migration order

The migration order and RMT values relative
to mesityl oxide included as a neutral marker are
shown for 30 amino acids in Table 1. Most of the
amino acids can be separated by the HPCE
method at the optimised conditions. However,
Glu and a-ABA, Val and y-ABA, as well as
Dillys, Tyr, Trypt, HyLys and Cad are not
separated well enough. Tyr and Lys with only
one Dns group will not be present, when real
samples are analysed, and a relatively large
surplus of Dns-Cl is used. This surplus should be
10 times or more of Dns-Cl compared to amino
acid [22].
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Fig. 5. Separation of 21 amino acids in the optimised method.
Conditions as in Fig. 1 except 150 mM SDS.
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Table 1
Migration order and RMT values (relative to mesityl oxide)
for amino acids

Amino acid RMT Amino Acid RMT
T4HyPro 0.824 Nor 1.206
Thr 0.900 Pro 1.215
Asn 0.909 Met 1.236
Ser 0.913 Ile 1.362
Gln 0.930 Leu 1.416
Ala 0.960 Phe 1.571
Glu 0.982 Trp 1.604
a-ABA 0.989 Lys 2.055
Mesityl oxide 1.000 Arg 2.076
Asp 1.015 DiLys 2.138
Gly 1.027 Tyr 2.145
Cysteic acid 1.055 Trypt 2.156
Val 1.104 DiHyLys 2.160
v-ABA 1.105 Cad 2.176
C4Hy-p-Pro 1.142 DiTyr 2.191
C4Hy-L-Pro 1.144

Conditions as in Fig. 5. except a temperature of 25°C.

The separation mechanisms involved are dif-
ferences in electrophoretic mobility of the Dns-
amino acids due to variations in the side chains,
hydrophobic interaction of the Dns groups and
SDS and the amino acid side chains and SDS in
combination with ion repulsion of the negatively
charged amino acid carboxyl groups and the
negatively charged SDS. The electroosmotic flow
will move the amino acids towards the cathode,
and the interaction with SDS and the electro-
phoretic mobility of the amino acids will have a
retarding effect on the compounds.

The migration order of e.g. Ala, Val and Leu
as well as Asn and Gin illustrates the increased
hydrophobic interaction with SDS, as the side
chain becomes more hydrophobic. The electro-
phoretic mobilities of the amino acids with the
longer side chains are lower, but the increased
hydrophobicity has a larger effect. Nor shows a
further increased interaction with SDS compared
to Val due to the linear side chain of Nor. The
appearance of Gly between Ala and Val is
probably due to a higher electrophoretic mobility
of Gly than of Ala in combination with the
hydrophobic interaction. Glu and Asp appears
quite early in the electropherograms even though
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their electrophoretic mobility is high because of
two negative charges. This is probably due to the
hydrophilic character of the side chains in combi-
nation with increased ion repulsion with SDS.
The migration order of a-ABA and y-ABA is
likely to be explained by the increased hydro-
phobic interaction of y-ABA compared to a-
ABA. This is due to less ion repulsion with SDS
of the carboxyl group in y-ABA than in a-ABA,
caused by the position of the carboxyl group
compared to the Dns group in the two com-
pounds. T4HyPro migrates faster than C4Hy-L-
Pro and C4Hy-p-Pro, and this is likely to be
caused by facilitated hydrophobic interaction of
HyPro and SDS, when the carboxy and the
hydroxy groups of HyPro are on the same side of
the cyclic ring of Pro as in the cis forms. Pro
shows a further increased interaction with SDS,
because it lacks the hydroxy group. Met, Leu
and Ile have relatively non-polar side chains and
appear therefore in the middle of the elec-
tropherograms. The aromatic amino acids Phe,
Trp and Tyr will interact relatively strongly with
SDS, and therefore these compounds appear late
in the electropherogram. This is especially seen
for DiTyr. Lys has a large and relatively non-
polar side chain as well as a net zero charge
which both results in strong interaction with
SDS. DiLys shows a further increased inter-
action with SDS, and therefore appears after
Lys. Ong et al. [8] also describe the migration
order in MECC using SDS, but not all amino
acids included in this study were included in their
study. Moreover, lower concentrations of SDS
were used.

3.3. Detection limits

Detection limits have been determined from a
signal-to-noise ratio of 2 using dilutions of a
sample containing 17 amino acids. The optimised
separation conditions were used with vacuum
injection for 1 s. The detection limits were found
to be between 0.7 and 1.3 uM, except for the
aromatic amino acids Trp at 0.5 uM and DiTyr
at 0.1 wM. The injected volume is approximately
4.5 nl with the applied temperature of 27°C and
assuming a viscosity in the buffer and the sample

identical to water [23]. The detection limits are
therefore between 3 and 6 fmol or approximately
2 pg of each amino acid. Use of instruments with
fluorescence detection will reduce detection
limits considerably. The possibility of analysing
samples having a lower sample concentration
than 0.7 to 1.3 uM by increasing the capillary
diameter was investigated. Increasing the diam-
eter increases the injected sample volume and
the length of the light pathway in the capillary,
and thereby increased peak areas are obtained.
Increasing the diameter from 50 to 75 pm
resulted in increased normalised peak areas
(NPAs) of approximately a factor 5.5 and de-
creased migration times of a factor 0.7 for Ala
and Phe. However, the separation efficiency
expressed as N/m decreased a factor 3.4. In-
creased capillary diameter can therefore only be
recommended, when the obtained separation
efficiency is not critical.

3.4. Repeatability and linearity

The repeatabilities of the method expressed as
relative standard deviation (R.S.D.) of RMT,
NPA and relative NPA (RNPA) values are
shown in Table 2. R.S.D.s of RMT values were
very low lying between 0.09 and 0.70%. This is
in the same level as reported for other MECC
methods [20,24]. R.S.D.s of NPA values were
quite high especially for Glu, Asp and DiTyr.
Integration of DiTyr is difficult, and this results
in the high R.S.D. Problems with Glu and Asp
will be explained elsewhere. Finally, R.S.D.s of
RNPA values were much improved compared to
the NPA values lying between 0.85 and 3.41%
except for Glu, Asp and DiTyr. This improve-
ment compared to NPA values is caused by
elimination of variations in injection volumes.
Altogether, both qualitative and quantitative
analyses can be performed satisfactory in regard
to repeatability.

The linearity of the method was determined by
using a standard containing 14 amino acids at 6
concentration levels and with 5 repetitions.
Linear regression analyses of NPA values against
concentrations gave correlation coefficients be-
tween 0.9824 and 0.9912 except for DiTyr at
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Table 2 :
Repeatability as relative standard deviation of RMT, NPA
and RNPA values for amino acids

Amino acid R.S.D. (%)

RMT NPA RNPA
T4HyPro 0.29 6.36 2.32
Thr 0.22 7.26 2.31
Asn 0.24 6.99 2.89
Ser 0.24 6.47 3.41
Gln 0.23 6.48 2.32
Ala 0.16 6.25 1.70
Glu 0.26 8.47 5.85
Asp 0.24 7.53 4.37
Gly 0.14 6.03 1.95
Val” 5.62
Pro 0.09 5.97 0.85
Met 0.12 5.64 1.21
Ile 0.19 6.12 1.22
Leu 0.23 5.93 1.42
Phe 0.31 6.16 1.70
Trp 0.32 5.78 1.71
DiTyr 0.70 14.45 9.92

Conditions as in Fig. 5, 14 repetitions.
“ Other amino acids relative to Val.

0.9222. Correlation coefficients between 0.9957
and 0.9993 were obtained by using RNPA val-
ues. Hereby variations in injection volumes are
eliminated, and these variations have nothing to
do with linearity. The most correct evaluation of
linearity is therefore based on RNPA values, and
the linearity of this method is good.

Table 3
Relative response factors (RRF) for amino acids

3.5. Relative response factors

Relative response factors (RRF) for 15 amino
acids were calculated (Table 3). The RRF values
were calculated from response factors (RF) as
RRF =RF,/RF,,,, where RF=NPA/concen-
tration in sample. The RRF values were from
0.6881 to 1.5466 and depended strongly on the
amino acid, although most of the amino acids
have one identical Dns group. However, the
amino acids Tyr and Trp have a considerable UV
absorption at this wavelength. This accounts for
the higher RRF values of these two amino acids
[2]. R.S.D.s of RRF values were between 1.8
and 4.8%, with the highest value for Glu. These
results show that either complete standards must
be included in each series of analyses, or the
RREF values for all amino acids under the actual
conditions must be determined.

3.6. Derivatisation and examples of analyses

Samples of skin from mink and various feed-
stuffs were hydrolysed and derivatised (see Ex-
perimental). The necessary amount of ethyl-
amine to stop the reaction was determined in a
series of derivatisations. Unfortunately, HPCE
analyses directly of the reaction mixture after
derivatisation gave very bad results. This is due
to the high amount of acetonitrile in the sample.
Dissolution in methanol-water gives much better
results. The amount of 20% methanol in water
to dissolve the derivatised amino acids was also

Amino RRF R.S.D. Amino RRF R.S.D.
acid (%) acid (%)
T4HyPro 0.730 3.1 Pro 0.743 2.0
Thr 0.834 2.6 Met 0.688 4.6
Asn 0.762 2.2 Ile 1.093 2.6
Ser 1.007 1.9 Leu 1

Gln 0.779 2.5 Phe 0.784 4.5
Ala 0.801 3.0 Trp 1.547 1.8
Glu 0.911 4.8 DiTyr 1.409 15.9
Val 0.970 1.9

Conditions as in Fig. 5, 6 concentration levels and 5 repetitions, RRF values calculated relative to Leu.
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determined in a series of experiments. The
volume had to be at least 800 ul at the applied
conditions of derivatisation (see Experimental).
A residue is present in all samples, but the
residue does not contain amino acids, as the
amino acid peak areas do not increase further by
increasing the volume of methanol-water. An
example of an analysis of acidic and neutral
amino acids in a hydrolysed skin sample is shown
in Fig. 6. At least three reagent peaks were seen
in all derivatised samples. However, amino acids
could be separated by the applied method. The
amino acids can be quantified in the samples by
using RRF values and an internal standard. Nor
was used here as internal standard, but Nor and
Pro were not completely separated, and there-
fore another internal standard may be used. Cys
can also be determined by the method after
oxidation to cysteic acid (Fig. 5). Analyses of
acidic and neutral amino acids in samples of
feedstuffs as well as the samples of skin have
been performed and works well. Furthermore,

bh .
3 = g
& 35 5
2
%
)
59
<t
—
o
3
-4
3
st 3
> P 2 5
sl & &
= a
:f'L I
T T T T
Jo 20 30 40~———50_Min
= e
g =
= 3

3
1
|

3
&

> 3

IJ\ A M2

Fig. 6. Separation of Dns-derivatised acidic and neutral
amino acids in a hydrolysate of skin from mink. Conditions
as in Fig. 1 except 150 mM SDS.

Thr

analyses of desmosine and isodesmosine, which
are two special amino acids present only in
elastin and responsible for the special properties
of elastin, have been tested in the SDS system.
Desmosine and isodesmosine consists each of
one lysine and three allysine (lysine with an
aldehyde group in the sidechain instead of an
amino group) units forming a pyridine ring. It
was impossible to dissolve sufficient amounts of
the Dns derivatives of these amino acids in
various solvents, probably due to the presence of
at least four Dns groups on each amino acid.
However, analysing the underivatised amino
acids was possible in the SDS system (Fig. 7).
Desmosine has a molecular extinction coefficient
of-4750 M~" cm™' at 234 nm and of 3200 M~
cm” ' at 268 nm and isodesmosine has a molecu-
lar extinction coefficient of 6450 M ™' cm™' at
278 nm and a relatively small absorbance at 234
nm. These properties can be used to identify the
amino acids, as seen in Fig. 7.

Derivatisation of different amounts of the
same sample did not give the expected peak
areas for Glu and Asp after HPCE analysis.
Furthermore, the larger R.S.D.s of both NPA
and RNPA values seen (Table 2) suggests prob-
lems in quantifying these amino acids after Dns

Isodesmosine
Desmosine

234 nm

: -0970 am
T
10 20 Min

Fig. 7. Separation of underivatised desmosine and isodes-
mosine in the SDS system. Conditions as in Fig. 1 except 150
mM SDS and the detection wavelength.
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Table 4
Peak areas in percent of expected peak areas at decreasing
Dns/amino acid ratios in the derivatisation

Dns/amino acid ratio  Area in percent of expected

50 20 10 5 2.5
Asp 100 91 86 75 56
Glu 100 94 87 82 70
Ala 100 84 86 90 81
Leu 100 88 9 120 134

Conditons as in Fig. 1 except 150 mM SDS. Expected peak
areas calculated from the peak areas obtained at the highest
Dns/amino acid ratio.

derivatisation. A series of derivatisations with
decreasing Dns/amino acid ratio was performed
with Asp and Glu, and the results were com-
pared to results obtained with Ala and Leu
(Table 4). The expected peak area was calcu-
lated from the peak area obtained at the highest
Dns/amino acid ratio. The amount of amino acid
to be derivatised was increased and the Dns-Cl
amount was held constant. The peak areas were
much lower than expected for Asp and Glu at
low Dns/amino acid ratios, and this was not seen
for Ala and Leu. A possible explanation could
be the ability of the carboxyl group of especially
Glu to form a peptide bond with the amino
group of Glu as in pyroglutamic acid, and
thereby release Dns. The presence of pyro-
glutamic acid in the sample prior to derivatisa-
tion cannot give these results. However, a lower
stability of Dns derivatives of Asp and Glu may
be explained by the release of Dns. Further-
more, an additional peak was seen in increasing
amounts appearing after Asp and Glu when the
Dns/amino acid ratio decreased. This could be
the transformation product.

These findings of a dependence of amino acid
peak areas on the Dns/amino acid ratio are in
contradiction with the results described by
Tapuhi et al. [22]. They stated that such prob-
lems were not seen, when derivatisations with
corresponding reaction mixtures were per-
formed. However, using other derivatisation
conditions Seiler [25] and Neadle and Pollitt [26]

reported a dependence of the yield of the de-
rivatisation on the relative amount of Dns-Cl
present. The influence of Dns/amino acid ratio
on peak areas of Asp and Glu can be minimised
by using high Dns/amino acid ratios and by
adjusting the amino acid concentrations in sam-
ples to a well defined level.

3.7. Cholate system

Other MECC systems than SDS were investi-
gated due to the fact, that reaction products
from the Dns derivatisation interfered with the
basic amino acids Lys, DiLys, HyLys and Arg as
well as Tyr (Fig. 5 and 6). Furthermore, these
amino acids had long migration times. The best
results were obtained in buffers containing 50
mM disodium hydrogenphosphate and 50 or 80
mM sodium cholate at pH 8.0 and analysed at
30°C and 20 kV (Fig. 8). The efficiency was
between 228 000 and 428 000 N/m for Arg, Lys,
Tyr and DiLys at these conditions. Furthermore,
HyLys (mixed pL and pL allo form) gave two
well separated peaks appearing between Tyr and
DiLys (Fig. 8B). In electropherograms of hydro-
lysed protein, with the hydrolysate group sepa-
rated to obtain the basic amino acids and de-
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Fig. 8. Separation of amino acids in the cholate system. (A)
Basic amino acids and Tyr, 50 mM disodium hydrogen-
phosphate, 50 mM sodium cholate, pH 8.0, 30°C, 20 kV, 216
nm, 1 s vacuum injection. (B) DiLys and HyLys forms
(derivatised mixed DL and DL allo forms), conditions as in
(A) except 80 mM sodium cholate, 27°C and 18 kV.
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Fig. 9. Separation of derivatised basic amino acids in a
hydrolysate of skin from mink. Conditions as in Fig. 8B.

rivatisation of the amino acids these basic amino
acids could be seen and their identity tested by
spiking (Fig. 9). Further optimisation of parame-
ters and determination of the performance of
this method have to be performed, but it seems
promising for analyses of the basic amino acids.
Apart from Terabe et al. [7], who used
taurodeoxycholate for chiral separation of six
amino acids, no other reports on MECC with
cholate for Dns-amino acids have been reported.
Analyses of acidic and neutral amino acids were
also tested in the cholate system, but many
amino acids coeluted. The developed method
with SDS is recommended for analyses of these
amino acids.

4. Conclusions

The described MECC methods with SDS and
cholate can be used to analyse amino acids
released from proteins in feedstuffs and skin.
The derivatisation step with Dns-Cl is relatively
simple and fast. Most amino acids can be dis-
solved in 20% methanol in water. The optimised
SDS method gives complete separations of acidic
and neutral amino acids within 45 min, and the
efficiency is high with up to 660000 N/m.
Furthermore, the repeatability and linearity are
good. The detection limits are in the low fem-

tomole range. Finally, basic amino acids can be
separated by the cholate method.
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Abstract

The separation of 24 dansylamino acids was investig

ated by capillary electrophoresis with an additive of micelles

of a non-ionic surfactant, Tween 20. Although two pairs of peaks, norvaline and methionine derivatives, and
didansyityrosine and solvent (methanol), did not show good resolution, other dansylamino acids were well
separated within 70 min using 100 mM Tween 20 and pH 2.40. The theoretical plate numbers calculated for
dansylamino acids were 28 000-111 000 with a 19-cm capillary column.

1. Introduction

Recently, capillary electrophoresis (CE) has
been attracting attention for the separation of
jonic analytes because it gives high theoretical
plate numbers. Amino acid derivatives separated
by CE or micellar electrokinetic chromatography
(MEKC) include phenylthiohydantoin [1-3],
dansyl [4,5], o-phthaldialdehyde [6,7] fluorescein
isothiocyanate [7,8,9], fluorescamine [7,10] and
9-fluorenylmethyl chloroformate [7] derivatives.
However, separations of twenty or more amino
acids were often difficult because of insufficient
resolution. We reported previously the separa-
tion of closely related peptides by using micelles
of a non-ionic surfactant as an additive to buffer
solution [11]. In this work, this technique was
applied to the separation of 24 dansylated amino
acids.

* Corresponding author.
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2. Experimental

Dansylamino acid derivatives were purchased
from Sigma (St. Louis, MO, USA). All except
glycine derivative were L-isomers. Monodansyl-
L-tyrosine was purchased from ICN Biomedicals
(Costa Mesa, CA, USA). Tween 20 (Fig. 1) was
purchased from Wako (Osaka, Japan). These
chemicals were used as received.

A fused-silica capillary (Polymicro Tech-
nologies, Phoenix, AZ, USA) of 25-50 pm 1.D.
and 363 um O.D. was attached to a Spectra
Chrom 200 UV detector (Spectra-Physics, San
Jose, CA, USA). Detection was carried out by

(OCH,CH,),,,OH
|

/o\ /C\H
c CH,(OCH,CH,),s00C(CH 3)(oCH3
H,C H

HO(CH ,CH,0)pyCc — § (0CH2CH2)aOH
H

Fig. 1. Structure of Tween 20.

© 1994 Elsevier Science BV. All rights reserved
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on-column measurements at a wavelength of 214
nm and a detection rise time of 0.5 s through a
3-mm capillary window without polyimide. The
high-voltage d.c. power supply was a Model
HCZE-30PNO.25-LDSW (Matsusada Precision
Devices, Kusatsu, Japan) delivering up to =30
kV. For data recording and processing, a
Chromatopac Model C-R6A (Shimadzu, Kyoto,
Japan) was used. Samples were injected hydro-
dynamically from the anodic end of a capillary.
Before each run, the column was rinsed succes-
sively with methanol, water and the separation

buffer. The pH of separation solution was mea- .

sured with a Beckman ®34 pH meter calibrated
at pH 4 and 7 with a commercial pH standard
from Beckman.

3. Results and discussion

When Tween 20 was selected as a micellar
pseudo-stationary phase to separate dansylamino
acids, the most important factor was the con-
centration of Tween 20, which was varied from
10 to 150 mM. At 10 mM, some hydrophobic
amino acid derivatives were separated but hydro-
philic amino acid derivatives were largely over-
lapped (Fig. 2). At 150 mM, dansylamino acids
were well separated but a long analysis time was
required for the separation of 24 dansylamino
acids because dansyl derivatives of hydrophobic
amino acids had large capacity factors under
these conditions. The concentration range of
Tween 20 to achieve simultaneously optimum
resolution and a reasonable analysis time was
80-100 mM (Fig. 3).

Although most of dansylamino acids did not
change their migration order within the investi-
gated pH range, some dansylamino acids
changed their migration order depending on the
pH of the buffer. The separation of glutamate,
glycine, alanine and lysine derivatives was pH
sensitive. As shown in Fig. 4, dansyl glutamate
eluted between glycine and alanine derivatives at
pH 2.19, and eluted earlier than dansylglycine at
pH 2.37 or above when the concentration of
Tween 20 was 100 mM. When the pH was raised
to 2.73 in the presence of 100 mM Tween 20,

Asn+GIn+Ser+Thr

Arg
;1

ety [ L

SN S

4 5 6 7
time, min
Fig. 2. Separation of dansyl derivatives of arginine, as-
paragine, glutamine, serine and threonine. Electrophoretic
solution, 10 mM Tween 20 in 25 mM sodium phosphate
buffer (pH 2.40); applied voltage, 14 kV; capillary 1.D., 50
um; column length, 35 cm (effective length, 20 cm).

dansy! glutamate and dansylglycine were well
separated, but the migration times of glycine and
alanine derivatives came closer.

Another pH-dependent separation was found
with tryptophan, aspartate and cystine deriva-
tives (Fig. 5). At pH 2.29 aspartate, cystine and
tryptophan derivatives eluted in this order, but
at pH 2.52 dansyltryptophan eluted first followed
by the derivatives of aspartate and cystine.

The separation of dansylglutamine and dansyl-
serine was achieved when the pH of separation
buffer was in the range 2.33-2.73 but started to
overlap at pH 2.19 and overlapped completely at
pH -2.08 when the concentration of Tween 20
was set at 100 mM.

Dansylnorvaline and dansylmethionine were
only partially resolved at pH 2.4 with 100 mM
Tween 20, which is an optimized condition for
most amino acid derivatives. The peak of di-
dansyltyrosine overlapped with the solvent peak
(methanol) caused by electroosmotic flow
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Fig. 3. Separation of 24 dansylamino acids. Dansylamino acids are represented by three-character abbreviations of the
corresponding amino acids (e-Lys is e-dansyllysine, O-Tyr is O-dansyltyrosine, Cys is didansylcystine and Lys and Tyr are
didansyl derivatives). Electrophoretic solution, 100 mM Tween 20 in 25 mM sodium phosphate buffer (pH 2.40); applied voltage,
16 kV; capillary 1.D., 25 um; column length, 34 cm (effective length, 19 cm).
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Fig. 4. Effect of pH on the separation of (M) dansyl
glutamate, (@) dansylglycine, (A) dansylalanine and (@)
didansyllysine. Electrophoretic solutions, 100 mM Tween 20
in 25 mM sodium phosphate buffer; applied voltage, 14 kV;
capillary 1.D., 50 pum; column length, 34 cm (effective
length, 19 cm).

migration time, min
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Fig. 5. Effect of pH on the separation of (A) dansyl
aspartate, (M) dansyltryptophan and (@) didansylcystine.
Electrophoretic solution, 100 mM Tween 20 in 25 mM
sodium phosphate buffer; applied voltage, 14 kV; capillary
I.D., 30 um; column length, 38 cm (effective length, 22 cm).
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because of the slow migration of didansyl-
tyrosine.

The migration times of dansylamino acids
were plotted against the hydrophilicity values of
free amino acids [12]. As shown in Fig. 6, the
migration times increased with decrease in the
hydrophilicity of the amino acids. In the pH
range 2-3, the dimethylamino group in the
dansyl group and the nitrogen atoms of the side-
chain of lysine and arginine are positively
charged. The carboxyl group of amino acids is
hardly charged except for aspartate and gluta-
mate, which have a second carboxyl group. As a
result, the total charges of most amino acids
without a charged side-chain are almost identi-
cal. Hence the migration order of dansylamino
acids is regulated not by their charge but mainly
by their distribution coefficients into surfactant
micelles. As Tween 20 has no electric charge, the
interaction is not ionic but mainly hydrophobic.
The observed migration order of dansylamino
acids is well explained by this hypothesis. The
exceptions are the derivatives which have two
dansyl groups per an amino acid (lysine, cystine
and tyrosine) or those which have a negatively
charged side-chain (aspartate and glutamate).
Didansyltyrosine (open square in Fig. 6) eluted
much more slowly than expected from the hydro-
philicity value of the amino acid because of the
hydrophobicity of the extra dansyl group. Di-
dansyllysine eluted much later than e&-
dansyllysine, which is also explained by the high

120
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o« (=3
o o
T T

[-23
o
T

migration time, min
£
(=]
T
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(o]
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[=]
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4 3 -2 -1 0 1 2
Hydrophillcity value

Fig. 6. Relationship between hydrophilicity values of free
amino acids and migration times of corresponding
dansylamino acids. A =Dansyl aspartate; [ = didansyl-
tyrosine. Conditions as in Fig. 3.

hydrophobicity of dansyl groups. Although as-
partate has a net positive charge at pH 2.4, the
migration time of dansyl aspartate was much
longer (open triangle in Fig. 6) than expected
from its hydrophilicity value, probably owing to
the negative charge of the side-chain. The side-
chain of arginine not only increases the positive
charge of the molecule but also enhances the
hydrophilicity, which resulted in its short migra-
tion time.

The migration orders observed with the
dansylamino acids are also consistent with those
of peptides which have a single amino acid
difference [11] if we assume that the migration
orders of peptides with a single amino acid
difference are decided by the hydrophilicity
value of the different amino acids. Human
[met'’]-motilin eluted earlier than synthetic
[leu’}-motilin. Similarly, [val’]-angiotensin II
eluted earlier than [leu’]-angiotensin II, and
[sar', gly’]-angiotensin II eluted earlier than
[sar’, ala®]-angiotensin II.

4. Conclusions

If SDS is chosen as a surfactant for the
separation of dansylamino acids, a problem
arises from Joule heating because a relatively
high concentration is required for the separation
of dansylamino acids. In contrast, increasing the
concentration of Tween 20 does not raise the
conductivity because it is electrically neutral.
The number of theoretical plate of dansylamino
acids obtained with the present method (100 mM
Tween 20 and pH 2.40), 28 000-111 000 with a
19-cm column, is comparable to that of SDS-
MEKC. Although non-ionic surfactants have not
yet been extensively studied as a micellar phase
in CE separations, more investigations on the
separation of ionic compounds can be expected.
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Abstract

Optical resolution by micellar electrokinetic chromatography with N-dodecanoyl-L-serine (DSer) was investi-
gated. Similarly to the use of sodium N-dodecanoyl-L-valinate or sodium N-dodecanoyl-L-glutamate, addition of
sodium dodecyl sulfate (SDS), urea and organic modifiers such as methanol and 2-propanol (IPA) to DSer micellar
solutions could give improved peak shapes and enhance the enantioselectivity. With a DSer—-SDS—urea—methanol
solution, six phenylthiohydantoin (PTH)pL-amino acids were separated and each enantiomeric pair was optically
resolved. By using a DSer~SDS—urea—IPA solution, the same PTH-pL-amino acids were partially resolved, while
PTH-pL-Thr was resolved only in this system. N-Dodecanoyl-L-aspartic acid and sodium N-tetradecanoyl-L-
glutamate were also investigated, but satisfactory results were not obtained.

1. Introduction

Recently, optical resolution has become one of
major applications of high-performance capillary
electrophoresis (HPCE) [1-3], especially in
pharmaceutical fields. To achieve direct enantio-
meric separation by HPCE, cyclodextrin capil-
lary zone electrophoresis (CD-CZE), micellar
electrokinetic chromatography (MEKC) with
chiral surfactants and cyclodextrin-modified
MEKC (CD-MEKC) are usually employed.
MEKC is also a popular technique for separating
small neutral molecules in addition to charged
solutes.

In optical resolution by MEKC with chiral
micelles, sodium N-dodecanoyl-L-valinate
(SDVal) [4-8], sodium N-dodecanoyl-L-gluta-

* Corresponding author.
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mate (SDGlu) [9], various bile salts [10-13],
digitonin [6,9] and saponins [14] have been used
as chiral selectors. In the present investigation,
we used N-dodecanoyl-L-serine (DSer) instead of
SDVal and SDGlu. To dissolve this surfactant,
basic (pH 11.0-12.0) buffer solutions were em-
ployed and sodium dodecyl sulfate (SDS), urea
and organic modifiers, such as methanol and
2-propanol (IPA), were also added to DSer
solutions to enhance the enantioselectivity of
aqueous buffers. Some phenylthiohydantoin-pL-
amino acids (PTH-pL-AAs) were successfully
resolved with DSer—SDS-urea—methanol and
DSer-SDS—-urea-IPA solutions. Although the
enantioselectivities in these micellar systems
were not substantially different from the SDVal
or SDGlu systems, PTH-pL-Thr was optically
resolved only with the DSer-IPA solution. As
other chiral surfactants, N-dodecanoyl-L-aspartic
acid (DAsp) and sodium N-tetradecanoyl-L-

© 1994 Elsevier Science B.V. All rights reserved
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glutamate (STGlu) were also examined, but
successful results were not obtained.

2. Experimental

DSer, DAsp and STGlu (Fig. 1) were ob-
tained from Ajinomoto (Tokyo, Japan), SDS
and methanol from Nacalai Tesque (Kyoto,
Japan) and urea, IPA and PTH-pL-AAs from
Wako (Osaka, Japan). Micellar solutions were
prepared by dissolving surfactants and urea in 50
mM borate buffer adjusted to an appropriate pH
with 100 mM sodium hydroxide solution. Or-
ganic modifiers were added to the micellar solu-
tions when required. Sample solutions were
prepared by dissolving enantiomers in acetoni-
trile. All the chemicals were of analytical-reagent
grade and used as received.

Capillary electrophoresis was performed with
a laboratory-built system consisting of a Mat-
susada HCZE-30PN0.25-LDS regulated high-
voltage power supply (Kusatsu, Shiga, Japan), a
Shimadzu (Kyoto, Japan) SPD-6A UV spectro-
photometric  detector and a  Shimadzu
Chromatopac C-R6A data processor. An un-
treated fused-silia tube purchased from Poly-
micro Technologies (Phoenix, AZ, USA), 252 or
300 mm (effective length) X 52 pm I.D. was used
as a separation capillary and on-column UV
detection was employed.

Sample injection was carried out by the hydro-
dynamic method. Separation was performed at
constant voltage and ambient temperature.

3. Results and discussion

As the solubility of DSer in neutral aqueous
solutions is low, owing to its free acid form, basic
buffer solutions were employed and/or organic
modifiers were added to the DSer solutions. By
using buffers of pH 7.0-9.0 without organic
modifiers, sufficient solubility of DSer was not
attained. On the other hand, by using buffers of
pH 11.0-12.0, DSer was dissolved completely
even without organic solvents. However, at pH
12.0, chiral separation could not be achieved for
any enantiomers. In this instance, unstable
baselines were always observed, mainly owing to
the degradation of the inside wall of the capillary
by high-pH solutions, and also no reproducible
result was obtained. At pH 11.0, although stable
baselines and reproducible separation were ob-
tained, still no enantiomeric resolution was ob-
served.

Addition of organic modifiers, such as metha-
nol and IPA, could enhance the solubility of
DSer: even at pH 7.0, a buffer containing 20%
(v/v) TPA or methanol could dissolve DSer
completely. However, no optical resolution
could be obtained, and moreover, the separation
of some conventional test solutes [15], a mixture
of some neutral compounds, was not successful.
These results suggested that sufficient micellar
formation did not occur in such a buffer solution.
By using a buffer of pH 11.0, addition of IPA
could give a partial enantiomeric separation of
some PTH-pL-AAs, but the efficiency was still
very low.

As reported previously [8,9], addition of SDS,

m ¢} 3)
O H COOH 0O H COOH E X'I{ COOCH
CH3—( CHz) 10— ~—N—C—H CH3‘—"( CHZ) IO_C_N_ —H CH3_'( CHz) 12 "N—é—'ﬂ
H, H, I H,
CH,
. 0Z SoH é
0% “ONa

Fig. 1. Structures of (1) DSer, (2) DAsp and (3) STGlu.
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urea and methanol to SDVal or SDGlu micellar
solutions could give efficient enantiomeric res-
olution of PTH-pL-AAs and some other enantio-
mers. Similarly, we used DSer—SDS mixed
micellar solutions (pH 11.0) containing urea and
methanol or IPA to obtain good peak shapes and
enhanced enantioselectivity. These electrolyte
systems were stable enough to obtain a good
baseline and reproducible separation, although
they contained urea in a high-pH region. By
using a 75 mM DSer-75 mM SDS-1 M urea
(pH 11.0) solution containing 20% (v/v) metha-
nol, six PTH-DL-AAs were separated and each
enantiomer was optically resolved, as shown in
Fig. 2. Although the order of the migration and
the separation characteristic in the DSer~metha-
nol system were very similar to those obtained
with SDVal and SDGlu solutions [8,9], PTH
derivatives of pL-Met and pL-Val were successful-

e

T
10 20 30
Time / min

Fig. 2. Chiral separation of six PTH-pL-AAs by MEKC with
DSer—methanol. Corresponding AAs: 1= Aba; 2=Met; 3=
Val;, 4=Nva; 5=Trp; 6=Nile. Micellar solution, 75 mM
DSer—75 mM SDS-1 M urea (pH 11.0) containing 20%
(v/v) methanol; separation capillary, 300 mm (effective
length) x 52 um LD.; total applied voltage, 15 kV; electric
field strength, 300 V cm™'; detection wavelength, 260 nm;
temperature, ambient.

ly separated from each other by this DSer—-
methanol system, whereas these two PTH-DL-
AAs could not be separated with SDVal and
SDGlu solutions.

By using IPA instead of methanol as an
organic modifier, similar results for the optical
resolution of the six PTH-DL-AAs were ob-
tained, as shown in Fig. 3, although the ef-
ficiency was not comparable to that in the DSer-
methanol system. However, as for PTH-pi-Thr,
only the DSer-IPA system could give an en-
antiomeric separation, as shown in Fig. 4: in our
previous studies, PTH-pL-Thr has never been
optically resolved with any other N-alkanoyl-L-
amino acid, i.e., SDVal and SDGlu and DSer—
methanol systems. This implies that IPA is effec-
tive in enhancing the enantioselectivity of the
enantiomeric pair of Thr. In Fig. 4, the peaks are
not confirmed as to which corresponds to which
enantiomeric form, as we have no authentic
compounds of PTH-p- and -L-Thr. However, the
DSer-IPA system gave two peaks for PTH-pL-

1
4
5
2 3
6
[
T T T
20 30 40
Time/min

Fig. 3. Chiral separation of six PTH-pL-AAs by MEKC with
DSer—IPA. Micellar solution, 75 mM DSer-75 mM SDS-1
M urea (pH 11.0) containing 20% (v/v) IPA; effective length
of the separation capillary, 252 mm,; electric field strength;
332 Vem™'. Other conditions and peak numbers as in Fig. 2.
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T T
5 10

Time / min
Fig. 4. Optical resolution of PTH-pL-Thr by MEKC with
DSer-IPA. Conditions as in Fig. 3.

Thr, whereas only one peak was obtained with
DSer-methanol for the same enantiomer.

As for other chiral surfactants, DAsp and
STGlu were also examined for enantiomeric
separation. The former showed some resolution
but the efficiency was always low, and the latter
did not show any resolution.

In conclusion, the use of DSer-SDS-urea-
methanol solutions could provide a good optical
resolution of PTH-pL-AAs, although the res-
olution was not very different from that with
SDVal-SDS-urea~methanol solutions. On the
other hand, DSer—-SDS-urea-IPA systems were
effective only for the enantiomeric separation of
PTH-pL-Thr. Further investigations on chiral
separations by MEKC with N-alkanoyl-L-amino
acids and some other surfactants and additives
are in progress.
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Abstract

The different mobility equations that have appeared in the literature for predicting peptide mobility were
compared. A modified equation that relates the mobility of individual proteolytic species of a peptide to its
composition has been obtained: w = 1758 log(1 + 0.297¢)/M°**"", where p is the electrophoretic mobility in 107°
m?/s-V, g is the integral value of the charge of the species and M its molecular mass. Also, a rough estimation of
the set of pK, values for a peptide was developed. The usefulness of this equation together with a computer
program for predicting separations of compounds by capillary zone electrophoresis is demonstrated, employing real
electropherograms of peptides from the literature or from experiments.

1. Introduction

The separation of peptides and proteins by
capillary electrophoresis (CE) is one of the most
important application fields of this technique [1-
4]. The CE analysis of these biopolymers pro-
vides valuable information about the identity,
purity and structural changes of the peptides
themselves and the proteins they constitute [2,5-
7]. The high efficiencies normally obtained in
these separations and the short analysis times
(less than 30 min) have made CE a major
laboratory tool for the separation, analysis and
characterization of such biomolecules [2,8].

Nevertheless, the analysis and identification of
peptides from real samples and the interpreta-
tion of peptidic maps resulting from protein
hydrolysis are still time consuming [2,5,9]. There

* Corresponding author.
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is a necessity to develop new approaches that can
shorten the long time normally needed to iden-
tify peptides, and at the same time to facilitate
the improvement of the quality, in terms of
efficiency and resolution, of CE peptide sepa-
rations.

An ab initio method that could predict resi-
dence time from structure would be valuable.
Correlations of structure with mobility are there-
fore important. This paper presents a study
comparing the different mobility equations that
have appeared in the literature for predicting the
mobility of peptides, in order to obtain an
expression that can be applied in general terms,
and consequently able to predict the electro-
phoretic mobilities of peptides under different
separation conditions. Such an equation requires
a knowledge of the charge of the species, i.e., a
knowledge of pK values. Part of the work was
therefore devoted to the development of an a
priori estimation of pK values.

© 1994 Elsevier Science B.V. All rights reserved
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We also describe an approach that allows the
prediction of migration times and peak shapes of
peptides in different buffer and at different pH
values. Predictions of electropherograms are
carried out employing a computer program [10]
in combination with one of the above-mentioned
models that best relates the peptide mobility to
its amino acid sequence. The predictions are
compared with real separations obtained in our
laboratory or from the literature.

2. Experimental
2.1. Instrumentation

Separations were carried out using a labora-
tory-made electrophoretic system. The apparatus
included a Hivolt Model V.C.S 303/1 power
supply (Wallis Electronics Worthing, UK) and a
Spectroflow 757 variable-wavelength UV-Vis
detector (ABI, Ramsey, NJ, USA) with a in-
house modified flow cell, operated at 210 nm.
Cooling of the capillary to room temperature
was achieved with a liquid-thermostated air
stream propelled by a fan. During electropho-
resis, the current through the capillary was
measured using a Metex M-3800 multimeter. A
fused-silica capillary (Polymicro Technologies,
Phoenix, AZ, USA) of 50 pm 1.D. and 360 um
O.D. was used; the total length of the capillary
was 68.4 cm and the effective length (from the
injection point to the detector) was 43.8 cm.
Injection was carried out at the anodic side using
electromigration. The computer programs em-
ployed were Quattro Pro (Borland International,
Scotts Valley, CA, USA) for the optimization of
equations, one written at our laboratory for the
simulation of the electrophoretic separations and
whose characteristics have been described [10]
and another custom program to carry out the
pK, calculations. All the programs were used on
an 80386SX microprocessor-based PC (Laser
386SX).

2.2. Samples and chemicals

Peptides AGG, GGG and LGF were pur-

chased from Nutritional Biochemicals (Cleve-
land, OH, USA) and peptides GGP and LGG
from Fluka (Buchs, Switzerland). All the long
peptides (Table 5) were purchased from Bachem
Feinchemikalien (Bubendorf, Switzerland) and
used as received. The peptides were dissolved in
water, previously purified by passage through a
PSC filter assembly (Barnstead, Boston, MA,
USA), at the concentrations indicated in each
instance. The samples were stored at —20°C and
heated to room temperature before use.
Ethanolamine, formic acid and acetic acid (E.
Merck, Darmstadt, Germany), N-[tris(hydroxy-
methyl)methyl|glycine (Tricine) and 3-cyclo-
hexylamino-1-propanesulphonic acid (CAPS)
(Aldrich, Brunel, Netherlands) were used in the
different running buffers. The pH of these solu-
tions was adjusted using sodium hydroxide solu-
tion (1 mol/l). The buffers were stored at 4°C
and heated to room temperature before use.

3. Results and discussion
3.1. General

The utility of computer programs to predict
the electrophoretic behaviour of small molecules
and to obtain optimum capillary zone electro-
phoretic (CZE) separations has been already
shown [10-15]. These programs, briefly, describe
substance mobility in CZE in terms of fun-
damental constants of each solute [pK, and
mobility of the dissociated forms (u,-)] and
buffer characteristics [pH, concentration, pK,
and mobility (uy-) of the different substances
that form the buffer]. However, the possibilities
of employing these programs decreases the high-
er is the analyte complexity in terms of the
number of charged groups [16] (e.g., peptides
and proteins), as there is a lack of data on the
required parameters (pK, and p values) for such
complex biopolymers.

The computer program that we have employed
has been treated in more detail elsewhere [10]. It
produces the complete electropherogram, and
therefore data on capillary dimensions, injection
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time and voltage (or injected plug length), sepa-
ration voltage, electroosmotic flow and sample
concentration are required.

3.2. Prediction of pK, values of peptides

The parameters for the running buffer are
usually easily obtained from the literature [17-
19]. Electroosmotic flow is obtained experimen-
tally or taken from the literature. For only very
few peptides are pK, values available in the
literature. However, for a fundamental under-
standing of electrophoretic behaviour this knowl-
edge is essential. Most workers resort to a set of
average pK, values for charged amino acid
residues contained in peptides and a set of N-
terminal and C-terminal pK, values. One such a
set is given in Ref. [6]. Such sets of values have
been shown to be effective, e.g., in calculating
the isoelectric point (IP) {20,21]. However, it is
not likely that such value will lead to accurate
predictions of peptide charges at pH values very
different from the IP, where the charge is larger
than unity, for two reasons. First, assigning
equal pK, values to the same type of groups
(terminal COOH and NH,, side-chain groups of
the same type) and considering these as pK,
values of the entire molecule neglects the statisti-
cal effect that occurs when more than one
protolytic group is present [22]. This occurs
independent of any (additional) electrostatic or
conformational effect of one group on the other,
as will be considered later. For example, in a
dicarboxylic acid with a large distance between
the two carboxyls to exclude these latter effects,
each having a “local” pK, value of 4.7, the
compound COOH----COO"™ is indistinguish-
able from COO~ ----COOH. Therefore, this
form is twice as likely to occur, on statistical
groups; overall K, and K, values, as observed
with, e.g., titrations or when estimating the
charge from the mean mobility, are twice as
large and twice as small, respectively, as those of
an isolated COOH group; that is, the pK, values
are shifted by log 2 to 4.4 and 5.0, respectively.

In simple peptides, having only a few
protolytic groups, this statistical effect may often

be smaller than given in the above example
because in general the “local” pK, values differ
substantially. However, with larger, multiply
charged peptides it may also be greater as so
many groups are involved and the likelihood that
some are very similar increases. We therefore
decided to follow a “brute force” approach and
calculated this effect in full detail. The procedure
was as follows. Assuming that “local” group pK,
values are available, the formation constant of
each individual species (thus distinguishing the
two forms given above) can be found as the
product of K values of those groups that have
given up a proton. The overall K, , values can
then be found by adding all such K values that
pertain to a given value of n, the number of
protons released.

This calculation turned out to be time consum-
ing, even on a fast PC with a numeric processor,
and while truncating the addition given above for
forms that contribute very little to the sum. For
instance, with eight dissociating groups already a
total of 2% =256 individual forms have to be
considered. Nevertheless, it was feasible to carry
out the whole calculation is less than 1 min for
up to fourteen dissociating groups.

A second complication stems from the mutual
electrostatic interaction of charged groups: if the
COOH groups in the above example are not far
apart, the K value of a given group is smaller
when the other group is already ionized. This
effect was taken into account in the following
crude manner [23}:

ApK, ;= qu/Di’j

where C is a universal constant, g, is the charge
on the influencing group (0 or 1), and D, ; is the
distance of the reaction centres of groups i and j.
The C value reflects fundamental constants, such
as the elemental charge and the permittivity of
the medium. Here it is very empirical in nature.
The interaction will take place partly though the
solution and partly through the “medium” of the
molecule itself. Depending on the nature of the
molecule and, e.g., the ionic strength of the
solution, these contributions may differ in rela-
tive importance. Also, this approach only takes
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the enthalpic effect into account; any entropy
effect is neglected.

The value to be taken for the distance D, ;18
of a similar empirical nature and is difficult to
decide for each combination of functional groups
in a given molecule. We found the following
expression (measuring distances, D, N, Y, in
units of one atom-atom bond, of the order of
0.15 nm) to be the most effective in the correla-
tions:

2 _ a2 2 2 2
(D;;)"=3°N,;/(3*+Y; +Y;)

where N, ; is the (contour) distance between the
anchoring points of the groups in the main chain
of peptide bonds and Y; and Y, are the distances
from the reaction centres to the anchoring points
of the two groups.

- This choice reflects the idea that the peptide
chain forms a random chain, with random flight
segments of length three times the atom—atom
distance (= one peptide unit), and that summing
of distances should be done quadratically
because of the random orientation in space of all
the length segments. The choice can be criticized
in numerous ways. For example, the randomness
(stiffness) of the chain may not be as described,
and may not be a constant but rather depend on
the charges present and the ionic strength. Also,
specific conformations of the chain may be
preferred, because of electrostatic and hydro-
phobic effects, effects that in long chains ulti-
mately lead to folding. We nevertheless worked
with these schemes, as this approach allows one
to obtain estimates of pK, values that are in our
opinion better than those with the fixed set of
group pK.s, and obtaining the necessary data
requires only geometrically analysing the chemi-
cal formula of the peptide.

Thus, the local pK, values were corrected with
a number of terms such as given by ApK, ,,
depending on the charge distribution in the form
considered, and next the summation described
above was carried out.

This approach requires the following data:
constant C, pK, values for twenty terminal NH
groups, pK, values for twenty COOH groups
and pK, values for seven side-chain groups (Arg,

Asp, Cys, Glu, His, Lys, Tyr), a total of 48
values. (This large number of parameters may
seem excessive. Indeed, a satisfactory correlation
can also be obtained by assigning one value to all
terminal NH, groups, one to proline and one to
all terminal COOH-groups. With the seven side-
chain values, this would lead to only ten parame-
ters. We decided to use the 48, arguing that we
were after a prediction as good as possible for a
situation where the structure of the peptide is
entirely known. As a result of the large number
of parameters there is some triviality in the
applied fitting procedure, e.g., some of the
amino acids occurring in the training set do not
occur in any of the peptides in the training set.
As a result for the adaptation of its group pK,
values the only reference point is the amino acid
itself: the training pK, value is just reproduced
in the group pK, value, with a number of
degrees of freedom of zero. We did not see this
as a disadvantage, through.)

The 48 parameters were obtained by mini-
mizing the sum of squares between predicted
pK, values and those of 43 amino acids and
peptides from the literature [24~26] ranging from
two to five amino acids, 98 values in total.
Literature values for pK,s were corrected for
zero ionic strength.

The residual sum of squared deviations (SSQ)
was about a factor of 3 smaller (9.35 vs. 24.74)
than can be found by just neglecting statistical
and electrostatic interaction, e.g., in the way
described by Rickard et al. [6].

Some indication of the validity of the pro-
cedure can also be derived from the C value
obtained, 3.0. An ab initio estimate of C can be
found as follows: neglecting all entropy effects,
the change in a pK, value due to a charge e at a
distance D (measured in atom-atom distance,
1.5-107'° m) can be calculated as

ApK, = 0.43¢*/(4meye,D - 1.5-107 ') /kT

where e is the elementary charge, ¢, is the
permittivity of vacuum, ¢, is the relative permit-
tivity of the medium, k is the Boltzmann con-
stant and T is the absolute temperature. This
expression at 7=300 K, with ¢ set to that of
water, corresponds to a C value of
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Table 1

Values used in CZE mobility calculations

Peptide M n q Bexp I My

This From
work literature

20 mmol/l sodium citrate, pH 2.5, 30°C [36]
LEMY 554.7 4 0.89 0.82 13.1 13.2 12.4
GFY 385.4 3 0.90 0.83 15.8 15.6 14.6
GPETLCGAELVDAL 1443.6 14 0.86 0.71 9.0 8.8 7.3
QFr 1293.3 2 0.84 0.83 17.4 16.3 16.3
GFYF 532.6 4 0.92 0.83 14.1 13.9 12.7
GPETLCGAELVDAL- 2305.6 21 1.65 1.61 11.8 12.7 12.4

QFVCGDR

VCGDR 604.6 5 1.68 1.73 22.5 22.9 22.8
SCDLR 648.7 5 1.67 1.73 22.3 22.1 221
LEMYCAPLK 1123.4 9 1.82 1.82 19.1 18.7 18.4
RLEMY 710.9 5 1.79 1.82 21.4 21.8 22.2
PAK 3144 3 1.78 1.83 26.0 30.3 31.2
CAPLK 586.7 5 1.84 1.83 18.6 25.2 24.1
FNLPTGY 825.9 7 0.95 1.83 19.7 12.0 21.0
RAPQTGIVDECCFR 1706.9 14 2.62 2.73 19.4 21.1 21.3
RLEMYCAPLK 1279.6 10 2.68 2.82 23.1 24.0 24.5
LEMYCAPLKPAKSA 1577.9 14 2.65 2.82 20.3 21.7 22.5
FNLPTGYGSSSR 1300.4 12 1.93 2.83 22.1 18.2 24.4
RLEMYCAPLKPAK 1576 13 3.48 3.82 24.6 26.6 28.1

39 mmol/l ethanolamine, pH 10, 25°C [37]
AA 160.2 2 -0.97 —0.98 —24.2 —24.0 —24.2
AAA 231.3 3 —0.98 -0.98 -19.8 -20.9 —20.8
AN 203.2 2 -0.97 —0.98 -22.8 -21.8 -18.7
AG 146.1 2 -0.97 —0.98 -25.9 —24.9 -25.1
AGG 203.2 3 ~0.98 —0.98 -22.4 -22.0 -22.0
AH 226.2 2 -0.97 —0.98 -19.2 —20.8 -21.0
GGGGG 303.3 5 —0.99 -0.98 —18.9 -18.8 —18.6
AL 207.3 2 -0.97 —0.98 -213 —-21.8 —-22.0
ALG 259.3 3 —0.98 —0.98 -19.0 -19.9 -19.9
AV 188.2 2 -0.97 -0.98 -22.5 -22.5 -22.7
GGGG 246.2 4 -0.99 -0.98 —23.3 -20.4 -20.3
GGGGGG 360.3 6 -0.99 —0.98 -17.2 -17.5 -17.4

20 mmol/l citric acid, pH 2.5, 30°C [27]
AFDDING 750.8 7 0.75 0.33 10.3 9.9 4.7
KKKKKKK 915.5 7 7.02 7.33 50.7 52.3 53.5
AKKKKKK 858.2 7 6.05 6.33 49.5 49.0 50.3
SYSMEHFRWGKPV 1624 13 3.43 2.98 22.0 25.7 23.2
ILPWKWPWWPWRR 1907.5 13 3.63 3.32 26.7 25.1 23.5
GRTGRRNSIHDIL 1495.6 13 4.12 4.38 321 30.2 31.5
AFKAKNG 734.9 7 2.63 2.41 313 29.2 27.4
AFKIKNG 777 7 2.63 2.41 30.4 28.5 26.7
GFLRRIRPKLK 1383.9 11 5.19 5.33 37.8 36.5 37.1
AFKADNG 721.8 7 1.68 1.37 21.7 20.5 17.4
AGCKNFFWKTFTSC 1659.8 13 2.79 2.14 21.4 22.0 17.8
YAGFM 587.8 5 0.95 0.38 12.0 13.8 5.9
YVNWLLAQKGKKN- 2586.1 21 4.84 5.28 28.1 26.9 28.5

DWKHNITQ

(Continued on p. 326)
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Table 1 (continued)
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Peptide M n q Hexp * [T °
This From
work literature
GGFMTSEKSQTPLVT- 3304.9 30 5.01 5.30 229 249 25.8
LFKNAIIKNAYKKGE
HFRWGKPVGKKRRP- 2336.1 19 8.00 8.24 36.8 38.4 39.0
VKVYP
SYSMEHFRWGKPVG- 2933.9 24 7.29 8.22 33.1 331 35.5
KKRRPVKVYP
RKRSRKE 959.2 7 4.87 5.31 43.8 40.7 43.0
AFKKKKK 877.2 7 5.11 5.33 45.8 43.6 447

* Experimental mobility in 10° m*/s -V obtained from literature.
® Theoretical mobility in 10™° m?/s -V obtained considering the charge of isolated species and Eq. 5.
¢ Theoretical mobility in 10™° m*/s -V obtained considering an average charge value and Eq. 5.

C=0.43¢*/(47-8.8-107*-80-1.5
-107'°)/(1.38-107%* - 300) = 2.00

The value actually found was 2.96. Although this
does not coincide exactly with the ab initio
estimate, the fact that it is of the right order of

Table 2
Results from optimization for the different equations

magnitude and bearing in mind the uncertainties
connected with the choice of the distance expres-
sion and the ¢, value (that of the pure water, 80)
provides some confidence that the procedure
partially reflects physical reality.

The final SSQ value, 9.35, corresponds to a

Equation No. Model

2 (y‘iexp - P"ipre)z

(107° m%*/s-V)

48 —n

\/ 2 (p’iexp - l"ipre)z
i=48pep
o=

i=25pep
ag=
parameters 25

(107° m*/s-V)

o value

using g from

o value using
average ¢

this work from literature
94.58 log(1 +
1 _—f))fl(z 9 3.13 3.32 2.61
n
839.6
2 lesq 4.24 4.74 2.51
486.4
3 —Mrsf 3.94 4.64 2.00
1222
4 173 g 273 4.02 4.70 2.02
3.01M* +1.12M
1758 log(1 + 0.297
5 08( L 223 2.49 1.72

0.411
M
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Table 3
Statistical F test of the five equations from Table 3

327

o,=3.13 o,=4.24 o, =3.94

g,

=4.02 0,=2.23

o,=3.13 - -
o, =424 - -
o, =3.94 - -

o, =4.02 - - -
o, =2.23 + + +

+

+ 4+ + +

Significance level

5%; degrees of freedom 45-48; average F value 1.64. Minus signs indicate no significant difference

(02/0? < 1.64) between the equations; plus signs indicate significant difference allo?>1.64).
j q i1y

root mean squared expected error of
1/9.35/(98-48) = 0.43. This requires the follow-
ing comment: this precision is certainly not good
enough for the prediction of special pH-induced
selectivity effects. One must bear in mind that in
the highly efficient CE system substances having
a relative overall mobility of only 1.02 are easily
separated, whereas of course a value of 1.00
leads to no separation whatsoever. The value
1.02 corresponds to a pH shift (in the middle of a
titration branch) of 2-0.43-0.02 = 0.02. Hence,
the accuracy of the prediction is at least one
order of magnitude worse than would be re-
quired to predict whether two randomly chosen
peptides could be separated due to different pK,
values at some pH.

Table 4
pK, values and electrophoretic mobilities (p) used for the
simulated electorpherograms of the five peptides in Fig. 4B

No. Peptide pK g (10° m*/s-V)
1 LGF 8.06 —18.20
0
3.47 18.20
2 GGP 8.27 —-21.27
0
3.21 21.27
3 GGG 8.27 -23.02
0
3.30 23.02
4 LGG 8.06 -20.69
0
3.30 20.69
5 AGG 8.24 —22.35
0
3.30 22.35

Nevertheless, on might hope that for structur-
ally related peptides the prediction of differences
in pK, values is better and the prediction might

Table 5

pK, values and electrophoretic mobilities ( pn) used for the
simulated electropherograms of the five peptides in Figs. 5B,
6B and 7B

No. Peptide pkK u (10° m*/s-V)
1 LQAAPALDKL 11.21 —20.49
7.77 —~11.43
0
4.16 11.43
2.97 20.49
2 WAGGDASGE 8.58 -30.43
5.45 —22.27
4.23 —-12.42
0
3.24 12.42
3 FHPKRPWIL 12.42 -10.80
0
10.18 10.80
6.68 19.36
5.27 26.45
2.78 32.51
4 SYSMEHPRWG 13.21 —-25.96
10.30 -19.00
7.36 —10.60
0
6.30 10.60
3.74 19.00
2.61 25.96
5 ELAGAPPEPA 8.52 —-29.04
5.18 -21.25
4.22 -11.85
0
3.37 11.85
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have some limited use in this respect. Also, at
pH values where large peptides are multiply
charged, an estimate of the total charge g is of
great importance. Below we present results to
that effect.

3.3. Prediction of mobilities

Next, we need an expression that permits us to
obtain the electrophoretic mobilities of individ-
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ual charged species. Several equations for the
electrophoretic mobility of peptides have been
published [6,27-30]. These semi-empirical equa-
tions relate the electrophoretic mobility (u) of
peptides with structural parameters, such as the
charge (g), molecular mass (M) and amino acid
numbers (n) of peptides. The equations are as
follows:

Grossman’s equation [27] (as also used in Ref.

(28D);

A
4

5 |6

|

|

I
i

T T
10

5 15 20

ELUTION TIME (min)
| 1601074
_1.3'10"‘ B
_3.0-10’5 ) 3

6 1
4.0-1075 5 4
£:° 1
v I v T 13
4.0 8.0 12.0 16.0
Tine, nin

Fig. 1. Electropherogram of six model peptides: 1= AFAAI

NG; 2=AFDAING, 3=AFDDING; 4= AFKAING; 5=

AFKKING; 6 = AFKADNG. (A) Capillary 65 cm (45 cm to detector) X 50 wm I.D. X 320 um O.D.; electric field, 277 V/cm;
buffer, 20 mM citric acid (pH 2.50); UV detection at 200 nm. Redrawn from Ref. [8]. (B) Simulated electropherogram: injection
length, 2 mm; sample concentration, 1.2-107~1.8-10™* M; electroosmotic flow adjusted to g, =9-107° mz/s:V.
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Compton’s equation [33,34}]:

Alog(g+1
p= AR LD M
n Aq
B=m 3)
Offord’s equation [29] (as also used in Refs. 4
—321): q
[6,30-32]): k=B + cm?? (4)
= Aq ) In these equations A, B and C are constants
Y depending on the solvent system used and m
1
A
2

o 2 4« 6 8 w0 1

Time (min)
| 1.6 1075 B
| 1.2.1075
| 8.0 ~I()'6 11123
5

4.0 10'6 h 4

0.0 13 A

i “.0 b.o hz.0 6.0
Tinae, nin

Fig. 2. Electropherogram of substance P degraded by an endopeptidase for 180 min. (A) Non-crosslinked polyacrylamide-coated
capillary (., =0 m’/s-V), 100 um L.D., length from injection to detection 20 cm; run voltage, 3000 V; buffer, 30 mM
phosphoric acid (pH 2.6); UV detection at 200 nm. Redrawn from Ref. [38]. (B) Simulated electropherogram: injection at 500 V
for 30 s; sample concentration considered to be 107° M.
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varies between 1/3 and 2/3 depending on the
system and M [34,35]. These equations were
used in our work, but Eq. 1 was used in a
different way from that used by the originators.
They (and others extending their work) inserted
average (charge) g values, mostly derived from
the application of the Henderson—Hasselbach
equation with pK, values from Ref. [6]. We think
that this procedure is inconsistent with a first

t-11(P)

1-4

9.1

I

principle: the average mobility of a peptide
occurring in different protolytic forms should be
the weighted average of the mobilities of all
forms. For mobility correlations that are non-
linear in g, such as Eq. 1, this is clearly not the
case. For instance, a peptide in two forms, with
charges 0 and +1 in equal amounts, thus having
q = 0.5, would give for the logarithmic factor in
Eq. 1 log g =log(1+0.5)=0.176; weighing of

6-11
- 8-11]

o

.

6 8

2 4 T

Timé (min)
| 1.6 -10'“ B

o-1
| 1.2 1074
T4 8-11
a.0 -1073
B 7-1
o 108 p 61
o L )
N i 1
2.0 q ?i:., nin 8.0

Fig. 3. Electropherogram of an artificial mixture of substance P and its (1-4), (9-11), (8-11), (7-11), (6-11) and (5-11)
fragments. Sample concentration, 50 wg/ml of each peptide. (A) Non-crosslinked polyacrylamide-coated capillary (#e, =0
m’/s-V), 50 um L.D., length from injection to detection 16 cm; separation voltage, 6000 V; buffer, 20 mM phosphoric acid (pH
2.6); UV detection at 200 nm. Redrawn from Ref. [38). (B) Simulated electropherogram: injection at 2000 V for 10 s; sample

concentration, 50 pg/ml.
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the logarithmic factor for the individual forms
yields 0.5 log (1+0)+0.5 log (1+1)=0.151.
We remedied this by applying Eq. 1 and our
modification Eq. 5 (see below) to the individual
forms, using integer charge (gn) values instead
of g, and next performing the averaging of the

mobility with the Henderson—Hasselbach equa-
tion. This is numerically more complicated, but,
when data are stored in a computer the expense
is “still negligible compared with that of an
experiment.

To test these equations we used electropho-

| : : 5 1
TIME (min)
x 107°
B
| 8.0
| 6.0
253
| 4.0 4
1
| 2.0
0.0
T o a0
Tina, nin

Fig. 4. Electropherograms of peptides from Table 4. Sample concentration, 0.4 mg/ml for each peptide. (A) Capillary, 68.4 cm
(43.8 cm to detector) X 50 um 1.D. x 360 pm O.D.; injection at 300 V for 4 s; run voltage, 20 kV; buffer, 0.1 M CAPS (pH 10.4)
(Moo =50.8-107° m*/s-V); UV detection at 210 nm. (B) Simulated electropherogram. '
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retic mobility, charge and molecular mass (M or
n) data from different peptides with different
pH, ionic strength and buffers. These values,
obtained from the literature [27,36,37], are given
in Table 1. In addition we considered a modi-
fication of Eq. 1:

Alog(1+ Bg)
B= MC 5)

A logarithmic relationship between charge and
mobility was chosen by the authors of Eq. 1,
while considering that as the total charge on the
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peptide increases, the effect of other additional
charges on its mobility should decrease [27].
However, the curvature described by log(1 + ¢q)
is entirely arbitrary, and we preferred to have an
adjustable (via the parameter B) curvature.
Also, we considered that the dependence of
mobility on molecular mass could be more pre-
cise than the classical dependence on the number
of amino acids in a polymer model.

The charge data from the literature given in
Table 1 had been calculated employing the
Henderson-Hasselbach equation and Rickard et
al’s pK values [6], and they were obtained

__1.5.10"‘
| 1.2 o4

_a.o-lo-s

| 4.0:1075

TIME (min)

5o

Fig. 5. Electropherograms of peptides from Table 5. (A) Conditions. as in Fig. 4, except buffer, 1.54 M acetic acid—0.66 M
formic acid (pH 1.9) (u,, =0 m®/s-V), and injection at 4500 V for 6 s (B) Simulated electropherogram.
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directly from Refs. [27] and [36]. Charge data
from Ref. [37] were not directly available, so
they were calculated employing the same pro-
cedure as used in Refs. [27] and [36]. The
presently obtained charge values (“q this work”

S—
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in Table 1) were deduced employing the pK,
values obtained with our program.

The optimization of the parameters A, B, C,
etc in Egs. 1-5 was done by calculating the SSQ
values between the experimental electrophoretic

©” 14 %
TIME (min)
| 1.6 10'1* B
| 1.2 1074
| 8.0 1075 3
1
| 4.0-107 4 )
5
0.0 : '
l5.0 lm.o 15.0 I20 o
Time, nin

Fig. 6. Electropherograms of peptides from Table 5. (A) Conditions as in Fig. 4, except run voltage, 15 kV, buffer, 0.1 M
Tricine—20 mM ethanolamine (pH 8.1) (g, =43.7-107° m’/s-V) and injection at 2000 V for 5 s. (B) Simulated electro-

pherogram.
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mobility of the 48 peptides and their respective
predicted values, and adjusting the parameters
until a minimum SSQ was obtained. The results
with this optimization for the five equations were
tested by calculating the electrophoretic mobility
for two groups of five different peptides. The
first group was measured at two values of pH
(1.9 and 10.4) and the other at three values (1.9,
8.1 and 11.5). Then, 25 predicted mobility values
from each equation were compared with the
experimental data.

The results are shown in Table 2 in terms of o,

equal to S50/a, where a is the number of data
minus the number of parameters. The results
show lower o values for all the models when the
charge values obtained in this work were em-
ployed instead of the average charges from the
literature, so all later calculations were carried
out employing the first values. To compare the
five different equations a statistical F test was
applied to theses o values (Table 3). Consider-
ing a significance level of 5%, and a number of
degrees of freedom ranging from 45 to 47 de-
pending on the tested equation, we obtained

TIME (min)
| 2.6 1074 B
| 1.2 1074
| 8.0 .1075 3
1
| 4.0 -10-5 4 5 5
0.0 A ’\
IQ.D 0 L ] ‘.12.0 ‘l‘ls 0
Tinae, nin

Fig. 7. Electropherograms of peptides from Table 5. (A) Conditions as in Fig. 4, except run voltage, 15 kV, buffer, 40 mM CAPS
(pH 11.5) (u,, =51.4-10° m*/s-V) and injection at 2000 V for 5 s. (B) Simulated electropherogram.
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from the statistical tables an average F value of
1.64. Employing this F value no significant
differences (a',.z/af <1.64) were observed be-
tween the Grossman, Offord and Compton
equations (this result is marked with minus signs
Table 3). Therefore, the ability of these equa-
tions to predict mobility values can be consid-
ered to be similar. However, when the Eq. 5 was
compared with the other models significant dif-
ferences were found (af/af >1.64). This result
was corroborated when the o values were ealcu-
lated for the 25 mobility values from our experi-
ments. As can be seen in Table 2, the best result
(o = 1.72) was also obtained employing Eq. 5.

3.4. Rapid identification of peptides knowing
their amino acid sequence

The utility of employing the described mobility
Eq. 5 and the corrected pK, values for predicting
peptides separations from its amino acid se-
quence can be seen in the simulated separation
of six different peptides at pH 2.5. The correct
migration order of peptides and their peak shape
in the simulation (Fig. 1B) agrees fairly well with
the real electropherogram [8] (Fig. 1A). In this
instance, and also for Fig. 12 and 9, it was
impossible to obtain the electroosmotic flow
values from the literature, so these were ad-
justed in order to obtain similar migration times.
It should be noted, however, that this is the only
parameter adjusted; all other necessary data
were derived at this stage from the amino acid
sequence of the peptides. This also holds in
Section 5, 6 and 7.

The rapid identification of peptides can be
shown using the CE separation of five peptides
obtained by Nyberg et al. [38] (Fig. 2A). They
mixed the sample from an enzymatic reaction
with each standard peptide in order to identify
the different peaks. Using the computer program
and the amino acid sequence of each peptide,
their identification is obtained immediately (Fig.
2B). Identical results were achieved employing
other separations from the same work (Fig. 3A),
showing again that with the present scheme the
correct migration order is predicted (Fig. 3B).

3.5. Choosing the best buffer and pH for
peptide analysis in order to improve the
separation efficiency and resolution

The application was carried out by simulating
the separation of five short peptides with very
similar size and pK values (Table 4) and five
larger peptides (Table 5) ranging from a highly
basic (e.g., peptide 3) to a highly acidic (e.g.,
peptide 2) with about 30 different running buf-
fers with different pH values (data not shown).
As the necessary time for each simulation is only
a few seconds, the best buffers in terms of
resolution and speed can be found quickly. The
results (Figs. 4A, 5A, 6A and 7A) show that the
experimentally  obtained electropherograms
agree fairly well with those predicted theoret-
ically (Figs. 4B, 5B, 6B and 7B, respectively).

We also tested for these simulations the pK,
values given in Ref. [6] instead the pK, values
that we had obtained (given in Tables 4 and 5).
Employing those pK values and for the simula-
tion at pH 11.5 an incorrect migration order
appeared (data not shown) between peaks 1 and
4. In order to obtain good agreement it was
necessary to shift the pK value of peptide 1 from
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Fig. 8. Correlation between predicted and experimental
mobility for the five peptides in Table 4 (at pH 1.9 and 10.4)
and the five peptides in Table S (at pH 1.9, 8.1 and 11.5).
The slope is 1.04 with a correlation coefficient of 0.9993
determined by linear regression.
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10.3 to 11.8. This effect is probably the result of
electrostatic interactions within the molecule,
because in this peptide the side-chain charge on
the amino acid lysine (K) is very close to the
terminal charge on leucine (L). However, the
program that we have developed considers this
effect and such shifts of pK values were not
necessary.

When the predicted mobility was plotted
against the experimental mobility (Fig. 8) for
those peptides we obtained good agreement,
although five different buffer systems were used.
The slope was 1.04 with a correlation factor of
0.9993 determined by linear regression.
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The computer program also permits us to
study the separation conditions in terms of
sample capacity. Thus, buffer containing 0.1 M
Tricine permitted injections ten times larger than
that shown in Fig. 6A without a noticeable
decrease in efficiency. This possibility should be
useful in the future for micropreparative applica-
tions of CE.

3.6. Checking impurities assigned to peaks

As an example of this application we can
consider the separation obtained by Nielsen and
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Fig. 9. Electropherogram of hGH digest. Sample concentration, 90 uM for each peptide. (A) Capillary, 100 cm (80 cm to
detector) X 50 pm 1.D. X 360 um O.D.; separation voltage, 30 kV; buffer, 0.1 M Tricine-20 mM morpholine (pH 8.1); UV
detection at 200 nm. Redrawn from Ref. [9]. (B) Simulated electropherogram: Injection length, 3 mm; electroosmotic flow
considered to be ., =55-10"° m*/s-V.
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Rickard {9] (Fig. 9A). They isolated the peptides
by RP-HPLC or anion-exchange chromatog-
raphy, and their sequence was confirmed by
spiking individual fragments for RP-HPLC or
amino acid analysis. However, they had difficulty
in distinguishing impurities 14* and 11* from the
peptides 14 and 11, respectively; they showed [5]
an initial error in the peak assignment [2] be-
tween peaks 14 and 14* because of their very
similar composition. Comparing the predicted
separation (Fig. 9B) with the real one (Fig. 9A),
these peptides could be easily distinguished from
their respective impurities taking into account
the very different migration times for the proper
peptides and their impurities.

Nevertheless, several problems appeared in
the simulation of this separation. First, we could
not include the peptides with double chain (num-
bers 6-16 and 20-21) in the simulated electro-
pherogram because the computer program can-
not predict the corrected pK, values for these
structures. Second, several peptides showed
strange behaviour in the simulation when it was
compared with the real electropherogram; a
summary of these inconsistencies is given in Fig.
10. Namely, peptides 4, 5, 10, 15 and 17 show an
incorrect order in the simulated electrophero-
gram. This effect is probably due to the charge
variation that several amino acids suffer around
the separation pH employed (8.1), where suffi-

ciently accurate predictions are much more dif-
ficult to carry out than at extreme values. In
order to achieve a better simulation, in addition
to the electrostatic effect [39,40] other effects
that can influence the peptide mobility should
also be considered, e.g., hydrophobic effects [7]
and the influence of the different orientation of
the side-chains [7] that can appear in long
peptides. The determination of detailed long
peptide surface charge distributions directly from
the sequence is an unsolved problem
{6,27,39,40].

3.7. Understanding the electrophoretic
behaviour of various peptides

We employed the separation of six peptides at
pH 11 obtained by Grossman et al. [8] (Fig.
11A). In their work they explained that “‘the
poor peak shape seen in peak 3 is probably due
to a perturbation of the electrical field caused by
an increased conductivity in the sample band
relative to the buffer”. Looking at the simulated
electropherogram (Fig. 11B) we can see that this
explanation seems correct for peak 3. Neverthe-
less, they did not give any explanation about the
poor shape of peak 5; if we compare the theoret-
ically obtained peak 5 with that in the real
electropherogram, we can see that, in this in-

PREDICTED ELECTROPHEROGRAM
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Fig. 10. Summary of the inconsistencies (dashed lines) observed in Fig. 9 between the real and predicted electropherogram.
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Fig. 11. Electropherogram of the six model peptides in Fig. 1A. (A) Capillary, 120 cm (100 cm to detector) X 50 um I.D. X 320
pm O.D.; electric field, 250 V/em (u,, =83-10"° m?/s-V, calculated from the figure); buffer, 20 mM CAPS (pH 11); UV
detection at 200 nm. Redrawn from Ref.:[8]. (B) Simulated electropherogram: injection length, 4 mm; sample concentration,

12-107*-1.8-107* M.

stance, the explanation cannot be the conductivi-
ty difference. In our opinion the peak broaden-
ing more likely to be due to solute—capillary wall
interactions, because of the strongly basic
character of this peptide. A similar effect can be
observed when comparing the peak shape ob-
tained experimentally for peptide 3 at pH 8.1
(Fig. 6A) with the peak shape for the same
peptide in the simulated electropherogram (Fig.
6B). Actually, the computer program can predict
peak shapes, fronts or tailings, due to conductivi-
ty effects, injection and axial diffusion, fairly
well but it cannot predict analyte—capillary wall

adsorption effects. On the other hand, compar-
ing the theoretical (Fig. 12A) and experimental
(Fig. 12B) electropherograms at pH 4, we ob-
served that two more peaks appear after 60 min
of analysis.
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Abstract

A dodeca-peptide from the B-subunit of thyroid stimulating hormone (TSH) was used as a model system for
developing “multiple-buffer-additive” strategies to effect the separation of structurally-similar peptides. A series of
synthetic peptides included six peptides with identical amino acid composition and two with multiple alanine
substitutions at selected positions. Those with identical amino acid composition included the native and reverse
sequences of residues 101-112 of the B-TSH and four “computer-shuffled” amino acid sequences. Buffer additives
such as acetonitrile (ACN), hexane sulfonic acid (HSA), and hexamethonium bromide (HxMBr), were shown to
alter selectivity dramatically. HSA, an ion-pairing agent, and ACN, known to alter the hydrophobic environment
of the solute, and HxMBr, which is thought to negate solute—wall interactions, are shown to independently effect
only partial resolution of the mixture. It is shown that only with the proper combination of HSA and ACN are all
mixture components resolved. These results re-affirm that CE selectivity may be altered by changes in buffer ionic
strength or with the addition of HSA, but also show that further changes in selectivity can be achieved through
alteration of buffer hydrophobicity. The observed changes in selectivity accompanying the addition of HSA and
ACN may be due to differing electrophoretic mobilities resulting from nearest-neighbor effects or subtle differences
in peptide secondary structure or solvation. This emphasizes the importance of employing multiple-buffer-additive
strategies for effecting the resolution of peptide mixtures that are difficult to separate.

1. Introduction

High-performance capillary electrophoresis
(HPCE) is an analytical technique applicable to
both small (drug-like) and large (macromolecu-
lar) components of biological interest. The capa-
bility of attaining separation selectivities com-

* Corresponding author.

SSDI 0021-9673(94)00532-E

plementary to those with high-performance lig-
uids chromatography (HPLC) in a rapid, auto-
mated and reproducible manner has set the stage
for HPCE to become a premier method for the
separation of molecules of a diverse size and
nature in complex matrices [1-4]. The use of
polyimide-coated fused-silica capillaries allows
for the efficient dissipation of Joule heat and,
hence, for electrophoretic separations to be
carried out in free-solution under high fields (up
to 30 000 V).
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The identification of conditions for the sepa-
ration of synthetic dipeptides was one of the first
successes for HPCE [5,6]. In the time since these
initial reports, the high separation efficiencies
inherent with HPCE have been shown to be
useful for the analysis of peptides which have
undergone subtle structural changes including
deamidation [1], single amino acid substitution
[7,8], geometrical isomers which vary only in the
surface of the peptide exposed to the matrix [9]
and oxidation [10] as well as glycosylation,
sulfonation, phosphorylation or covalent bond
formation (e.g. disulfide) [11]. Key to achieving
high-efficiency separations is the use of low-pH
buffer systems which leads to maximal protona-
tion of silanol groups on the inner capillary wall
(i.e. reduction of the. negative character) and
the peptides (making them highly positively
charged). Under these conditions, high sepa-
ration efficiencies are attainable as a result of
minimal peptide—wall interactions).

The tremendous selectivity of CE is clearly
defined through the ability to resolve peptides
with the small structural differences described
above. The selectivity is further emphasized in a
study by Frenz et al. [7] who used strategically
located histidine and arginine residues in “shuf-
fled” peptide sequences (same total composition,
shuffled amino acid order) to evaluate the pa-
rameters governing selectivity. These peptides,
all theoretically possessing the same charge-to-
mass (q/m) ratio were shown to have different
mobilities upon modification of the pH. This
demonstrated that separation was not simply
based on a simple mass-to-charge ratio, but that
other parameters, such as the variable nature of
the surface presented to the matrix or “nearest-
neighbor” effects, may play a role.

With the series of experiments described in
this study, we demonstrate the utility of various
buffer additives to effect the separation of struc-
turally similar peptides. The remarkable sepa-
rations obtained by appropriate combinations of
additives demonstrates the sensitivity of CE to
subtle differences in the charge-to-mass ratio,
peptide secondary structure, and “‘nearest-neigh-
bor” effects.

2. Experimental
2.1. Materials

Sodium hydroxide, phosphoric acid (85%),
hydrochloric acid and acetonitrile (ACN;
HPLC-UV spectral grade) were purchased from
Fisher Scientific. All chemicals for peptide syn-
thesis were purchased from Applied Biosystems
(Foster City, CA, USA). Borax (sodium tetra-
borate), boric acid, hexamethonium bromide
(HxMBr), hexamethonium chloride (HxMCI),
decamethonium bromide (DcMBr), and hex-
anesulfonic acid (HSA) were purchased from
Sigma (St. Louis, MO, USA). Trifluoroacetic
acid (TFA) was from Pierce (Rockford, IL,
USA).

2.2. Peptide synthesis

The thyroid-stimulating hormone (TSH) pep-
tide corresponding to the native sequence (res-
idues 101-112) and its analogues were synthe-
sized by 9-fluorenylmethoxycarbonyl (FMOC)
amino acid strategy on an ABI 431A peptide
synthesizer (Applied Biosystems) using the
protocols and reagents provided by the manufac-
turer. Each peptide was purified by RP-HPLC
using a Vydac C,; column (25 X 2.2 cm) using a
trifluoroacetic acid (TFA)-acetonitrile buffer
system. Peptide integrity was monitored by
either amino acid analysis or plasma desorption
mass spectrometry.

2.3. Buffer and sample preparation

Phosphate buffer was made by diluting a 1.0
M stock solution and adjusting the pH with
NaOH. All buffers were made with Milli-Q
(Millipore) water, and filtered through an 0.2-
pm filter (Gelman) before use. Additives were
made as 1 M stock solutions, and added to the
appropriately pH’ed buffer to the final concen-
tration. Stock solutions of peptides were solubil-
ized in Milli-Q purified water at a final con-
centration of 1 mg/ml. The mixture of peptides
was made by taking an equal volume of each
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peptide resulting in a concentration of 125 pg/ml
for each peptide. Samples were frozen until
used. Peptide solutions were filtered (0.2 pm,
Millipore) before use. Confirmation of peptide
peak identity was made by double injection of
the mixture and a solution containing a single
peptide.

2.4. High-performance liquid chromatography

HPLC separation was carried out on an ABI
130A separation system (Applied Biosystems)
using an ABI Aquapore OD-300 (Cg) (100 x
2.1 mm) column. Running conditions included a
flow-rate of 0.2 ml/min with a gradient of 0 to
25% B over the course of 30 min starting at 6
min (buffer A: 25 mM sodium phosphate, pH
2.5; buffer B: acetonitrile~water (40:60) with 25
mM sodium phosphate, pH 2.5). Detection was
at 215 nm.

2.5. CE Instrumentation

HPCE separation was carried out on a Beck-
man P/ACE System 2050 or 2100 interfaced with
an IBM 55SX computer utilizing System Gold
software (V. 7.1) for instrument control and data
collection. All peak information (migration time)
was obtained through the System Gold software.

2.6. CE separation conditions

Separations were carried out in a phosphate
running buffer, ranging in concentration from 50

Table 1

to 150 mM, pH 2.0 with or without additives,
such as HSA, ACN and HxMBr. The standard
method used was as follows: a three-column
volume rinse with running buffer, 5 s pressure
injection (0.5 p.s.i.; 1 p.s.i.=6894.76 Pa) of
peptide mixture (125 wg/ml of each peptide),
separation at constant voltage (with the inlet as
the anode and the outlet as the cathode), a
five-column volume wash with 0.1 M NaOH
followed by a five-column volume rinse with
running buffer. Capillaries were polyimide-
coated fused silica, 57 cm (50 cm to the
detector) x 50 wm I[.D. Capillary temperature
was maintained at 28°C. Detection was by ab-
sorbance at 200 nm.

3. Results and discussion

One of the clear advantages of CE over other
complimentary techniques is the ease with which
the selectivity can be changed. This can be
achieved through a number of approaches in-
cluding the use of buffer additives which add a
chromatographic component to the separation
(e.g. micelles with detergents) or those which
dynamically coat the inner surface of the capil-
lary (alkylamines).

The vast literature on peptide analysis by CE
clearly defines the utility of this technique for
resolving peptides (see [11] and references cited
therein). Among these are numerous examples
describing the usefulness of single-component,
low-pH buffer for resolving peptides with struc-

Amino acid sequence of the peptide containing residues 101 to 112 from the B-subunit of TSH and its analogues used in this study

Peptide Description Amino acid sequence

1 Native Lys—Thr—Asn-Tyr-Cys-Thr-Lys—Pro-Gln-Lys-Ser-Tyr
2 Alag-Substituted Lys—Ala—Ala—Ala—Cys——Ala—Lys—Ala—Ala—Lys—Ala—Ala
3 Ala,-Substituted Lys—Ala—Ala—Tyr—Cys—Ala—Lys-Ala—Ala—Lys—Ala—Ala
4 Reverse Tyr—Ser-Lys—Gln—Pro—Lys—Thr—Cys—Tyr—Asn—Thr—Lys
5 Shuffle 1 Lys—Pro—Asn—Lys—Ser—Tyr—Cys—Tyr—Thr—Gln—Thr—Lys
6 Shuffle 2 Gln-Pro—Ser—Lys—Lys-Thr-Tyr—Cys—Lys—Thr-Tyr-Asn
7 Shuffle 3 Lys—Pro—Thr—Gln—Tyr—Asn—Lys—Ser—Thr—Tyr—Lys—Cys
8 Shuffle 4 Lys-Lys—Asn—Lys—Pro—Tyr~Cys—Thr—~Gln-Thr-Ser-Tyr
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tural differences as minimal as a single amino
acid change. For the purpose of defining subtle
selectivity changes in low pH buffer systems as a
function of “multiple-buffer additives”, a series
of peptides were used where the peptides in-
volved differed only in amino acid sequence.
Using a dodeca-peptide (residues 101-112) from
the B-subunit of TSH as a model peptide, a
series of synthetic dodeca-peptides containing
variations on the “native” primary sequence
(Table 1) was synthesized. The synthetic pep-
tides included the “native” and “reverse” se-
quences, as well as four peptides with “shuffled”
amino acid sequences of the native TSH peptide.
Two additional peptides containing multiple
alanine substitutions at selected (neutral) posi-
tions in the sequence were also synthesized.
These eight peptides provide an excellent modet
mixture for evaluation of buffer additives for
enhancing selectivity for the CE separation of
structurally similar peptides.

The RP-HPLC separation of the peptide mix-
ture is given in Fig. 1. Four peptides are com-

pletely resolved, while the remaining four are
only partially resolved. The fact that the native
(peptide 1) and reverse (peptide 4) sequences
are well resolved highlights the importance of
nearest-neighbor effects or slight differences in
secondary structure resulting from the reversed
N- and C-terminal amino acids.

Fig. 2 shows the separation of the model
peptides in a phosphate buffer, pH 2.05, where
the concentration of phosphate is varied from 50
to 150 mM. As the phosphate concentration is
increased the expected increase in migration
time for all peaks as a result of decreased
electroosmotic flow (EOF) is observed. The
resolution of the structurally similar peptides, 1,
4, 5 and 6, is enhanced slightly at higher phos-
phate concentrations, despite the increase in
system current accompanying these higher con-
centration buffers (37, 52 and 75 uA for 50, 100
and 150 mM, respectively). The fact that peptide
6 is only barely resolved as a shoulder in 50 mM,
lost into the peak containing peptides 1 and 4 (as
a back shoulder) in 100 mM, and optimally
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Fig. 1. HPLC separation of the components of the peptide mixture. An ABI Aquapore OD-300 (100 X 2.1 mm) column was
equilibrated with buffer A (25 mM sodium phosphate, pH 2.5) and a gradient of 0 to 25% B [buffer B: acetonitrile—water (40:60)
with 25 mM sodium phosphate, pH 2.5] applied over the course of 30 min starting at 6 min.
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Fig. 2. Separation of the shuffled peptides in varied concentrations of phosphoric acid, pH 2.0. (A} 50 mM phosphoric acid, (B)
100 mM phosphoric acid, (C) 150 mM phosphoric acid. Bare fused-silica capillary, 57 cm (50 cm to the detector) X 50 pm LD.
Separation conditions: 15 kV, 28°C.
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Fig. 3. Dependence of the separation of the peptides on the concentration of hexanesulfonic acid. The separation buffer
contained: (A) 50 mM phosphoric acid, pH 2.0, 10 mM HSA; (B) 50 mM phosphoric acid, pH 2.0, 25 mM HSA; (C) 50 mM
phosphoric acid, pH 2.0, 50 mM HSA; (D) 50 mM phosphoric acid, pH 2.0, 100 mM HSA; (E) 100 mM HSA, in distilled water,
titrated to pH 2.0 with sulfuric acid. Bare fused-silica capillary, 57 cm (50 cm to the detector) X 50 um I.D. Separation conditions:
15 kV, 28°C.
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resolved in 150 mM phosphate indicates that
slight changes in selectivity are occurring with
the increases in ionic strength and decreases in
EOF.

The addition of HSA to the separation buffer
has been shown to be useful for the separation of
peptides [12]. Its effect on the separation of the
model peptide mixture as a result of the addition
of HSA to 50 mM phosphate buffer (pH 2.05) is
given in Fig. 3. The most obvious effect resulting
from the presence of HSA is the increased
migration time for all peaks as a result of the
increased ionic strength and subsequent decrease
in EOF. When HSA is present at concentrations
below the critical micellar concentration (Fig.
3A; HSA = 10 mM), the resolution of peptide 6
is very similar to that observed with no HSA and
150 mM phosphate (Fig. 2C). The resolution is
significantly improved with the addition of HSA
at the critical micellar concentration (CMC = 460
mM) where peptide 6 is clearly resolved and
peptide 5 begins to resolve from the peak con-
taining peptides 1 and 4 (Fig. 3B). Further
increase in the HSA concentration led to better
resolution of peptide 5 from the peak containing
peptides 1 and 4 and appeared to be optimal at
100 mM (Fig. 3C and D). Analysis of the same
sample mixture in 100 mM HSA without 50 mM
phosphate (pH 2.05 attained by titration with
sulfuric acid) showed that the observed resolu-
tion was not dependent on the presence of
phosphate in the separation buffer (Fig. 3E).

Acetonitrile has been shown to be a useful
additive for peptide analysis by CE [13]. This
additive has been postulated to enhance CE
separation through either differential solvation
of the peptides or solvent-induced differences in
the ionization of the peptide termini and/or
charged amino acid side chains. The effect of
acetonitrile (in 50 mM phosphoric acid, pH 2.0)
on the resolution of the model peptides is given
in Fig. 4. The presence of this organic additive at
a concentration of 10% (v/v) led to the sepa-
ration of peptides 4 and 5 from 1 and 6. Dou-
bling the acetonitrile concentration resulted in
better separation of peptide 6 from peptide 1
which was now a shoulder on the peak con-
taining peptides 1, 4 and 5.

When none of the individual components
(described in the previous figures) allowed for
resolution of all eight peptides, combinations of
these additives were tested. The separation con-
ditions that proved to be optimal for separation
of these peptides, including the partial resolution
of the native (1) and reverse (4) peptides, was a
buffer containing S0 mM phosphate (pH 2.05),
100 mM HSA and 10% ACN. Fig. 5 shows a
comparison of the separation obtained with
phosphate alone (A), phosphate and HSA (B)
and phosphate, HSA and ACN (C and D).
Resolution of the native and reverse peptides
appears to be optimal in the presence of 10%
ACN. This separation was observed under no
other conditions. Increasing the ACN concen-
tration to 20%, changes the selectivity to a
significant extent leading to the single peak
resolution of peptide 4, but the loss of resolution
between peptides 1 and 6.

A buffer additive shown to be useful for
resolving glycoproteins with small structural dif-
ferences [14] was also tested (Fig. 6). The
separation of the peptide mixture in the presence
of hexamethonium bromide, a bis-quaternary
ammonium compound, in the presence and ab-
sence of acetonitrile was tested. The addition of
HxMBr (final concentration, 5 mM) to 50 mM
phosphate buffer, pH 2.05, resulted in a slight
increase in migration time, but not near the
magnitude observed at more neutral pH values
[14]. The general migration order of the peaks
was similar to that observed in phosphate buffer
alone, i.e. peak 2, peak 3, peak 7, peaks 1, 4, 5,
6 and peak 8. Partial resolution of peptides 4 and
5 from the peak containing 1 and 6 was observed
and could be selectively changed by the addition
of 10% acetonitrile. Under these conditions,
peptides 1, 4, 5 and 6 are not resolved as single
entities but instead as two peaks, one containing
peptides 4 and 5 the other containing peptides 1
and 6.

4. Conclusions

The results of this study demonstrate that the
presence of multiple additives in the separation
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Fig. 4. The effect of acetonitrile on resolution of the peptides in 50 mM phosphoric acid, pH 2.0. The separation buffer
contained: (A) 50 mM phosphoric acid, pH 2.0, no additive; (B) 50 mM phosphoric acid, pH 2.0, 10% (v/v) acetonitrile; (C) 50
mM phosphoric acid, pH 2.0, 20% (v/v) acetonitrile. Bare fused-silica capillary, 57 cm (50 cm to the detector) X 50 um I.D.
Separation conditions: 15 kV, 28°C.
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Fig. 5. The combined effect of acetonitrile and hexanesulfonic acid on the separation of the peptides in 50 mM phosphoric acid,
pH 2.0. The separation buffers contained: (A) 50 mM phosphoric acid, pH 2.0; (B) 50 mM phosphoric acid, pH 2.0, 100 mM
HSA, 0% (v/v) acetonitrile; (C) 50 mM phospheric acid, pH 2.0, 100 mM HSA, 10% (v/v) acetonitrile; (D) 50 mM phosphoric
acid, pH 2.0, 100 mM HSA, 20% acetonitrile. Bare fused-silica capillary, 57 cm (50 cm to the detector) X 50 um [.D. Separation

conditions: 15 kV, 28°C.
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buffer can lead to subtle but important changes
in CE selectivity. This has been shown through
the successful separation of peptides with identi-
.cal composition but different amino acid se-
quence. In free solution CE or CZE, charge and
mass are thought to be the main parameters
determining the electrophoretic mobility of ana-
lytes. The partial separation of the model pep-
tides effected with simple changes in buffer ionic
strength highlight the sensitivity of CE to subtle
changes in mass-to-charge ratio, perhaps through
nearest-neighbor effects on the pK, value of the
protonatable residues. The addition of the ion-
pairing agent, HSA, at concentrations considera-
bly less than the CMC has dramatic effects on
the resolution of the peptides. There may be
sequence-specific differences in the ability of the
negatively-charged HSA to ion-pair with the
positively-charged peptides, perhaps a result of
subtle charge differences due to nearest-neighbor
effects. The addition of ACN changes the hydro-
phobicity of the solvent and affects separation
probably by changing the solvation state of the
peptide and/or alterating the interaction of the
peptides with HSA. None of the individual
manipulations in buffer composition (ionic
strength, ion pairing or hydrophobicity) resulted
in resolution of all mixture components; it was
only through modification of all of these parame-
ters that resolution of the individual components
was successful. This study indicates that by
altering the ionic environment, the solvation
state of the peptide and the hydrophobicity of
the buffer, one may effect the separation of
structurally-similar molecules. Multiple-buffer-
additive strategies should therefore be explored
to exploit the combinatorial selectivities when
individual additives do not effect adequate sepa-
ration.
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