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Capillary electrophoretic separation of proteins using stable,
hydrophilic poly(acryloylaminoethoxyethanol)-coated columns

Marcella Chiari**, Marina Nesi®, Junior E. Sandoval®, Joseph J. Pesek”

*Istituto di Chimica degli Ormoni CNR, Via Mario Bianco 9, 20131 Milan, Italy
®Department of Chemistry, San Jose State University, San Jose, CA 95192, USA

Abstract

Capillary electrophoretic separations of high efficiency and resolution were obtained wusing poly-
(acryloylaminoethoxyethanol)-coated capillaries. The polymer was covalently attached to a silica surface previously
modified with a a-methacryloxylpropyl functionality. The latter was realized by catalytic hydrosilylation of allyl
methacrylate on an SiH-modified fused-silica capillary. The lifetime of the new type of coating used at pH 8.5 was

more than twice that of conventional polyacrylamide.

1. Introduction

Capillary electrophoresis is becoming an im-
portant tool in the separation and characteriza-
tion of macromolecules with potentially high
efficiency and resolution and automation possi-
bilities. However, the efficiency and reproduci-
bility of capillary columns are in practice sig-
nificantly lower than those predicted by theory
[1,2]. Band-broadening effects occur when large
macromolecules distribute themselves between
the liquid and the wall; weak reversible interac-
tions strongly affect efficiency while moderate
adsorption can impair peak shapes, leading to
poor reproducibility. Proteins, having more
binding sites, tend to interact with surfaces in
different ways and, in uncoated capillaries, char-
acterized by a large surface-to-volume ratio,
electrostatic interactions between the limited

* Corresponding author.

0021-9673/95/%09.50
SSDI 0021-9673(95)00413-0

amount of injected samples and the large surface
may play the most important role.

There are several ways to control electro-
osmotic flow and adsorption: (a) buffer changes,
high or low pH [3-6], high salt concentrations
[7,8] and additives [9-13], (b) adsorption of
neutral or charged macromolecules on the wall
[14,15] and (c) chemically bonded phases. Re-
garding the last point, capillaries with covalently
bonded polymers are generally obtained by or-
ganosilanization, a surface modification proce-
dure derived from the “silane coupling” meth-
odology which has been successfully transferred
to capillary electrophoresis. In a general reaction
scheme, an organosilane reagent yields an Si—-R
functionality attached to the support through an
Si-O-Si—C~ (siloxane) linkage. The R group
contains an active functionality which permits
the covalent attachment of a polymeric coating.
Bruin et al. [16] described glycidoxy-derivatized
capillaries to which polyethylene glycol (PEG)
600 was anchored in order to decrease the
influence of wall adsorption. PEG-600-modified

© 1995 Elsevier Science BV. All rights reserved
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capillaries were used to separate alkaline pro-
teins in acidic buffers, but they are not useful in
the more interesting intermediate pH range.

Towns et al. [17] reported diol-epoxy coatings
of sufficient thickness and hydrophilicity to re-
duce protein adsorption. These coatings are
stable in both acidic and basic conditions and the
electroosmotic flow (EOF) is strong enough to
carry both cationic and anionic species past the
detector. Although these coatings appear attrac-
tive, there are some problems related to the
synthesis which limit their applicability. A gradu-
al increase in the EOF was observed during their
use; this problem is attributed to the formation
of aldehyde groups during the BF,-catalyzed
cross-linking step. With time, these groups oxi-
dize to a carboxyl group and increase the nega-
tive charge on the capillary wall. Another draw-
back is related to the nature of the catalyst:
boron trifluoride in the form of vapor from an
etherate solution is passed through the capillary
in a stream of nitrogen to cross-link the oxiranes:
delivery of the catalyst in the gas phase limits the
length of capillary that can be prepared during
the cross-linking step. Nashabeh and El Rassi
[18] developed coatings having hydroxylated
polyether functions bonded to the surface. These
types of coatings, referred to as intertocked or
fuzzy coatings, were used in the separation of
alkaline proteins at pH 6 or 7.

Among the different types of polymeric
phases, polyacrylamide-coated columns appear
to be able to suppress electroosmosis to a negli-
gible value. Columns with negligible electroos-
mosis have broad applicability in separations
with polymer networks and in isoelectric focus-
ing; migration times and efficiency are higher
when electroosmotic flow is completely sup-
pressed. As early as 1985, Hjertén [2] proposed
coating the surface with covalently bonded poly-
acrylamide strings linked to the wall through
v-(methacryloxy)propylsilyl groups. There are,
however, some limitations to the stability of this
phase with time. In an effort to overcome this
problem, Cobb et al. [19] reported a capillary
procedure by which a direct Si-C linkage is
formed by sequentially reacting silica with
thionyl chloride and the Grignard reagent vin-

ylmagnesium bromide. Linear polyacrylamide is
attached to the silica via stable Si—C bonds.
Sandoval and Pesek [20] proposed an alternative
to a Grignard reagent for the formation of Si-C
linkages on silica surfaces. They used catalytic
hydrosilylation of olefins on a SiH-containing
substrate. In addition to a superior hydrolytic
stability, olefin hydrosilylation provides the op-
tion of preparing y-methacryloxypropyl-modified
surfaces [21,22] suitable for copolymerization
with acrylamide and derivatives.

Excellent results in protein separations with
regard to efficiency, peak symmetry and repro-
ducibility were obtained by Schmalzing et al. [23]
using a synthetic polyvinylmethylsiloxane diol
with a cross-linker, the chemical structure of
which is unfortunately unknown. They obtained
a polymeric film containing vinyl double bonds,
incorporated in polyacrylamide chains cross-
linked with formaldehyde.

Polyacrylamide coatings when used at a pH
higher than 8.5 show an increase in EOF with
time, resulting from partial hydrolysis of the
amido bonds. N-Mono- and -disubstituted acryl-

‘amide are known to be more stable to hydrol-

ysis; the presence of a long, flexible alkyl chain is
capable of protecting the amido plane as it can
fluctuate in the nearby space and shroud the
amido group. In addition, a number of papers
have dealt with the problem of limited stability
of siloxane linkages [24,25]. In order to over-
come both problems, we have proposed a stable
coating which combines the superior hydrolytic
stability of an N-substituted acrylamide mono-
mer, namely acryloylaminoethoxyethanol
[26,27], with the enhanced surface attachment
derived from direct Si—C linkages on the silica
surface [19-22].

2. Experimental
2.1. Materials

3-(Morpholino)propanesulfonic acid (MOPS),
tris(hydroxymethyl)aminomethane (Tris), N,N-
bis(2-hydroxyethyl)glycine (bicine), a-chymo-
trypsinogen A, p-lactoglobulin from bovine
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milk, trypsin from bovine pancreas, trypsin in-
hibitor from soybean, myoglobin from horse
skeletal muscle, trypsinogen from bovine pan-
creas and a-lactalbumin from bovine milk were
purchased from Sigma (St. Louis, MO, USA).
Lysozyme from hen egg white and ribonu-
clease A from bovine pancreas were obtained
from Boehringer (Mannheim, Germany), sper-
mine and 3-(trimethoxysilyl)propyl methacrylate
from Aldrich Chemie (Steinheim, Germany),
acrylamide, ammonium peroxodisulfate
and N,N,N’,N’-tetramethylethylenediamine
(TEMED) from Bio-Rad Labs. (Hercules, CA,
USA) and methylcellulose of low molecular mass
(Methocel Premium Grade) from Dow Chemical
(Midland, MI, USA). Water and all the other
reagents were of analytical-reagent grade. N-
Acryloylaminoethoxyethanol (AAEE) was syn-
thesized as described by Chiari et al. [26].

2.2. Methods

CZE separations were performed in a Waters
Quanta 4000 capillary electrophoresis system
(Millipore, Milford, MA, USA) and in a Spec-
tra-Phoresis 1000 capillary system (Thermo
Separation Products, Freemont, CA, USA).
Data collection was performed on a PC com-
puter utilizing SW-Phoresis 1000 software. In all
the experiments, 75 um 1.D. fused-silica capil-
laries (Polymicro Technologies, Phoenix, AZ,
USA) coated by the methods described below
were used. Proteins and benzyl alcohol, used as
marker of electroosmosis, were detected at 214
nm. Protein stock solutions (10 mg/ml) were
prepared in water and diluted to the final con-
centration just before the injection. Between
runs the column was rinsed by hydrodynamic
pressure with the separation buffer for 2 min.
Electroosmotic flow was measured at 600 V/cm
in 25 mM bicine-Tris buffer (pH 8.5). The
samples were injected using hydrodynamic pres-
sure for 0.5 s.

2.3. Separation conditions

Separation of the alkaline proteins lysozyme
(0.5 mg/ml), ribonuclease A (0.6 mg/ml),

trypsinogen (0.5 mg/ml), «-chymotrypsinogen
(0.5 mg/ml) and myoglobin (0.5 mg/ml) were
performed at pH 3.0 and 4.4 in 20 mM phos-
phate buffer at 270 V/cm, 39 pA and in 50 mM
acetate—Tris at 540 V/cm, 26 pA, respectively.
The same mixture containing trypsin (0.5 mg/
ml) instead of myoglobin was analysed at pH 7.0
using 30 mM MOPS buffer and 1.5 mM sper-
mine at 400 V/cm, 29 pA; the polarity of the
power supply was positive (anodic injection).

The acidic proteins trypsin inhibitor, B-lacto-
globulin A and B and «-lactalbumin were re-
solved using 25 mM bicine-Tris (pH 8.5) buffer.
A field of 500 V/cm was applied and a current of
17 uA was produced. The polarity of the power
supply was negative (cathodic injection).

2.4. Coating procedure

Capillaries coated with linear polyacrylamide
bonded through methacryloxypropylsilyl moi-
eties were prepared as described by Hjertén [2]
with some modifications: the capillary was first
treated with 1 M NaOH for 5 h, then rinsed and
flushed with 0.1 M HCI followed by 0.1 M
NaOH. After 1 h it was rinsed with water and
tetrahydrofuran (THF). Residual water was
eliminated by connecting the capillary to a gas
chromatographic oven at 120°C for 45 min under
nitrogen pressure. A 50% solution of y-metha-
cryloxypropyltrimethoxysilane in THF was then
pulled through the capillary under pressure for
20 min and allowed to stand for 12 h. After this
treatment, the capillary was flushed extensively
with THF and water and then filled with a 3%
acrylamide solution containing the appropriate
amount of catalyst (1 ul TEMED and 1 ul of
40% ammonium peroxodisulfate per ml of gel-
ling solution) and degassed under vacuum (20
mmHg) for 40 min. Polymerization was allowed
to proceed overnight at room temperature and
then the capillary was emptied by means of a
syringe.

Capillaries activated with vy-methacryloxy-
propy! bonded to the wall through a direct
silicon—carbon linkage were prepared as de-
scribed by Montes et al. [22]. Briefly, a hydride-
modified support was formed by reacting tri-

PINTSINLIND b
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ethoxysilane (TES) with a silica substrate in the
presence of water and hydrochloric acid using
dioxane as the solvent. The +y-methacryloxy-
propyl group residue was linked to the hydride-
modified substrate by hydrosilylation of allyl
methacrylate in the presence of a Pt catalyst.

Poly(AAEE)-coated capillaries were obtained
by filling y-methacryloxypropyl-activated capil-
laries with a 6% aqueous solution of AAEE
containing the appropriate amount of catalyst (1
ul of TEMED and 1 ul of 40% ammonium
peroxodisulfate per ml of gelling solution) and
degassed under vacuum (20 mmHg) for 40 min.
Polymerization was allowed to proceed overnight
at room temperature and then the capillary was
emptied by means of a syringe.

2.5. Stability test

A mixture of acidic proteins, trypsin inhibitor,
B-lactoglobulin A and B and «-lactalbumin,
each at a concentration of 0.5 mg/ml, was
injected into both types of capillaries using 25
mM bicine-Tris (pH 8.5) buffer. The capillaries
were washed with buffer for 2 min between the
runs, the analyte was renewed before each run
while the catholyte was changed every ten runs.
A voltage of 500 V/cm was applied and the
temperature was kept at 25°C. After every 15 h
of use the ends of the capillary, up to 3 mm,
were dipped in a 0.5% (w/v) solution of methyl-
cellulose (MC) and after 20 min of contact the
capillary was extensively rinsed with water (20
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Fig. 1. Schematic representation of the coating procedure.
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min) and reconditioned with the alkaline buffer.
The EOF was measured at fixed intervals (every
15 h) during the entire test period.

3. Results and discussion
3.1. Surface modification

The overall scheme for preparing linear poly-
(AAEE)-coated capillaries is illustrated in Fig.
1. The general process requires three steps.
First, an intermediate hydride-modified substrate
is produced by reaction of triethoxysilane (TES)
with the silica substrate in the presence of water
and an acid catalyst. Second, the methacryloxy-
propyl group is covalently linked to the hydride-
modified substrate through an allyl double bond
by hydrosilylation. In the third step, the
methacryl group reacts with AAEE, yielding
polymeric linear chains attached at multiple sites
to the wall. The surface, after the first two steps,
has a methacryloxypropyl functionality thatis
similar to that obtained after a conventional
reaction with a trifunctional organosilane re-
agent. However, a stronger attachment is pro-
duced when a larger number of siloxane linkages
are formed on reaction with TES.

By means of *’Si cross-polarization NMR
spectrometry it was demonstrated [22] that about
90% of the Si bearing hydride in the inter-
mediate is fully condensed via formation of three
siloxane linkages. In the light of these data, it is
clear that in a conventional organosilanization
reaction the extent of condensation is lower
owing to the steric hindrance of the bulkyl alkyl
groups.

When compared with acrylamide, the
acryloylaminoethoxyethanol monomer offers the
hydrolytic advantage derived from the N-substi-
tution in acrylamide with the high hydrophilicity
associated with a diethylene glycol group. N-
Mono- and -disubstituted acrylamides are known
to be generally more resistant to alkaline hy-
drolysis; flexible chains bound to the nitrogen
are capable of protecting the amido plane as they
can fluctuate in the nearby space and shroud the
amido group. However, when alkyl chains are

linked to the nitrogen they should bear OH
groups in order to lessen the hydrophobicity of
the substituent. In the AAEE monomer the
hydroxyl group is distant enough from the amido
group to prevent the formation of five-, six- and
seven-membered rings closing on to the amido
linkage. Such rings favor hydrolysis of the amido
bond via a mechanism of N,O-acyl transfer [28].

3.2. Stability test at basic pH

An investigation of the lifetime of the poly-
acrylamide- and poly(AAEE)-coated capillaries
was performed by monitoring EOF variations,
efficiency and migration time reproducibilities.
Fig. 2 shows the separation of a mixture of four
acidic proteins achieved at pH 8.5. This mixture
was injected into both types of capillaries until
the EOF reached a value incompatible with an
efficient separation. The relative standard devia-
tions of migration times of proteins were very
high in the last series of 20 injections performed
in polyacrylamide-coated capillaries, and the
plate counts were ten times lower than the initial
value.

When performing long-term stability tests at
alkaline pH, one of the problems is the ad-
sorption of proteins at the capillary inlet. In most
of the capillaries that we have examined, after
about 20 h of use at pH 8.5, the electroosmotic
mobility was of the order of 3-107° m®/V-s.
The EOF became negligible again after the
removal of a few millimeters from the capillary
ends.

Protein—wall interactions have been the sub-
ject of a number of previous studies [29,30]
because this phenomenon leads to considerable
peak broadening and asymmetry and causes
migration time irresproducibility. Towns and
Regnier [31] demonstrated that the adsorption of
positively charged species which occurs preferen-
tially at the capillary inlet produces a non-uni-
form axial distribution of the zeta potential
within the column. Although proteins with an
isoelectric point significantly lower than the pH
of the running buffer were employed in this
study in order to minimize electrostatic interac-
tions with the wall surface, there are other
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Fig. 2. Typical electropherogram of acidic proteins obtained in a poly(AAEE)-coated capillary (40 cm total length, 32 cm inlet to
window) at 25°C, using 500 V/em (17 pA), UV detection at 214 nm and 25 mM bicine—Tris (pH 8.5). Samples: 1 = trypsin
inhibitor; 2 = B-lactoglobulin A; 3 = B-lactoglobulin B; 4 = a-lactalbumin. Reversed polarity, cathodic injection.

possible adsorption modes with the capillary
such as hydrogen bonding and hydrophobic
interactions which are known to play an im-
portant role in the process. In addition, degra-
dation of the coating may occur preferentially at
the capillary ends as a result of a possible
heterogeneity of the electric field intensity,
which increases in the vicinity of sharp corners.
During electrophoresis, in particular when high
voltage and an alkaline pH are employed, ero-
sion of the coating may take place, thus exposing
regions of uncoated silica surfaces in the prox-
imity of the capillary inlet that could be respon-
sible for poor peak shapes and generation of
electroosmosis.

A simple solution to both problems, protein
adsorption and degradation of the coating at the

capillary ends, is represented by dynamic coating
of the ends with methylcellulose. Methylcellulose
coatings have been used successfully in both
capillary zone electrophoresis and isoelectric
focusing and their use in combination with hy-
drophilic coatings has been reported [32,33]. In a
dynamic coating, in order to prevent leakage of
the polymer from the wall, a small amount of
polymer, typically ranging from 0.01 to 0.4%, is
added to the running buffer. In our case, the
treatment with MC was limited to the ends of the
capillary, since the aim of our investigations was
stability of the polymeric coating covalently
linked to the wall. Both types of capillaries, one
coated conventionally with polyacrylamide and
the other coated with poly(AAEE), both as
described under Experimental, were subjected to
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Table 1
Reproducibility of migration times

Protein Poly(AAEE) Polyacrylamide

Average (min) R.S.D. (%) Average (min) R.S.D. (%)
Trypsin inhibitor from 5.12° 0.55 5.68* 1.10
soybean 4.95° 0.46 5.54°¢ 3.60
B-Lactoglobulin A 5.42 0.78 6.26 1.86

5.38 1.27 6.00 4.71
B-Lactoglobulin B 5.80 0.86 6.87 2.27

5.85 1.9 6.52 5.00
a-lactalbumin 8.37 0.78 9.51 1.51

8.24 0.75 9.43 6.27

25 mM bicine-Tris (pH 8.5) buffer; 500 V/cm.
*n =40 (runs 1-40).

® n =40 (runs 260-300).

“n =20 (runs 130-150).

the MC treatment after every 15 h of use. In
both cases this treatment improved the capillary
performance. The dynamic coating of the ends
physically shields any charges on the wall deriv-
ing either from adsorbed proteins or from ex-
posed silanols. Poly(AAEE)-coated capillaries,
owing to their higher stability, could be used in
the separation of acidic proteins at pH 8.5 for
100 h, with 300 runs of 20 min each, whereas
polyacrylamide-coated capillaries after 40 h (120
injections) of use showed strong variations in the
migration times and a dramatic decrease in
efficiency. In polyacrylamide-coated capillaries
the treatment with MC restored the initial
characteristics, but this effect was temporary and
was lost after a few runs (typically less than ten).

Table 1 shows the reproducibility of migration
times for consecutive runs at pH 8.5 in both
types of capillaries. The average retention times
of the first series of 40 injections are compared
with the last series of 40 injections; in poly-
(AAEE)-coated capillaries a total number of 300
injections (corresponding to 100 h of use) were
performed, whereas in polyacrylamide-coated
capillaries only 150 injections were carried out.
In this case the first 40 injections were compared
with the last 20, since the profile of the 150th
run, which is the 15th run after the MC treat-
ment, was not interpretable. The average migra-
tion times are lower in both cases in the last
series of injections, probably as a consequence of
the MC treatment. The efficiency (see Tables 2

Table 2

Efficiency for four basic proteins run at different pH values

Protein Efficiency (plates/m) Protein p/*
pH3.0 pH4.4 pH7.0

Lysozyme (egg white) 356 000 614 000 316 000 11.0

Ribonuclease A 156 000 605 000 353 000 9.3

Trypsinogen 361 000 415000 201 000 8.7

a-Chymotrypsinogen A 429 000 445 000 149 000 9.5

Separation conditions as in Figs. 4, 5 and 6.
* p/l values from Refs. [11] and [19].
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Table 3

Efficiency for four acidic proteins run at pH 8.5

Protein Efficiency pl*
(plates/m)

Trypsin inhibitor 370000 4.5

from soybean

B-Lactoglobulin A 187 000 5.13

B-Lactoglobulin B 131000 5.23

a-Lactalbumin 585 000 4.8

Separation conditions as in Fig. 2.
* pI values from Refs. [11] and [19].

and 3) and the reproducibility of migration times
between run numbers 1 and 300 in poly(AAEE)-
coated capillaries (Fig. 3a) confirm the increased
quality of the new phase, combining stable
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attachment to the silica with a stable polymeric
layer. In contrast, over a period of 150 h the
conventional polyacrylamide-coated capillaries
were seriously damaged (Fig. 3b). Even though
the MC treatment restores the initial perform-
ance (see lane 2 in Fig. 3B, representing the
ninth run after the treatment), the effects of such
a treatment are quickly lost (lane 3) and in the
last series of injections the R.S.D. is very high.

Another parameter which was evaluated as a
quality criterion was electroosmosis. The EOF
was determined with a buffer at high pH and low
ionic strength to maximize silanol ionization.
Notwithstanding this, the EOF was found to be
reduced to a negligible value in columns coated
with both linear poly(AAEE) and linear poly-
acrylmide. The initial EOF, calculated using an
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Fig. 3. (A) Protein separations in poly(AAEE)-coated capillary, 1st, 260th and 300th runs. Conditions as in Fig. 2. Samples, from
the left: 1=trypsin inhibitor; 2= B-lactoglobulin A; 3= g-lactoglobulin B; 4= a-lactalbumin. (B) Protein separations in
polyacrylamide-coated capillary, 1st, 139th and 150th runs (44 cm total length, 36 cm inlet to window), conditions as in Fig. 2.
Samples, from the left: 1= trypsin inhibitor; 2 = 8-lactoglobulin A; 3 = B-lactoglobulin B; 4 = a-lactalbumin.
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equation proposed by Jorgenson and Lukacs [1],
was lower than 4-107'° m?/V-s. Such a reduc-
tion was one of goals of this work as it influences
other parameters characterizing the quality of a
coating such as efficiency and transit time repro-
ducibility. In evaluating such parameters we
found that the performance of coated capillaries
is acceptable as long as the EOF is lower than
1.2-107° m*/V-s. When the EOF reached such
a limiting value the plate counts became at least
ten times lower than the initial values and the
R.S.D. of the migration times higher. This
means that a low EOF can be associated with
high efficiency and migration time reproducibil-
ity. The EOF variations as a function of hours of
continuous use are summarized in Fig. 4. The
electroosmotic mobility was measured every 15 h
after the removal of 3 mm from the capillary
ends in order to avoid the presence of degraded
ends influencing the determination. With poly-
acrylamide coatings the EOF increased gradually
with time and after 80 h it was found to be
3-107° m?/V-s, whereas with poly(AAEE)
coatings, the EOF increased to 0.8 107° m*/V-s
and after 100 h of use the plate count was still
acceptable. The lifetime of the new of coating
was more than twice that of conventional poly-
acrylamide.

60 T
(m¥V s) 101

3.3. Protein separations

The goals of this work were to produce capil-
laries with a stable hydrophillic coating capable
of suppressing the EOF to a negligible value,
and to investigate the variation of migration
reproducibility and efficiency caused by an EOF
increase after prolonged use at pH 8.5 in the
presence of an applied potential. Acceptable
reproducibilities may be difficult to achieve with-
out accurate control of the capillary temperature
during CE separations. The instrument em-
ployed in the protein separations utilized a
Peltier thermoelectric device to control the capil-
lary temperature. When polyacrylamide-coated
capillaries are used for the separation of pro-
teins, a significant difference is observed be-
tween the number of theoretical plates effective-
ly obtained and the values predicted by the
theory, probably owing to insufficient masking of
the silanol groups. Some workers have hypoth-
esized that hydrophobic interactions [19] or
hydrogen bonding [34] cause a reduction in
efficiency. The high plate numbers that we
achieved in the separation of basic and acidic
proteins using poly(AAEE)-coated capillaries
indicate that virtually no interactions occurred
between proteins and the silica surface (Tables 2

25 mM Bicine-tris

H 8.5
50 1 P
40 +
2
s _ 3T Poly(AA)
E 2
2=
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2
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Fig. 4. Variation of electroosmosis as a function of hours of use in 25 mM bicine-Tris buffer (pH 8.5). EOF was measured using
benzyl alcohol as a neutral marker in bicine-Tris buffer (25 mM, pH 8.5), 600 V/cm, 23 pA.
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and 3). The coating procedure adopted here
provides efficient shielding of the surface, thus
precluding proteins from interacting with
silanols. In addition, the hydrophilicity of the
polymer reduces hydrophobic interactions. Al-
kaline proteins, being positively charged at most
operative pH values, interact strongly with the
wall. These proteins are often used to test the
quality of a coating since in uncoated or in-
efficiently coated capillaries they are irreversibly
adsorbed by the wall, leading to inefficient and
irreproducible separations. In many cases no
peaks are visible at the detector end. The fea-
tures of this coating allow pH variations to
optimize selectivity without a decrease in ef-
ficiency. A possible strategy to improve the

separation of basic proteins would be to work at
acidic pH. In this way, silanol ionization is
reduced and protein charges are maximized.
Fig. 5 shows the separation of five alkaline
proteins performed at pH 3.0 in a poly(AAEE)-
coated capillary. The peak shapes demonstrate
that no interaction occurred between proteins
and the surface but the resolution is poor. The
lack of resolution is a typical drawback of the use
of extreme pH. In Fig. 6, the same mixture was
analyzed at pH 4.4. All peaks were resolved and
the higher number of theoretical plates obtained
in the separation (see Table 2) again indicates
that no interactions with the wall were observed.
At extreme pH many proteins are significantly
denatured and in their denatured state irrevers-
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Fig. 5. Electropherogram of alkaline proteins obtained in a poly(AAEE)-coated capillary (36 cm total length, 28 cm inlet to
window) at 25°C, using 270 V/cm (39 pA) applied field, UV detection at 214 nm and 20 mM sodium phosphate (pH 3.0).
Samples: 1= lysozyme; 2 = ribonuclease A, trypsinogen, myoglobin; 3 = «-chymotripsinogen A. Anodic injection.
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Fig. 6. Electropherogram of alkaline proteins obtained in a poly(AAEE)-coated capillary (36 cm total length, 28 cm inlet to
window) at 25°C, using 540 V/cm (39 pA) applied field, UV detection at 214 nm and 50 mM acetate-Tris (pH 4.4). Samples:
1 = lysozyme; 2 = ribonuclease A; 3 = myoglobin; 4 = trypsinogen; 5 = a-chymotripsinogen A. Anodic injection.

ible adhesion to the wall may occur since pro-
teins expose additional binding sites. We there-
fore tried to separate alkaline proteins at neutral
pH in a buffer of low ionic strength. As indicated
by the electrophoretic titration curves, the selec-
tivity reaches a maximum value at this pH. It has
been reported by Schmalzing et al. [23] that
when alkaline model proteins are analyzed at pH
7.0, a small amount of cationic additives is
necessary to provide highly efficient separations.
Spermine at a concentration of 1.5 mM was used
as an additive (Fig. 7) and, similarly to what was
seen previously [23], with a poly(AAEE) coating
too the addition of such a cationic additive does

not lead to a reversal of EOF as observed in
uncoated capillaries.

4. Conclusion

From the foregoing experiments, it can be
concluded that the lifetime of capillaries coated
with poly(AAEE) bonded to the wall through
direct Si—C linkages is at least doubled. With this
new type of phase, the EOF was suppressed to a
negligible value. Highly efficient separations of
acidic and basic proteins were achieved at differ-
ent pHs and low ionic strength, owing to efficient
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Fig. 7. Electropherogram of alkaline proteins obtained in a poly(AAEE)-coated capillary (44 cm total length, 36 cm inlet to
window) at 25°C, using 400 V/cm (29 nA) applied field, UV detection at 214 nm and 30 mM MOPS—Na (pH 7.0) and 1.5 mM
spermine. Samples: 1 = lysozyme; 2 = trypsin; 3 = a-chymotripsinogen A; 4 = trypsinogen; 5 = ribonuclease A. Anodic injection.

surface shielding and to the hydrophilic character

of the polymer chains attached to the wall.
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Abstract

The number of theoretical plates achievable in capillary electrophoresis has been proposed for the characteriza-
tion of the quality of capillary coatings. It is shown that, as predicted by theory, the efficiency is independent of
capillary inner diameter and increases with increasing field strength as long as dispersive effects can be neglected.
On the other hand, in contrast to chromatography, there is no linear range within which the plate numbers are
independent of the amount or volume of sample injected (from aqueous solutions). By optimization of the injection
technique (use of dilute aqueous protein solutions, electrokinetic injection techniques, short injection times), up to
3-10° theoretical plates can be achieved. The plates generated by injection of similar amounts of sample from

buffer solutions are lower by a factor of 20.

1. Introduction

The tremendous increase in capillary electro-
phoretic (CE) applications is partly due to the
high efficiency achievable by this method. Ex-
tremely narrow peaks can be obtained even with
high-molecular-mass solutes. One reason is the
plug-shaped flow and migration profiles [1]. In
pressure-driven liquid chromatography, the
parabolic Hagen—Poiseuille flow profile is the
main reason for peak dispersion, especially when
the profile cannot be flattened owing to small
diffusion coefficients. These effects have been
described by the various equations for peak
broadening in chromatography correlating peak
dispersion, flow velocity and capillary diameter
(particle diameter), such as the Taylor—Aris
equation [2,3], the Golay equation for capillary
gas chromatography [4], the Van Deemter equa-
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SSDI 0021-9673(95)00485-8

tion for packed column chromatography [5] and
the Giddings universal plate height equation [6].

Because no parabolic flow profile is present in
CE, the equation for plate number contains only
the longitudinal diffusion term [7] and can be
reduced to

nV

N=7D
where N is the plate number, D the solute
diffusion coefficient in the buffer, V' the applied
voltage and p the overall mobility (electropho-
retic and electroosmotic). The validity of this
equation for CE has already been proved. Gid-
dings [6] has also shown that in the usual range
of voltages applied in CE (0-35000 V) and 1-10
elementary charges for the solutes, the equation
for the plate number can be approximated to

N=20zV

This means that up to 10-10° theoretical plates

© 1995 Elsevier Science BV. All rights reserved
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can be generated in CE, a range extending that
found in chromatographic systems. With DNA
fragments in anti-convective systems such as gels
these figures have been already verified and even
exceeded [8].

Because of the absence of the mass transfer
term in the mobile phase, the achievable plate
numbers should be independent of capillary
diameter and should increase with decreasing
diffusion coefficient (increasing molecular mass)
and increasing voltage. Observed plate numbers
below those predicted by theory have been
attributed to slow mass transfer and solute—wall
interactions. Therefore, the plate numbers
achievable with proteins in surface-coated capil-
laries have been proposed as a measure for
characterizing coating quality. However, because
of the extremely small volumes to be handled in

CE, the injection technique has a significant -

influence on efficiency [9]. Additional contribu-
tions to peak broadening can be caused by
overloading effects of the buffer, temperature
effects [10-13] and mobility differences between
buffer and analyte ions [14]. Because of on-
column detection, the contribution of the detec-
tor to overall peak broadening can mainly be
reduced to slow data conversion.

In this paper, the parameters governing ef-
ficiency in CE will be demonstrated for the
separation of basic standard proteins. It will also
be shown how the efficiency can be manipulated
by applying the various injection techniques.

2. Experimental
2.1. Reagents and materials

Fused-silica capillary tubes were purchased
from Polymicro (Laser 2000, Munich, Ger-
many). Reagents for surface modification were
purchased from different suppliers, such as acryl-
amide (Bio-Rad, Munich, Germany), ammo-
nium peroxodisulfate and N,N,N’N'-tetra-
methylethylenediamine (Electran, UK) and vin-
yltrichlorosilane (Fluka, Neu-Ulm, Germany).
The proteins were obtained from different sup-
pliers such as cytochrome ¢ (Sigma, Deisen-

hofen, Germany), chymotrypsinogen (Serva,
Heidelberg, Germany) and lysozyme and ribonu-
clease A (Fluka). All buffer components were
obtained from Fluka.

2.2. Modification of fused-silica capillaries

Capillaries were coated with vinyltri-
chlorosilane and polacrylamide as described pre-
viously [15].

2.3. Apparatus

For all measurements a Beckman P/ACE
System 2050 was used. Data acquisition was
accomplished with Beckman Gold Software (V
7.12) and an IBM PS2 personal computer.

3. Results and discussion
3.1. Plates, capillary length and diameter

In chromatography, the plate numbers in-
crease with decreasing particle (capillary) diam-
eter. Decreasing diffusion coefficients always
lead to smaller plate numbers, because the mass
transfer term governs efficiency in liquid mobile
phases. The plate numbers achievable are also
dependent on the mobile phase flow-rate. The
maximum plate numbers are achieved at a flow-
rate depending on particle diameter and sample
diffusion coefficient. Of course, the plate num-
bers also depend on the column length. This
concept is only valid when all the other con-
ditions, i.e., temperature, mobile phase compo-
sition, etc., are kept constant. In chromatog-
raphy, the theoretical value is always the highest
achievable. Owing to additional dispersive con-
tributions (variance contributions from injection
volume, connecting capillaries, detector cell vol-
ume, etc.), in reality smaller plate numbers are
always obtained.

In CE, the plate numbers increase linearlv
with increase in effective capillary length as
predicted by theory. This is shown in Fig. 1. It
should be mentioned that for these measure-
ments the field strength was kept constant; with
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Fig. 1. Dependence of the number of theoretical plates on
the effective capillary length with constant electrical field and
injection plug length. Conditions: capillary, polyacrylamide-
vinyltrichlorosilane, 75 pwm I.D.; buffer, 50 mM phosphate
(pH 3); field strength, 260 V/cm; samples dissolved in water;
injection, pressure [3.45-10° Pa (0.5 p.s.i.)], identical injec-
tion plug length in all capillaries (2.5 s with 60/67 cm
capillary, 1 s with 20/27 cm capillary).

increasing capillary length the voltage was in-
creased correspondingly. To exclude the contri-
bution of the variance of the injection plug, the
same portion of the capillary was always filled
with sample. This means that the injection time
was 1 s for the 20-cm capillary (total length 27
cm) and 2.5 s for the 60-cm capillary (total
length 67 cm). With a polyacrylamide-coated
capillary [15], between 6-10° and 1-10° plates
per metre were achieved for proteins with molec-
ular mass between 12 000 and 25 000. Surprising-
ly, but corresponding with theory, the protein
with the highest molecular mass («-chymotryp-
sinogen) gives the highest plate numbers.

The plate number should also increase linearly
with increase in field strength at constant capil-
lary length. However, this is only true if no
additional zone dispersion due to secondary
effects is present [10-13]. As can be seen in the
upper part of Fig. 2, plate numbers increase with
increase in field strength only if the latter does
not exceed 300 V/cm. At higher field strengths,
convective effects (temperature, viscosity and
mobility gradients) caused by the Joule heat
dissipation diminish the achievable plate num-
bers. This can be clearly seen for the 50 mM
buffer. The lower part of Fig. 2, where the
current is plotted vs. the field strength, shows

1000000 -

B s 50 mM, 20°C
e 10 mM, 20°C
A 10mM, 50°C

800000

600000

400000

200000

number of theoretical plates/m

150 4

100 4

current (UA)

[41]
o
1

T

0 200 400 600 800 1000
Field strength (V/cm)

Fig. 2. Dependence of the number of theoretical plates on
the applied electric field with different buffer concentrations
and temperatures. Conditions: capillary, polyacrylamide—vin-
yltrichlorosilane, 20/27 cm X 75 pwm 1.D.; buffer, phosphate
(pH 3); sample, lysozyme (100 ppm in water); injection,
pressure [3.45-10° Pa (0.5 p.s.i.)], 1 s with 50 mM buffer at
20°C and 2 s with 10 mM buffer at 20 and 50°C.

that at field strengths above 400 V/cm deviations
from Ohm’s law occur. These deviations are
caused by insufficient heat transfer from the
capillary.

Fig. 2 also shows that with lower buffer
concentrations the influence of insufficient heat
dissipation on plate number is less important.
With the 10 mM phosphate buffer identical plate
numbers can be achieved between 200 and 600
V/cm. However, peak distortion due to heat
transfer problems is noticeable when the capil-
lary is used at elevated temperatures. This is
caused by problems with heat transfer in the
equipment in thermostating the capillary. Of
course, at elevated temperatures diffusion co-
efficients are higher, lower plate numbers are
generated and only lower field strengths can be
applied. The advantage of capillaries with small-
er inner diameters (<50 um) is that higher field
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Fig. 3. Influence of the capillary inner diameter on the separation of basic standard proteins. Conditions: capillary, poly-
acrylamide—vinyltrichlorosilane, 20/27 cm; buffer, 50 mM phosphate (pH 3); field strength, 260 V/cm; samples, 1 = cytochrome
¢, 2 =lysozyme, 3 = ribonuclease A, 4 = chymotrypsinogen (100 ppm in water); injection, pressure [3.45-10° Pa (0.5 p.s.i.)]; (A)
identical injection time (2 s); (B) identical injection plug length (2 s with 75 wm 1.D., 4.5 s with 50 um L.D., 18 s with 25 pum

I[.D. =0.45 cm).

strengths are applicable without a decrease in
efficiency owing to more efficient heat dissipa-
tion.

Because only the longitudinal diffusion term
contributes to peak broadening in CE, in theory
the inner diameter of the capillary should not
affect the plate numbers. In the right-hand part
of Fig. 3 and in Table 1 it can be seen that plate
numbers are independent of capillary inner di-
ameter when the injection plug length is kept
constant (contribution of injection volume vari-

ance to overall peak variance). A constant plug
length of 0.45 cm was used, and consequently
the injection time was varied between 2 s with
the 75-um capillary to 18 s for the 25-um
capillary. The error in the determination of plate
numbers with these narrow peaks is up to 10%.
As can be seen, it is possible to achieve 1- 10°
plates per metre without any problems. The
decrease in peak height is due only to the
decrease in the optical path length (Lambert—
Beer law). The predictions of theory regarding

Table 1

Dependence of the number of theoretical plates per metre on the capillary inner diameter

LD. (um) Injection (s) Cytochrome ¢ Lysozyme Ribonuclease A Chymotrypsinogen
75 2 1410 000 1163 000 1 008 000 1144 000

50 4.5 1163000 1 006 000 943 000 1166 000

25 18 994 000 845 000 787000 1109 000

75 2 1410 000 1163000 1008 000 1144 000

50 2 1672000 1439 000 1255000 1404 000

25 2 2048 000 2007 000 1528 000 1 607 000

Conditions as in Fig. 3.
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peak-broadening effects in CE are fulfilled: the
plate number is independent of capillary inner
diameter and increases with increase in field
strength if secondary convection effects are neg-
ligible. Also, the number of plates is propor-
tional to column length at constant field strength.
It should be recalled that the variance contribu-
tion of the injection plug was identical in all
cases.

On the other hand, when the same capillaries
are used but the injection time is kept constant,
of course in the 25-um capillary only 11% of the
amount is injected in comparison with the 75-um
capillary. As can be seen in the left-hand part of
Fig. 3 and in Table 1, an increase in efficiency
was observed when the capillary inner diameter
was reduced from 75 to 25 um. This is caused by
the concomitant decrease in the amount of
sample injected and the plug length (variance of
injection volume). In comparing the two sepa-
rations with the 25-um capillaries, it can be seen
that the efficiency can be varied by a factor of
1.5-2 just by changing the amount of sample
injected. Of course, the plate number measured
summarizes all contributions to peak broaden-
ing. Because of the extremely small volumes
handled in CE, one should be very cautious
about the contribution of dispersive effects other
than the electromigration process. It should be
stressed again that it is possible to compare and
discuss efficiencies only when all parameters that
contribute to peak broadening are kept constant.
Because of the additional contributions of heat
dissipation and the injection techniques of the
various instruments (e.g., pressure profile in
hydrodynamic injection), comparison of efficien-
cies of different capillaries can only be valid with
the same instrument.

3.2. Overloading effects with hydrodynamic
injection

So far either the plug length or the mass of the
sample loaded to the capillary was kept constant.
In Fig. 4, the influence of the injected sample
concentration at constant plug length on ef-
ficiency is shown. As can be seen, the efficiency
decreases tremendously when the mass of sample

2000000
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1750000

4 > o

1250000

1000000 4

number of theoretical plates/m

750000 |

500000

250000

1 T 1 —1
0 200 400 600 800 1000
protein concentration (ppm)

Fig. 4. Dependence of the number of theoretical plates on
the protein concentration with a constant injection plug
length. Conditions: capillary, polyacrylamide—vinyitri-
chlorosilane, 20/27 cm X 25 pm 1.D.; buffer, 50 mM phos-
phate (pH 3); field strength, 260 V/cm; proteins dissolved in
water; injection, 18 s pressure [3.45-10° Pa (0.5 p.s.i.)].

increases. No linear region as in chromatography
can be observed. Therefore, the efficiency achiev-
able cannot be a measure for capillary charac-
terization. It should be mentioned that the
sample was dissolved in water, so that the
injected plug length is less important owing to
the stacking effect that occurs. The observed
triangular peaks at sample concentrations above
100 ppm indicate that the capacity of the 50 mM
buffer is insufficient for these sample loads. On
the other hand, the lower the sample concen-
trations the more efficient the sample stacking
effect becomes. As can be seen, decreasing the
sample concentration from 200 to 20 ppm results
in an improvement in plate numbers by a factor
of three.

When the protein sample is injected from
water, volume overloading does not contribute
to a certain extent to peak broadening because
the sample stacking effect concentrates the sam-
ple at the borderline of the injection solvent and
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Conditions: capillary, polyacrylamide—vinyltrichlorosilane,
20/27 cm X 25 pm 1.D.; buffer, 50 mM phosphate (pH 3);
field strength, 260 V/cm; proteins dissolved in water; injec-
tion, pressure [3.45-10° Pa (0.5 p.s.i.)], identical sample
amount injected (18 s at 100 ppm = 180 s, at 10 ppm = 224
pg).
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the buffer. As can be seen from Fig. 5, the plate
number increases by a factor of around two
when the plug length is increased from 0.45 to
2.73 cm and the mass of sample injected is kept
constant. It should be mentioned that here 12%
of the effective capillary length is filled with the
sample solution. The increase in plate number is,
of course, due to the lower sample concentra-
tions injected (constant mass loaded), which
improves the stacking effect. Only if the sample
plug exceeds 12% of the capillary length is the
volume variance no longer negligible and the
plate numbers decrease again. The longer the
part of the capillary filled with sample solution
(water), the more the migration times increase
because the field strength decreases mostly over
the water plug [16].

The advantages of the stacking procedure are
more clearly seen in Fig. 6, where this technique
is compared with the conventional method, in
which the sample dissolved in the separation
buffer is injected. Comparable efficiencies are
achieved only with the smallest plug length

0.15 4
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0.12 4
1 2 3 4

IVAVAU o W
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Fig. 6. Effect of injection plug length on peak performance for proteins from (A) aqueous solution or (B) separation buffer.
Conditions: capillary, polyacrylamide-vinyltrichlorosilane, 20/27 ¢cm X 75 pm I.D.; buffer, 50 mM phosphate (pH 3); field
strength, 260 V/cm; samples, 1= cytochrome c, 2 = lysozyme, 3 = ribonuclease A, 4 = chymotrypsinogen; injection, pressure
[3.45-10° Pa (0.5 p.s.i.)], identical sample amount injected (1 s at 200 ppm = 6 s, at 33.3 ppm = 224 pg).
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injected (injection time 1 s). When longer plugs
of the sample in buffer solution are injected
(injection time >2 s), efficient and narrow peaks
can no longer be observed. The peak width
increases in proportion to the injection time
because here the stacking effect is not working.
On the other hand, with sample injection from
water, highly efficient separations are observed
even with an injection time of 6 s.

Stacking effects also play an important role in
the case of mass overloading. However, when
injected from buffer, generally fewer plate num-
bers are obtained and the efficiency is not greatly
affected by increasing the sample concentration
(constant plug length) with 50 mM phosphate
buffer. However, the total plate number is only
around 100 000 compared with 900 000 when the
same amount (200 ppm) is injected from aque-
ous solution. Here one dilemma of CE becomes
obvious: plate numbers are only defined when
the separation conditions are kept constant, i.e.,
temperature, field strength and buffer composi-
tion. The use of the stacking procedure in
combination with comparison of plate numbers is
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a mistake similar to that which one can make in
calculating plate numbers in gradient elution. On
the other hand, to achieve efficient and re-
producible separations, the injection time cannot
be chosen too short, and therefore stacking
procedures are required for efficient protein
separations. Only with very short injection times
from buffer solutions is comparison of capillary
efficiencies possible and permitted.

3.3. Electrokinetic injection

The most efficient injection technique for
proteins in order to achieve high plate numbers
is the electrokinetic injection technique. In Fig. 7
and Table 2 the electrokinetic injection tech-
nique from water and from buffer solution is
compared with the already described hydro-
dynamic injection techniques. In the case of
electrokinetic injection there is almost no differ-
ence between injection from buffer and water
solutions. However, at a constant injection time
a smaller amount is injected from the buffer
solution, because the buffer components also
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Fig. 7. Dependence of protein separation on injection technique. Conditions: capillary, polyacrylamide—vinyltrichlorosilane,
20/27 cm X 75 wm LD.; buffer, S50 mM phosphate (pH 3); field strength, 260 V/cm; samples, 1 = cytochrome ¢, 2 = lysozyme,
3 =ribonuclease A, 4 = chymotrypsinogen; injection, (A1) pressure [3.45-10> Pa (0.5 p.s.i.)], 1 s, samples in water; (A2)
pressure (0.5 p.s.i.), 1's, samples in buffer; (B1) 1 kV, 5 s, samples in water; (B2) 1 kV, 5 s, samples in buffer.
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Table 2

Influence of the injection technique on the number of theoretical plates per metre

Solvent Injection Cytochrome ¢ Lysozyme Ribonuclease A Chymotrypsinogen
Water 1s, pressure 977 000 782000 792 000 784 000
Buffer 1s, pressure 463 000 436 000 382 000 329 000
Water 5s,1kV 1350000 979 000 1180000 1315000
Buffer 5s,1kV 1437000 1309 000 750 000 982 000

Conditions as in Fig. 7.

migrate into the capillary. As no electroosmotic
flow was present in the capillary used, the
discrimination of sample components according
their mobility differences can clearly be seen by
comparing the relative peak heights obtained
with hydrodynamic and electrokinetic injection
from the same solutions. Although from aqueous
solution higher sample amounts are introduced
in the capillary, the highest efficiencies are
always obtained with the electrokinetic injection
techniques. This can be explained by the plug-
shaped electromigration of the sample molecules
into the capillary.

3.4. How to achieve record plate numbers

In chromatography, there is a linear range
within which the plate number is independent of
sample size. In linear chromatography one usual-
ly works in this region. Only when this region is
exceeded do plate numbers decrease with in-
creasing sample size. In CE, however, there is
no such region in the case of injection from
water. Only when proteins are injected from
buffer solutions is a linear region obtained, but
the plate numbers achievable are much lower,
only around 100000-200000. With the same
capillary, plate numbers up to 3-10° can be
achieved just by optimization of the sample
injection techniques. Such a highly efficient
separation of standard proteins is shown in Fig.
8. The same samples were used as in all demon-
strations in this paper. Hence it is obvious that it
is possible to achieve plate numbers predicted by
theory just by optimization of injection tech-
niques. It should be mentioned, however, that
for real protein samples the application of the
different injection techniques is limited. There-

fore, it is hardly possible in the real world to
achieve the plate numbers predicted by theory.

To obtain high plate numbers, the sample has
to be injected elektrokinetically either from
buffer or from water, or hydrodynamically from
water with low sample concentrations and apply-
ing sample stacking techniques. Here either
extremely short injection times should be used or
the capillary should be filled up to 10% of its
effective length with a very dilute aqueous sam-
ple solution. Generally the sample amount in-
jected should be as low as possible. For repro-
ducibility reasons it is better to inject a dilute
solution for a longer time than a more concen-
trated solution for a relatively short period.
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Fig. 8. Separation of basic standard proteins under optimized
conditions. Conditions: capillary, polyacrylamide—vinyltri-
chlorosilane, 20/27 cm X 50 pm, I.D. buffer, 50 mM phos-
phate (pH 3); field strength, 260 V/cm; samples, 1=
cytochrome ¢, 2=Ilysozyme, 3=ribonuclease A, 4=
chymotrypsinogen (10 ppm each in water); injection, 33.8 s,
pressure [3.45-10° Pa (0.5 p.s.i.)].
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Additionally, narrow capillaries (I.D. <50 pm)
have the advantage that higher field strengths
can be used and zone dispersion by heat dissipa-
tion effects is negligible.

Consequently, plate numbers for proteins are
not a good measure for comparing the efficacy of
surface coatings in CE, and should be used only
when all measurements are made under identical
conditions with the same instrument.
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Abstract

A method for the determination of apolipoprotein A-I, the major protein compartment of HDL, in human
serum is described. Rapid and easy serum sample preparation, well separated Apo A-I peaks in the human serum
electropherogram and good linearity of the peak area vs. concentration plot, covering the range of the clinically
relevant Apo A-I serum contents, suggest the introduction of this method routinely in clinical laboratories.

1. Introduction

Minimum sample and buffer requirements in
combination with rapid and efficient separation
have made capillary electrophoresis (CE) [1-5]
one of the most attractive tools for the analysis
of biopolymers such as peptides [6-10], proteins
[11-16], glycoproteins [17,18] and oligonucleo-
tides [19-21}]. Recently, pharmaceutical and
clinical analysis laboratories have started to
develop routine CE methods for purity testing
[22], determinations of the formulation contents
[23-25], chiral analysis [26], monitoring of drugs
in body fluids [27,28] and reliable and precise
analyses of blood serum and its fractions [29-
31]. Apolipoprotein A-I (Apo A-I) is the major
protein constituent of human high-density
lipoprotein (HDL). Decreased Apo A-I levels in

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00397-5

human serum are indicative of arteriosclerotic
processes [32], acute hepatitis and hepatic cir-
rhosis [33]. The median serum concentrations for
Apo A-I were determined to be 145 mg/dl for
men and 160 mg/dl for women [34]. Today,
immunonephelometric assay (INA) is the most
common method applied in clinical laboratories
for the routine determination of Apo A-I con-
centrations in human serum [35]; other method-
ologies used include radial immunodiffusion
(RID), radioimmunoassay (RIA), electroim-
munoassay (EIA), enzyme-linked immuno-
sorbent assay (ELISA) and immunoturbidimetric
assay (ITA). The major drawbacks of immuno-
logical methods for the determination Apo A-l
are the inhomogeneity of HDL [36] and that
masking lipids prevent antigenic sites being ex-
pressed [37,38]. Further, a serious problem of
any INA or ITA is that hyperlipaemic samples
may disturb the Apo A-I determination. A

© 1995 Elsevier Science B.V. All rights reserved
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reliable Apo A-1 assay to be performed via a
simple serum sample work-up procedure and
applying the advantages of CE is therefore of
great interest for clinical chemists and such a
method is presented in this paper.

2. Experimental
2.1. Materials and reagents

Fused-silica capillaries (50 cm X 50 um 1.D.)
(Grom, Herrenberg, Germany) were used for all
electrophoretic runs and pretreated with 1 M
NaOH for 15 min, followed by 15 min rinsing
with water before the electrophoretic separa-
tions. Using 30 mM borate buffer (pH 10), the
capillary was rinsed for 60 s with water, followed
by 120 s with 0.1 M NaOH, 120 s with water and
finally 60 s with buffer after each run. After
separations, performed with sodium dodecyl
sulphate (SDS)-containing Bio-Rad (Munich,
Germany) evaluation LLV buffer, the following
rinsing sequence was applied by pressure 6.89-
105 Pa (100 psi): water (60 s), LLV buffer (120
s), water (120 s) and LLV buffer (60 s). The Apo
A-I standard sample was purchased from Sigma
(St. Louis, MO, USA). The serum samples were
prepared from blood from normal fasting male
donors or clinical patients and allowed to clot.
The serum was separated by low-speed centrifu-
gation at 2000 g for 7 min and used immediately
after recovery or stored at —70°C until used.

2.2. Electrophoretic apparatus

All separations were performed on a Bio-Rad
BioFocus 3000 capillary electrophoresis system,
equipped with an automatic constant-volume
sample injection system, a temperature-control
system for the capillary, sample and fraction
collection compartment, a high sensitivity fast-
scanning UV-Vis detector with wavelength pro-
gramming and a dedicated computer system with
a Microsoft Windows interface. During all runs,
the capillary and the sample compartment was
cooled to 15°C.

2.3. Immunonephelometric assay (INA)

For the INA we used a Behring nephelometer
(Behringwerke, Marburg, Germany) and fixed-
time kinetic analysis. The Apo A-I nephelomet-
ric determinations were performed according to
the procedures provided by the manufacturers.
After adding an aliquot of diluted sample (100
w1) and antibody (40 pl) to a cuvette containing
the reaction buffer (80 ul), a background read-
ing (zero time) was taken. After 6 min, the net
increase in scattered light was calculated from a
second reading. The scattered light value was
compared with those on a calibration graph and
the concentration was calculated. The manufac-
turer stated an assayable range from 18 to 580
mg/dl for Apo A-I, using a plasma or serum
dilution of 1:20.

3. Results and discussion

As mentioned in the Introduction, INA is the
most commonly used method for determining
the content of Apo A-I in human serum in
routine clinical laboratories. INA allows auto-
mated and rapid analysis, but nephelometric and
turbidimetric methods are susceptible to factors
that interfere with light transmission such as
lipoproteins, dust and other plasma proteins
[35]. Moreover, immunological procedures for
Apo A-I determination in serum are complicated
by the fact that it is a component of a large,
heterogeneous particle, and some of the an-
tigenetic sites are masked by lipids [37,38].
Consequently, the results are strongly influenced
by variations in the specificity of antisera, the
standardization procedure and the methodology
used in a particular assay system. Therefore, our
intention was to establish a CE method for
determining the Apo A-I concentration in
human serum which can be used conveniently in
every routine clinical laboratory.

The feasibility of the routine analysis of
human serum protein fractions by CE has been
demonstrated [31,39-41], mostly using phos-
phate or borate buffers. Hence, our first attempt
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Fig. 1. Capillary electropherogram of a normal human serum sample (dilution: 1:30). Electrophoretic conditions: capillary,
fused-silica (50 cm x 50 wm 1.D.); loading, 2.75- 10" Pa s; running conditions, 15 kV; buffer, 30 mM borate (pH 10); detection,
UV at 220 nm; equipment, Bio-Rad CE 3000, BioFocus 3000. Peaks: 1= albumin; 2 = a,-globulin; 3 = a,-globulin; 4 = g,-

globulin; 5 = B,-globulin; 6 = y-globulin.

to separate HDL, with Apo A-I as the main
protein constituent, started with borate buffer
(pH 10). Fig. 1 shows a capillary electrophero-
gram of a diluted (1:30) serum sample obtained
with a 50 cm X 50 pm 1.D. fused-silica capillary
and 30 mM borate running buffer (pH 10),
demonstrating the well known separation profile
of six fractions. Even using capillaries with
different lengths and diameters and different
buffer molarities, no lipoprotein fractions, in
particular no specific HDL peak for quantitative
evaluation, could be detected from normal
human serum samples or HDL-spiked samples.

To determine Apo A-I concentrations in
serum directly, a series of buffer systems with
different additives were tested and it was found
that the Bio-Rad LLV buffer allows the specific
determination of Apo A-I in blood samples. Fig.
2 shows electropherograms of a diluted serum
sample (1:30) spiked with 0.25 mg/ml of Apo
A-1, recorded at wavelengths from 220 to 195 nm
and using Bio-Rad LLV buffer. By adding an
Apo A-I standard to the normal serum sample,

the well separated peak at a migration time of
21.10 min could be identified. As the sensitivity
could be drastically increased by using a record-
ing wavelength of 195 nm instead of 200-220
nm, which is commonly used, all further runs
were performed at the lowest wavelength. Fig. 3
demonstrates that the electrophoretic conditions
discussed above allow a clear separation of Apo
A-I from serum proteins and quantitative peak
evaluation even in highly lipaemic serum sam-
ples, whereas nephelometry gives doubtful re-
sults (see above).

The electropherogram of a patient’s serum
sample with an elevated level of Apo A-I is
presented in Fig. 4, showing a major and an
additional minor Apo A-I peak with a shorter
migration time. Different polymorphic Apo A-I
forms are responsible for this separation pattern,
as revealed by analytical isoelectric focusing
{42,43] and recently also by capillary electro-
phoresis [31,44]. Therefore, for Apo A-1 de-
termination the area of both peaks must be
considered.
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Fig. 2. Multi-wavelength electropherogram of a normal human serum sample (dilution 1:30) spiked with 0.25 mg/ml of Apo A-I.
Electrophoretic conditions: capillary, fused-silica (50 cm x 50 pm 1.D.); loading, 2.75-10 Pa s; running conditions, 20 kV;
buffer, Bio-Rad evaluation LLV buffer; equipment, Bio-Rad CE 3000, BioFocus 3000. Peaks: 1 = albumin; 2= Apo A-L

Fig. 5 shows a linear plot of relative peak area
vs. amount of Apo A-I standard (co-injected
with a serum sample) obtained under the same
conditions as in Fig. 2. The peak areas at each
concentration were determined four times. As
clinically relevant Apo A-I serum concentrations
are 5-300 mg/dl, the detection limit and range
of the CE method are suitable for routine
analysis.

It is well known from the literature that
protein sticking to the fused-silica capillary wall
surface and basic washing buffers influence the
migration time and peak areas [45-47], and both
are undesirable in routine clinical analysis. How-
ever, when LLV buffer was used for washing
between runs for 50 consecutively measured
serum electropherograms, a relative standard

deviation of 1.8% for the migration time (Fig. 6)
and of 8.7% for the relative peak area (Fig. 7)
were found, which are acceptable for routine
analysis. The slightly increasing migration time
of Apo A-I observed is a phenomenon well
known for proteins separated with fused-silica
capillary columns [15,39]. The slightly decreasing
peak areas might well be a consequence of
irreversible adsorption on the detector window,
or protein adsorption could affect the efficiency
of non-adsorbing species by setting up complex
flow patterns within the capillary [48].

In Table 1, nephelometrically and capillary
electrophoretically determined Apo A-I concen-
trations in sera from different patients are com-
pared. If only the main Apo A-I peak fraction is
considered, the concentrations determined by
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Fig. 5. Plot of relative peak area vs. amount of separated
Apo A-I standard (co-injected with a serum sample). Elec-
trophoretic conditions as in Fig. 2. All samples were analysed
four times.

CE are about 50% lower than the nephelometric
results. If the peak areas of the polymorphic
Apo A-I forms are also included, there is a good
agreement between nephelometry and CE, al-
though on average about 10% higher values
were found with CE, which may be caused by
the above-mentioned drawbacks from which
nephelometry suffers.
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Fig. 6. Reproducibility of the migration time (50 runs) of the
Apo A-I peak (intra-assay precision) for the electrophero-
gram illustrated in Fig. 4. Mean, 28.88 min; S.D., 0.53 min;
R.S.D., 1.84%.
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the Apo A-I peak (intra-assay precision) for the electro-
pherogram illustrated in Fig. 4. Mean, 660 441 counts; S.D.,
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4. Conclusions

The described buffer system makes possible
the direct determination of Apo A-I concen-
trations in human serum samples. In contrast to
nephelometry, CE also allows the detection of
different polymorphic Apo A-I forms, the clini-
cal relevance for which can now be investigated
with our method. The ease of serum sample
preparation, the good linearity of relative peak
area vs. Apo A-I concentration, automation of
the technique and low-cost reagents are advan-

Table 1

tages for application in routine clinical laborator-
ies.
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Abstract

Lipoprotein a [Lp(a)] has been recognized as a significant marker for premature coronary heart disease (CHD).
In this paper, we present the results of Lp(a) analysis based on capillary zone electrophoresis (CZE). CZE
separation of Lp(a) and its reduced species, lipoprotein a~ [Lp(a~)] and apolipoprotein a [apo(a)], was
accomplished using 50 mM borate buffer containing 3.5 mM sodium dodecyl sulfate (SDS) and 20% (v/v)
acetonitrile (ACN). Low density lipoprotein (LDL) and high density lipoprotein (HDL) were separated under the
same buffer conditions. The electrophoretic mobilities of both Lp(a) and Lp(a™) were found to be different from
that of LDL. Benzyl alcohol (BA) and methanol (MeOH) were used as electroosmotic flow markers. BA
molecules associated with Lp(a™) and LDL to enhance their UV absorbance, but did not change their effective
electrophoretic mobilities. Qur results show that CE is a very efficient and effective technique for lipoprotein

analysis.

1. Introduction

Lipoproteins (LPs) are a class of large bio-
molecules which are closely associated with
CHD. Among them, lipoprotein a [Lp(a)] has
been recognizd as a significant marker for pre-
dicting the risk of CHDs due to its genetic trait
[1]. As a consequence, detection of elevated
Lp(a) levels with rapid, efficient analytical meth-
ods could make a significant contribution to
solving the problems of assaying Lp(a) in blood.
Lp(a) has many of the features of low density
lipoprotein (LDL). It consists of an LDL-like
particle, lipoprotein a~ [Lp(a™)], and apolipo-
protein a [apo(a)] [2]. Apo(a) is attached to

* Corresponding author.
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Lp(a™) through a single disulfide bond which can
be cleaved via chemical reduction.

Immunoassay [3,4] is the prevailing technique
for measuring Lp(a) concentration in serum or
plasma. However, because of the high hetero-
geneity of Lp(a) molecules detection methods
with reliable standards and reference materials
have long been sought [5]. Sodium dodecylsul-
fate polyacrylamide gel electrophoresis (SDS-
PAGE) [6] is fundamental for characterization of
Lp(a) polymorphism, but its performance is
time-consuming.

Capillary electrophoresis (CE) has been used
for the analysis of large biomolecules in many
situations. Apoliproteins have been separated
with capillary zone electrophoresis (CZE) {7-9]
and lipoproteins with capillary isotachophoresis
(ITP) [10]. In this paper, we present the results

© 1995 Elsevier Science B.V. All rights reserved
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of a CZE method for the identification of Lp(a)
and other lipoprotein species.

2. Experimental
2.1. Instrumentation

All CE data were collected with a Beckman
P/ACE System 5510 (Beckman Instruments,
Fullerton, CA, USA) equipped with System
Gold software and a diode array detector.
Fused-silica capillaries (Polymicro Technologies,
Phoenix, AZ, USA) of 75 pm 1.D. and 375 um
O.D. were used for the CE analysis. SDS-PAGE
gels were casted with a gradient former (Jule,
New Haven, CT, USA) and electrophoresis was
performed with a vertical slab-gel unit SE 600
(Hoefer Science, San Francisco, CA, USA) and
power supply FB 458 (Fisher Scientific,
Pittsburg, PA, USA). A Beckman ultracen-
trifuge L7-65 with a 70Ti rotor was used for
Lp(a) separation from plasma. Sample desalting
was performed with Slide-A-lyzers (Pierce, Rock-
ford, IL, USA).

2.2. Materials

Double distilled water, deionized with a Milli-
Q system from Millipore (Bedford, MA, USA)
and filtered with a 0.22-um filter, was used in the
preparation of all CE buffers. Sodium borate,
sodium bromide, EDTA, and BA were obtained
from Fisher Scientific (Fair Lawn, NJ, USA).
Bovine serum albumin (BSA), fibrinogen, low
density lipoprotein (LDL), high density lipopro-
tein (HDL), SDS (70% purity), dithiothreitol
(DTT), and B-mecaptomethanol (ME),
phenylmethyl-sulfonyl fluoride (PMSF), apro-
tinin, and coomassie brilliant blue R 250 were
purchased from Sigma (St. Louis, MO, USA).
Sodium azide was from Aldrich (Milwaukee,
WS, USA). Acetonitrile (ACN), acetic acid, and
methanol were purchased from EM Science
(Gibbstown, NJ, USA). Acrylamide was ob-
tained from Boehringer (Mannheim, Germany),
and N’N’-methylenebisacrylamide from Life
Technologies (Gaithersburg, MD, USA). Pre-

stained high-molecular-mass standards (M,
49 000-194 000) for SDS-PAGE were obtained
from Bio-Rad (Hercules, CA, USA). Lysine-
Sepharose 4B gels were obtained from Phar-
macia Biotech (Piscataway, NJ, USA). Lp(a)
plasma concentration was determined by en-
zyme-linked immunosorbant assay (ELISA).
Lp(a) ELISA kit was purchased from Strategic
Diagnostic Industries (Newark, DE, USA). All
chemicals were of analytical-reagent grade or
electrophoresis grade and used without further
purification.

2.3. Isolation of Lp(a) from blood

Lp(a) was isolated from blood plasma via
ultracentrifugation [11] and purified by lysine-
Sepharose affinity chromatography [12]. The
subject selected had a Lp(a) plasma level of 1.08
g/l as determined by ELISA. The plasma was
mixed with 0.15% EDTA, 0.01% sodium azide,
0.0001% PMSF, and 0.4 uM aprotinin. Its
density was adjusted to 1.15 g/ml by adding
sodium bromide. The density adjusted plasma
was spun at 45 000 rpm for 24 h at 5°C. After
fractionation, the top floating thick orange band
was aspirated with Pasteur pipettes and its Lp(a)
concentration was determined to be 4.75 g/l by
ELISA. This fraction was dialyzed against phos-
phate buffered saline (PBS) solution for 20 min
at 4°C. The fraction density was then readjusted
to 1.05 with sodium bromide and subjected to
spinning at 54 000 rpm for 20 h at 5°C. The
bottom fraction [Lp(a) =2.00 g/l by ELISA] was
aspirated, dialyzed, and purified by lysine-Sepha-
rose affinity chromatography.

2.4. SDS-PAGE

Gradient polyacrylamide gels of 3-10% were
self-casted with a Jule gradient former. SDS
(0.1%)-Tris (0.02 M)—glycine (0.2 M) buffer of
pH 8.3 was used. Prestained SDS-PAGE stan-
dards and Lp(a) (15-20 ng each) were mixed
with either nonreducing buffer for 30 min at
room temperature or reducing buffer for 7 min
at 100°C. The samples then were loaded on the
gel wells and the gel was run for 8-10 h. The gel
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was stained and destained following the estab-
lished procedure [13].

2.5. CE methods

The fused-silica capillaries used had a total
length of 57 cm and an effective length of 50 cm.
Bared fused-silica capillaries were initially rinsed
with 1 M NaOH and water and conditioned
between runs with 0.1 M NaOH and water.
Using 50 mM borate buffer containing 3.5 mM
SDS and 20% (v/v) ACN, CE data were col-
lected at 214 nm, 17.50 kV, 20°C, and pressure
injection between 1-5 s. Lipoprotein samples
were stored at 4°C in 0.15 M NaCl with 0.01%
EDTA at pH 7.4. Each lipoprotein sample was
diluted 10 times with run buffer before injection.
Reduction of Lp(a) into apo(a) and Lp(a ) was
performed by adding ME (0.09 M) to the diluted
sample and boiling the sample for 7 min. The
amount of lipoproteins injected was between 1-8
ng (0.5 fmol-4 fmol). Diluted BA (5 wul in 100
ml water) or methanol (1:1 in water) was used as
the electroosmotic flow marker.

3. Results and discussion
3.1. Lp(a) reduction determined by SDS-PAGE

The ultracentrifugal separated and lysine-
Sepharose 4B purified Lp(a) fraction was posi-
tively identified with Lp(a) ELISA. The Lp(a)
was further analyzed by SDS-PAGE in non-re-
duced and reduced forms as shown in Fig. 1,
where one and two bands were displayed corre-
spondingly [14]. This result indicated that a fairly
pure Lp(a) sample was isolated from plasma and
Lp(a) reduction was complete.

3.2. Characterization of Lp(a) and its reduction
products by CZE

Using 50 mM borate buffer of pH 10, Lp(a)
produced very narrow peaks after it was premix-
ed with 1% SDS-0.5 M Tris buffer (Fig. 2). The
plate number of the Lp(a) peak was calculated to
be higher than 107/m. However, the reduced

reduced
Standard Lp(a) Lp(a)

= AT

La Lp(a')
= apo(a)
194 000 <
116 000 —
85 000 -

49 000 Q

Fig. 1. Lp(a) in non-reduced and reduced forms determined
by SDS-PAGE.

Lp(a) products, Lp(a™) and apo(a), were de-
tected as one peak under the conditions used.
The SDS concentration in the sample buffer (35
mM) was above the critical micellar concen-
tration (CMC =8 mM) and the running buffer
was free of SDS. Therefore, the reduced Lp(a)
particles formed micelles which migrated to-
gether and were detected as one peak. A similar
result was observed for ovalbumin and conal-
bumin [15]. The loss of resolution and the peak
sharpening effect were caused by the mobility
gradients as indicated.

—

0.08 Lp(a)

g
4
T

UV Absorbance at 214 nm

B SR I
6 8 10

SDS
0.02 |
A
0.00 1
0 2 .
Time (min)
Fig. 2. Lp(a) in 50 mM sodium borate buffer at pH 10. The

sample was premixed with 1% SDS-0.5 M Tris buffer.
Running condition: 30 kV, 20°C, pressure injection for 5 s.
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Using 20% acetonitrile (ACN), 3.5 mM SDS,
50 mM sodium borate (pH 9) as buffer and BA
as electroosmotic flow marker, Lp(a) in its non-

reduced and reduced form was examined as -

shown in Fig. 3. Comparing Fig. 3a and 3b,
Lp(a) could be easily characterized. The LDL
peak in Fig. 3a was identified using LDL samples
purchased from Sigma. Two LDL samples from
Sigma were tested, one isolated from plasma via
size-exclusion chromatography and the other
being lyophilized powder redissolved in phos-
phate-buffered saline (0.15 M NaCl, pH 7.4).
The effective mobilities of these two LDL sam-
ples were very close. Unlike Lp(a), LDL re-
mained intact after treatment with reducing
buffer. Fig. 3 shows two interesting results. First,
both Lp(a) and Lp(a™) were different from LDL
in terms of their effective electrophoretic mo-
bilities (u.¢). Second, LDL still existed in Lp(a)
even after Lp(a) was purified by lysine-Sepharose
affinity chromatography.

The LDL samples from Sigma were originally
used to distinguish Lp(a) from apo(a), because
Lp(a™) has been assumed to be an LDL-like
particle with regard of its lipid—protein ratio and
particle size [16]. Our CE data revealed a signifi-
cant difference in electrophoretic mobility be-
tween Lp(a”) and LDL. We further examined
LDL samples from different sources and ob-
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Fig. 3. Lp(a) in non-reduced (a) and reduced (b) forms.
Running condition: 17.5 kV, 20°C, pressure injection for 1-2
s.

Table 1
The effective electrophoretic mobilities of lipoproteins

Lipoproteins (sources) Heg X 107° (cm?/V s)

Lp(a) (subject’s plasma) 15.9 (£0.2)
apo(a) (subject’s plasma) 14.5 (+£0.2)
Lp(a™) (subject’s plasma) 19.6 (x0.1)
LDL  (Sigma, liquid) 26.2 (+0.07)
(Sigma, lyophilized powder) 24.1 (+0.1)
(subject’s plasma) 26.1 (£0.2)
HDL  (Sigma, liquid) 19.6 (%0.1)
(Sigma, lyophilized powder) 19.5 (£0.1)

served fairly consistent u. values (Table 1).
Consistency of u. values also applied to HDL
samples (Fig. 4). Structurally, LDL consists of a
lipid core with its surface partially covered by
apo B-100 [2]. Cholesterol ester and triglyceride
molecules, which are hydrophobic, are in the
center of the lipid core, while the less hydro-
phobic free cholesterol and phospholipid mole-
cules are on the surface layer. The apolipo-
proteins are hydrophilic and rest on the surface
of the-lipoproteins. Lp(a) is structurally different
from LDL in having an additional apo(a). Our
CE data indicate that both Lp(a) and Lp(a™) are
different from LDL in terms of their u.. In CE,
the w4 of a species is determined by its charge-
to-size ratio. LDL and Lp(a) have comparable
particle sizes [15]. SDS molecules can add nega-

0.
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g 0000 2 1 L - )
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8 0003
2 0002
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-0.003 ———— T — —
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Fig. 4. HDL and LDL separation under the same conditions
as in Fig. 3.
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tive charges to lipoproteins by attaching to both
lipid molecules and protein backbones. The
average amount of lipid (w/w) in Lp(a) and LDL
is 66 and 77%, respectively [16]. Because the
surface of LDL is covered more by lipid than
Lp(a), it is likely that more SDS molecules will
attach to the LDL surface resulting in an in-
crease of negative charges on the LDL particles.
Hence, the charge-to-size ratio of LDL mole-
cules exceeded that of Lp(a) and consequently a
larger w . was observed for LDL.

The existence of LDL in Lp(a) samples was
clearly shown in Fig. 3 but could not be seen on
the slab SDS-PAGE (Fig. 1). When Lp(a) was
isolated as density fractions using ultracentrifu-
gation, it was likely to be contaminated by LDL
and HDL. Apo(a) in Lp(a) consists of many
repeats of a unique structural domain, the krin-
gle domain [2], which can specifically bind to
lysine. Since kringle domains do not exist in
LDL or HDL, it should be possible to purify
Lp(a) from LDL and HDL by lysine-Sepharose
affinity chromatography. Based on our CE data,
HDL did not appear in the Lp(a) electrophoreg-
rams. On the one hand, the detection of LDL in
Lp(a) demonstrated the superior sensitivity of
CE over slab SDS-PAGE; on the other hand, it
implied that Lp(a)-LDL complexes exist in plas-
ma because LDL could not have survived the
affinity chromatographic separation unless it is
tightly associated with Lp(a) via lipophilic inter-
action. Evidence for the high affinity of Lp(a) for
LDL has been reported [17].

Both BA and methanol were used as neutral
markers in our CE studies. Neutral marker was
injected following each sample injection. Un-
expectedly, the two markers caused considerable
differences in the signal intensities of the LDL
(Fig. 5) and Lp(a™) (Fig. 6) peaks. MeOH
appeared as a positive peak in Figs. 5 and 6
because the background electrolyte buffer con-
tained 20% ACN which showed a lower UV
absorbance than MeOH. When methanol was
used as the neutral marker, the LDL peak in the
Lp(a) sample was either very small or non-ob-
servable. In contrast, the LDL peak was well
detected simply by switching to BA as marker.
The aqueous solubility of BA is limited due to its
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Fig. 5. UV enhancement effect of BA on LDL. The neutral

markers used were (a) MeOH and (b) BA. The running

conditions were the same as in Fig. 3.

0 5

hydrophobic aromatic ring which causes its in-
tense UV absorbance. In LDL, the lipid mole-
cules on the surface layer are hydrophobic and
contribute little to the UV absorbance of the
LDL particles. When BA was injected following
the sample injection, it passed through the
sample zone during migration. Presumably, part
of the BA molecules became attached to the
surface lipid portion to such an extent that the
UV absorbance of the LDL molecules was no-
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0.001
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Fig. 6. UV enhancement effect on Lp(a™) and LDL. The
neutral markers used were (a) MeOH and (b) BA. The
running conditions were the same as in Fig. 3.
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tably enhanced but its overall C/S ratio was not
alternated. This UV-enhancement effect ob-
served for LDL and Lp(a™) largely exceeded
that of Lp(a) and HDL. It demonstrates that
there is more lipid exposed on the surface of
LDL and Lp(a ) compared with Lp(a) and
HDL. In other words, Lp(a) and HDL are
covered more by protein on their surfaces. Based
on the literature, little is known about the nature
of the interaction between apo(a) and Lp(a™)
other than that the two components can be easily
separated via chemical reduction. Our CE results
indicate that apo(a) molecules have more inter-
active contacts with the Lp(a ) surface besides
the disulfide bond linkage. In LDL particles, apo
B-100 molecules are believed to be wrapped
around the lipid core [2]. If we consider that the
size of apo(a) molecules (300-800 kDa) is com-
parable to that of apo B-100 (500 kDa), it is
conceivable that apo(a) covers a considerable
part of the Lp(a™) surface.

The CZE method reported here is advantage-
ous over the widely used ELISA and SDS-PAGE
techniques. First, all immunoassays rely on
specific antibody recognition of epitopes on the
Lp(a) molecules. The nature and variety of the
epitopes selected by Lp(a) antibodies is un-
known. This feature causes the problems in
reliable standardization and comparison [5]. In
contrast, CZE detection of Lp(a) is based on the
UV absorbance of the whole molecule. There-
fore, it avoids the dependency on specific epi-
topes encountered in immunoassays. Secondly,
Lp(a) and LDL show very low mobilities on
SDS-PAGE due to their extremely large sizes as
well as lipid contents, which makes the determi-
nation of molecular masses and isoforms dif-
ficult. On the other hand, all lipoproteins studied
by us show very different electrophoretic mo-
bilities. (iii) ELISA and SDS-PAGE require 3—
10 h to accomplish, while all the measurements
of Lp(a) and other lipoproteins presented above
are achieved within 20 min. In addition, neither
immunoassays nor SDS-PAGE can be used to
simultaneously determine the concentration and
isoforms - of lipoproteins, whereas further de-
velopment of CE methods will likely be success-
ful in this respect.

4. Conclusions

Lp(a) and its reduction products, Lp(a™) and
apo(a), can be separated and identified with
sodium borate buffer containing SDS and ACN.
IDL and HDL from different sources have
consistent effective electrophoretic mobilities
under the same conditions. Both Lp(a) and
Lp(a™) are significantly different from LDL in
their electrophoretic mobilities. Because of the
lipophilic properties of Lp(a~) and LDL, they
can absorb BA on their surface thereby enhanc-
ing their UV absorbance. Based on the different
electrophoretic behaviors of Lp(a) and LDL, we
speculate that Apo(a) does not simply attach to
Lp(a™) via a disulfide bond, but has also other
interactions with the Lp(a™) surface. All the CE
data can be obtained within 20 min, which is
very time efficient compared to immunoassay
and SDS-PAGE.
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Abstract

The analysis of recombinant Desmodus salivary plasminogen activator (DSPA«1), a heterogeneous glycoprotein,
is demonstrated through the use of high-performance liquid chromatography (HPLC), high-performance capillary
electrophoresis (HPCE), liquid chromatography—electrospray mass spectrometry (LC-ES-MS), and matrix-as-
sisted laser desorption ionization—time of flight mass spectrometry (MALDI-TOF-MS). The protein is analyzed at
three specific levels of detail: the intact protein, proteolytic digests of the protein, and fractions from the proteolytic

digest. A method for “on-column” collection of HPLC fractions for subsequent transfer and analysis by HPCE and

MALDI-TOF-MS is shown.

1. Introduction

The development of rDNA-derived protein
pharmaceuticals has been facilitated by the intro-
duction of new analytical methods that can be
used to characterize proteins and/or to demon-
strate consistency of manufacture of a protein.
Peptide mapping is a key method for monitoring
the amino acid sequence and is able to detect
small changes in small to moderate size proteins,
e.g. insulin and human growth hormone. The
analysis of a much larger protein, e.g. fibrinogen
(molecular mass of 350 000), or the heteroge-
neous glycoproteins, such as antibodies (molecu-
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lar mass of 150 000), is hindered by the complex-
ity of the range of peptides generated by an
enzymatic digestion. Such complexity makes a
single reversed-phase high-performance liquid
chromatography (HPLC) separation combined
with on-line UV detection of limited utility.
The advent of commercially available com-
bined HPLC and electrospray ionization mass
spectrometry (LC-ES-MS) systems compatible
with conventional HPLC methodology has in-
creased the power of peptide mapping considera-
bly [1,2]. LC-ES-MS in combination with in-
source collisionally induced dissociation (CID)
has been used effectively to identify sites of N-
and O-linked glycosylation [3-5]. However, even
this technique is limited by insufficient resolution

© 1995 Elsevier Science B.V. All rights reserved
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resulting from the large number of very similar
peptides caused by variable protein glycosylation
and enzymatic digests of moderately sized glyco-
proteins. It is therefore necessary to employ a
range of techniques with orthogonal selectivity in
order to characterize such samples. A significant
issue is to efficiently utilize such multidimension-
al data in a way that multiple samples can be
characterized for a product development pro-
gram.

It is interesting to note the evolution of the
terms ‘“‘multidimensional” and ‘“hyphenated”.
Ten years ago, these terms were routinely used
to mean the (generally) on-line coupling of two
single-stage analytical instruments, such as chro-
matography and mass spectrometry. Now, how-
ever, such a coupling is widely accepted and the
multidimensionality of the analysis is of a higher
order. The power of recent techniques lies in
utilizing  chromatography, high-performance
capillary electrophoresis (HPCE), UV-Vis, mass
spectrometric, and other spectrometric data in
an integrated manner.

We have, therefore, investigated the use of
combinations of HPCE, HPLC, LC-ES-MS, and
MALDI-TOF-MS to allow for characterization
of enzymatic digests of underivatized glycopro-
tein samples. The separation selectivity of HPLC
and CE is sufficiently orthogonal to yield a great
deal of comparative information. Although LC-
ES-MS is extremely powerful for peptide map-
ping, when dealing with intact proteins the mass
range is limited to simple mixtures and lower-
molecular-mass  fragments compared with
MALDI-TOF-MS. Thus in combining data from
the two techniques, highly complementary data
are obtained.

As an example of a heterogeneous glycopro-
tein, DSPAal, a single-chain plasminogen ac-
tivator derived from Desmodus rotundus (vam-
pire bat) salivary glands [6] was chosen. DSPA«1
is a serine protease that plays a role in clot lysis.
The potential applications for the molecule are
in the area of thrombotic myocardial and cere-
bral infarctions, deep vein thrombosis, lung
embolism, and peripheral arterial occlusive dis-
eases. DSPAa1 displays approximately 70% se-
quence homology with the double-chain serine

protease, tissue plasminogen activator (tPA),
and may have a fibrin specificity, with a strict
dependence on polymeric fibrin as a co-factor
[7]. DSPA is known to be heterogeneous when
expressed in CHO cells [8]. It is a large (441
amino acids) complex molecule of calculated
(non-glycosylated) average molecular mass
49 508, with six sites for potential glycosylation,
four O-linked and two N-linked. It has been
proposed, based on homology with other serine
proteases [6] that there are 28 cysteines forming
14 disulfide bridges.

2. Experimental
2.1. Instrumental

HPLC

The HPLC separation was performed on a
Hewlett-Packard 1090 liquid chromatography
system equipped with DRS ternary solvent deliv-
ery system, diode-array UV-Vis detector, auto-
sampler, and heated column compartment (Hew-
lett-Packard, Wilmington, DE, USA). All HPLC
separations were done using a Vydac Ci
(Catalog No. 218TP54, Hesperia, CA, USA)
5-um particle, 300-A pore size reversed-phase
column. A standard solvent system of water
(solvent A) and acetonitrile (solvent B), both
with 0.1% trifluoroacetic acid (TFA), was used
with a flow-rate of 0.2 ml/min. The gradient for
the separation was constructed as 0-60% B in 90
min. The column temperature was maintained at
45°C throughout the separation.

A schematic for “on-column” fraction collec-
tion is shown in Fig. 1. The effluent from the
HPLC (at 200 ul/min) is mixed with a non-
elutropic solvent, 0.1% TFA at 1000 wl/min
delivered with an Eldex Model A-30-S metering
pump (Eldex Laboratories, Napa, CA, USA).
The resultant mixture was selectively directed to
one of four possible collection columns, or a
bypass, using a Valco Model CST6UW 6-posi-
tion, 14-port, electrically actuated valve (Valco
Instrument, Houston, TX, USA). The collection
columns consisted of HP hydrophobic sequenc-
ing cartridge columns (P.N. G1073A) in a col-
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Fig. 1. Schematic of on-column fraction collection.

umn adapter (P.N. G1007A). Fractions were
eluted from the collection columns using a gra-
dient from 0 to 90% B in 5 min at a flow-rate of
0.2 ml/min and collected in Eppendorf vials.
Four specific fractions were chosen to be col-
lected from the endoproteinase ArgC digest of
DSPAal. The fraction collection process was
repeated for four separations with 250 ul of
sample at a concentration of 1.2 nmol/ml for a
total sample consumption of 1.2 nmol. For each
run, the specific fraction was directed to the
appropriate cartridge. The samples were then
eluted in approximately 200 ul and concentrated
to a final volume of 100 ul. Thus approximately
1.2 nmol of each homogeneous peptide was
collected while a lower amount is present for the
heterogeneous glycoforms. Since in the original
sample the 1.2 nmol was contained in 1000 ul,
while the final fraction volume was 100 ul, an
approximate ten-fold concentration was obtained
along with isolation of the fractions.

High-performance capillary electrophoresis
HPCE was done on a Hewlett-Packard
HP’PCE system with a built-in UV-Vis diode-
array detector (DAD) and MS Windows Chem-
station 3D software. A phosphate deactivated [9]
fused-silica capillary of 50 um internal diameter
and 56 cm effective length with a 150 pum
extended light path (bubble cell) (P.N. G1600-
62232) was used. The capillary was thermostat-
ted at 35°C. Before each separation, the capillary

was conditioned by flushing with 0.1 M NaOH
for 2 min at 50 mbar, followed by flushing with
background electrolyte for 5 min at 50 mbar.
The background electrolyte consisted of 100 mM
sodium phosphate buffer at pH 2.4 and 100 mM
NaCl. Injections were made by pressure for 10—
30 s at 50 mbar. For peptide separations, the
injection was followed by a trailing electrolyte
consisting of 1 mM phosphoric acid at 5 kV for 2
min. The use of this discontinuous buffer system
served to sharpen the peaks from the injection
plug. The separation was monitored at 200 and
280 nm.

Mass spectrometry

LC-ES-MS. Mass spectrometry was done on a
Hewlett-Packard 5989B quadrupole mass spec-
trometer equipped with extended mass range,
high-energy dynode detector (HED), and a
Hewlett-Packard  59987A  APl-electrospray
source with high-flow nebulizer option. Both the
HPLC and MS were controlled by the HP
Chemstation software, allowing simultaneous
instrument control, data acquisition, and data
analysis. The high-flow nebulizer was operated in
a standard manner with N, as nebulizing (1.5
1/min) and drying (15 1/min at 300°C) gas.

To counteract the signal suppressing effects on
LC-electrospray MS of trifluoroacetic acid, a
previously reported method [10], referred to as
the “TFA fix” was employed. The “TFA fix”
consisted of post-column addition of propionic
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acid—isopropanol (75:25) at a flow-rate of 100
#1/min. The TFA fix was delivered using an HP
1050 HPLC pump and was mixed with a zero-
dead-volume tee into the column effluent after
the DAD detector and after the column-switch-
ing valve. Column effluent was diverted from the
MS for the first 5 min of the chromatogram,
during which time excess reagents and unre-
tained components eluted.

For peptide mapping, MS data was acquired in
scan mode, scanning from 200 to 1600 u at an
acquisition rate of 1.35 Hz at 0.15 u step size.
Unit resolution was maintained for all experi-
ments. Data was filtered in the mass domain with
a 0.03 u Gaussian mass filter and in the time
domain with a 0.05 min Gaussian time filter. The
fragment identification was done with the aid of
HP G1048A protein and peptide analysis. soft-
ware, a software utility which assigns predicted
fragments from a given sequence and digest with
peak spectral characteristics.

For the in-source collisionally induced dis-
sociation (CID) method for detecting fragments
indicative of glycopeptides [3], the CapEx volt-
age was set to 200 V instead of the standard 100
V. Data acquisition was done in selected-ion
monitoring (SIM) mode, monitoring ions at m/z
147, 204, 292, and 366, each with a 1 u window
and a dwell time of 150 ms, resulting in an
acquisition rate of 1.5 Hz. Data was filtered in
the time domain with a 0.05 min Gaussian time
filter.

MALDI-TOF-MS. Mass spectra were gener-
ated with a Hewlett-Packard 1700XP (predeces-
sor to the Hewlett-Packard G2025A) MALDI-
TOF-MS system. This system utilizes a N, laser
(337 nm) for the desorption/ionization event
coupled with a linear 1.7-m time-of-flight ana-
lyzer for mass analysis. Spectra were acquired at
laser powers just above the ionization threshold
using a matrix consisting of either 2,5-dimethoxy-
4-hydroxycinnamic acid (sinapinic acid, HP P.N.
G2055A) or 2,5-dihydroxybenzoic acid (DHBA,
P.N. G2056A).

Intact protein: DSPAal (0.55 mg/ml) was

mixed 1:1 with a 100 mM sinapinic acid matrix
solution and two 1-ul aliquots (ca. 10 pmol total)
were sequentially deposited onto the probe tip
and vacuum dried in the HP G2024A sample
prep accessory. Data were collected at a 100
MHz sampling rate and a total of 100 laser shots
were summed. The mass scale was calibrated
using a protein standard mixture (HP P.N.
G2053A) as an external calibrant.

Protein digest mixture and HPLC pooled frac-
tions: The entire digest mixture sample was
prepared by two different methods. For each
method, data were collected at a 400 MHz
sampling rate and a total of 100 laser shots were
summed. The standard preparation method com-
prised of diluting the digest mixture (0.35 mg/
ml) 1:9 with 100 mM sinapinic acid. Two 0.5-ul
aliquots (ca. 600 fmol total) were sequentially
deposited onto the probe tip and vacuum dried.
The alternative method involved generating a
seed layer of polycrystalline DHBA on the probe
tip and adding a sample—matrix solution to the
bed of seed crystals [11]. In this technique, 1 ul
of a saturated DHBA matrix solution (30%
acetonitrile) is added to the probe tip, allowed to
air dry, and mechanically crushed with a glass
slide. Non-adhering crystals were then brushed
off of the probe tip. The digest mixture sample
was diluted 1:9 with the supernatant of the
saturated DHBA solution. Then 1 ul of this
solution (ca. 600 fmol) was applied to the bed of
seed crystals where crystallization commenced
immediately, allowed to sit for ca. 30 s, and
rinsed with ca. 100 n1 water prior to the sample—
matrix deposit completely drying out. This meth-
od offers an approach that greatly increases the
tolerance to contaminants which may interfere in
the crystallization process.

The HPLC fractions were mixed 1:1 with a 100
mM sinapinic acid and two 0.5-u1 aliquots were
sequentially deposited onto the probe tip and
vacuum dried. Data were collected at a 400 MHz
sampling rate and a total of 75 laser shots were
summed for each fraction.

The mass scale was calibrated using a peptide
standard mixture (HP P.N. G2052A) as an
external calibrant.
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2.2. Chemicals and reagents

HPLC-grade acetonitrile and trifluoroacetic
acid (TFA), as well as EDTA were obtained
from J.T. Baker (J.T. Baker, Phillipsburg, NJ,
USA). Distilled, deionized Milli-Q water (Milli-
pore, Bedford, MA, USA) was used. Urea was
obtained from GIBCO (Gaithersburg, MD,
USA), p,L-dithiothreitol (DTT), iodoacetic acid,
bicine, NaOH, and CaCl, were obtained from
Sigma (Sigma, St. Louis, MO, USA). The en-
zyme endoproteinase Arg-C (Boehringer Mann-
heim, Indianapolis, IN, USA) was used for
mapping. Recombinant DSPAa1 (from Berlex
Biosciences, Richmond, CA, USA) was purified
from CHO cells, and the starting concentration
was 0.55 mg/ml.

2.3. Methods

Sample preparation

DSPA«l (5 mg) was denatured in 6 M urea
and titrated with 5 M NaOH to pH 8.3. The
sample was then reduced using 32 mM DTT
(molar excess to DSPA 1:300) by incubating at
55°C for 3 h. Alkylation of the reduced protein
was done by a further 30 min incubation with 70
mM iodoacetic acid. The reduced and alkylated
DSPA«1 was then desalted using size-exclusion
chromatography.

Arg-C digestion

The reduced, alkylated, desalted DSPAal was
digested in 200 mM bicine at 37°C with an
enzyme-to-substrate (mass) ratio of 1:50 for 18 h
in the presence of 20 mM DTT, 0.5 mM EDTA,
and 8.5 mM CaCl,. The digestion was quenched
by titrating the sample to pH 1.5.

3. Results and discussion
3.1. Analytical strategy
The analytical approach used for the analysis

of the DSPAal glycoprotein was to start at the
gross level of the intact protein and use ana-

lytical techniques applicable to such a complex,
high-molecular-mass sample. Following this
characterization, the greater detail of the peptide
map from an endoproteinase Arg-C digest was
examined, followed by individual fractions from
the digest. Thus the focus moved from more
global properties of the sample to increasing
degrees of detail. At each level, HPLC, LC-MS,
HPCE, and MALDI-TOF-MS were applied. At
the more global level, it is not possible to discern
the detailed information of the specialized tech-
niques. On the other hand, it is difficult to
synthesize data from the more specific into a
more global picture. This problem of context of
scale of macromolecular analysis is at the heart
of the need for multidimensional analysis. With
samples of this complexity, no one technique
yields the required depth of structure informa-
tion combined with ready linkage to the overall
structure of the macromolecule.

The intact glycoprotein

At the level of detail of the intact glycopro-
tein, information can be gathered concerning the
gross chemical and structural characteristics of
the protein as well as the purity of the sample
preparation. In the current study, the DSPAal
sample had already undergone a number of
purification steps to isolate it from the cells in
which it was cultured. With such a protein, there
exist multiple opportunities for heterogeneity,
including glycosylation, varying N-terminal se-
quence, amino acid modifications, and
proteolytic clipping. The goal of the purification
step for a recombinant DNA derived pharma-
ceutical glycoprotein such as DSPAal is to be
combined with the production process to
produce a high-purity product in a consistent
manner. Such a product, however, may still
contain substantial heterogeneity introduced by
post-translational ~ modifications ~ such  as
glycosylation. Therefore, the analytical sample
may consist of a mixture of not only potential
contaminants, but heterogeneous glycoforms as
well, which are an intrinsic part of the target
molecule. It is the challenge of the analytical
chemist to devise a suitable set of methods that



46

can be applied to such complex samples. Of
course, in addition to separation methods dis-
cussed below, a wide range of tools including N-
and C-terminal sequence analysis, X-ray crys-
tallography, and biological activity tests can be
applied.

The initial examination of the intact protein
sample was performed by reversed-phase HPLC
and is shown in Fig. 2. From the separation, it
can be seen that the sample is quite pure, and at
least in terms of hydrophobicity, relatively
homogeneous, although product variants may
not be separated under the applied conditions
[12]. Through the use of UV-Vis diode-array
detection, its UV spectra can be acquired
throughout the separation (see Fig. 2, inset) and
data can be obtained concerning the relative
number of aromatic amino acids (tryptophan,
tyrosine, and phenylalanine) present in the pro-
tein. In those cases for which the amino acid
composition is known, this information can also
be used as a partial identification for the peak in
the presence of other proteins.

The capillary electrophoresis separation (see
Fig. 3) is used to characterize the intact protein
as well as to gather UV-Vis spectral informa-
tion. In addition, the orthogonality of the sepa-
ration mechanism, being based on charge rather
than hydrophobicity, is useful in the further
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characterization of purity and homogeneity. In
the case of a glycoprotein such as DSPA«l1, the
charge heterogeneity introduced from the vari-
able sialic acid content due to the glycosylation
results in a relatively broad peak, but the ab-
sence of other well-separated peaks is consistent
with low levels of other contaminating proteins.

The analysis of the intact glycoprotein by
MALDI-TOF-MS (shown in Fig. 4) yields in-
formation similar to that of HPCE. Although
often a destructive technique, the separation is
based on mass/charge, as is electrophoresis.
Strictly speaking HPCE is based on size/charge,
but for denatured peptides this is closelv related
to mass. The two major peaks in the spectrum
represent singly and doubly charged ions from
the protein. The mass of the protein, determined
from the singly charged ion, is 54 111.6 =54
compared with the average molecular mass of
49 508.15 calculated from the amino acid se-
quence only. The difference in M, of 4603 or
approximately 9.3% indicates a mass increase
due to glycosylation. The peak width of approxi-
mately M, 5000 is related to the degree of
microheterogeneity of glycosylation. Based on
the expected resolution of the MALDI-TOF-MS
experiment, if DSPAal were homogeneous, it
would have a peak width at half height on the
order of M, 500 due, in part, to the isotopic

mAU UV/VIS Spectrum
may 800 1
1400 - 800 :
1200 3 14 Phenylalanine
] 20 Tyrosine
] 400 +
1000 ] 10 Tryptophan
sco 3 200 -+
600 7 0 h
400
] 220 240 260 280 300 nm
200
] JL 254nm
° _L 2800~
209 | A | - ' ' 1 T 1 T
20 40 60 80 100  time (min)

Fig. 2. HPLC of intact protein; 20 pg total protein injected. See text for conditions.
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Fig. 3. CE of intact protein; 40 pmol total protein injected. See text for conditions.

distribution. In addition, there is some fine-struc-
ture of the [M+ 1]" peak, which may indicate
the presence of heterogeneous glycoforms.

It is useful at this level, as well as other levels
of detail, to compare the relative sensitivity of
the three techniques discussed above. In the case
of HPLC, the total amount of sample applied
was 20 pg injected in a volume of 10 ul, or a
sample concentration of 2 mg/ml (40 mmol/ml).
As can be seen from the chromatogram, the
HPLC separation could be run at significantly

Abundance
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00 A=4603Da
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600

2+
(M+2H)

550 27153.4Da

500
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lower concentration. In the case of the HPCE
separation, a pressure injection of 1500 mbar s
(50 mbar x 30 s) resulted in an injection volume
of 10 nl, of an original sample concentration of
0.51 mg/ml, corresponding to 5 pg. While the
mass sensitivity of HPCE is very good, due to
the low injection volumes and short detection
path lengths, the absolute concentration sen-
sitivity is less impressive. In the case of MALDI~-
TOF-MS, a relatively small amount of sample is
applied. The sensitivity is even more impressive

1+
(M+H)
54111.6Da

400 =
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Fig. 4. MALDI-TOF-MS of intact protein;

40000
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10 pmol total protein applied. Matrix: sinapinic acid.
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when one considers that of the 10 pmol applied,
probably less than 100 fmol are consumed. The
MALDI-TOF-MS technique generates useful
data even when only 10-100 fmol of sample are
applied.

The proteolytic digest

At the next level of detail, the intact glycopro-
tein is digested through the use of a proteolytic
enzyme, resulting in a mixture of not only
fragments due to the selectivity of cleavage, but
of different glycoforms of specific glycosylated
fragments as well. If, as is the case for DSPA«]1,
the cDNA sequence of the protein is known, the
peptide map generated by the separation of the
digest can be compared with the predicted se-
quence.

The generation of peptide maps through the
chromatographic or electrophoretic separation of
the proteolytic digest (as shown in Fig. 5) is
extremely powerful in generating a “fingerprint”
of the protein. However, when the separation is
monitored with a UV-Vis detector, complete

mAU

300

200

identification of the individual fragments is prob-
lematic. Although it has been shown that the
individual fragments can be identified by com-
paring the UV spectra with those of standards,
fragment identification usually requires fraction
collection and subsequent analysis by mass spec-
trometry or N-terminal peptide sequencing.
The orthogonal separation mechanisms of re-
versed-phase HPLC and HPCE are evident in
comparing the elution patterns of the two sepa-
rations shown in Fig. 5. This can be exploited to
resolve areas in one mode which co-elute in the
other. The orthogonality of the separation mech-
anisms can also be used in a quality control
environment as a fingerprint which can detect
subtle changes in the protein product.
MALDI-TOF-MS can also be used to char-
acterize enzymatic digest, as shown in Fig. 6. In
this complex spectrum, a number of the pre-
dicted fragments can readily be identified. How-
ever, it is not possible to identify all the digest
fragments present in the sample, due to a num-
ber of factors. The lack of chromatographic or
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Fig. 5. HPLC and CE of digest (a) HPLC monitored at 214 nm; 78 pmol injected. (b) HPCE monitored at 200 nm; 5 pmol

applied. See text for other conditions.
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Fig. 6. MALDI-TOF-MS of digest; 500 fmol total protein applied. (a) Matrix: polycrystalline DHBA, (b) sinapinic acid.

electrophoretic separation hinders the ability to
spot glycopeptides in complex mixtures. Further-
more, isobaric peptides cannot be resolved by
mass spectrometric techniques alone. The com-
plexity of the sample introduces selectivity in the
ionization process which may suppress specific
fragments. Often, 60—80% of the expected digest
fragments are observed. The formation of matrix
adducts may further complicate the mixture and
may result in ions which are difficult to identify.
In the lower mass range, matrix background ions
are also present. For specific applications, selec-
tivity can be optimized by judicious choice of
matrix. In the data shown in Fig. 6, better detail
is obtained in the lower mass range through the
use of polycrystalline dihydroxybenzoic acid
(DHBA) as a matrix than sinapinic acid. In
general, lower-molecular-mass peptides (<2000)
have higher desorption/ionization yields with
DHBA than with sinapinic acid. More extensive
coverage of a digest mixture can be realized via
MALDI-TOF-MS analysis of prefractionated
HPLC pools of the mixture. Even though the

single-dimensional analysis via MALDI-TOF-
MS of enzyme digests is generally not com-
prehensive, it can be used to quickly generate a
characteristic fingerprint similar to HPLC and
HPCE.

The on-line combination of HPLC and electro-
spray ionization mass spectrometry adds a di-
mension to the analysis of peptide maps which
makes it possible to identify most, if not all, of
the predicted fragments. The LC-ES-MS analy-
sis of the endoproteinase Arg-C digest of
DSPA«1 is shown in Fig. 7. The UV signal at 220
nm is shown in the lower half of Fig. 7 for
comparison. Note that the sensitivities of the two
detectors (UV and MS) are similar and that most
peaks show up in both traces, although the
individual intensities may differ.

Electrospray ionization is particularly useful in
the identification of relatively high-molecular-

" .mass peptides because of its ability to generate a

set of multiply charged ions [13] which can be
used to determine the molecular mass of the
peptide even when the molecular mass is far in
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Fig. 7. LC-MS of digest; 78 pmol total protein injected. (a) Mass spectrometry total ion current, (b) 214 nm.

excess of the range available to the mass ana-
lyzer for singly charged molecules. For peptides
found in enzymatic digests, molecular masses are
typically below 5000 and the charge states are
typically less than +35 (positive ion mode). The
mass accuracy of the determination is typically
better than 0.02%. In these experiments, mass
spectral resolution was maintained at unit res-
olution across the scanned mass range and the
sample was based on 78 pmol total protein. This
is an important aid in assigning charge states to
ions from peptides.

The identified fragments are listed in Table 1.
The peaks which are unidentified are highlighted
in Fig. 7. The interpretation of the peptide map
was aided through the use of a software interpre-
tation utility which greatly facilitates assignment
of the predicted fragments to specific peaks in
map. The software can also suggest anomalous
sub-sequence fragments and modifications.

Although endoproteinase Arg-C was used as
the proteolytic enzyme, there were a number of
fragments which could not be explained by the
cleavage selectivity of this enzyme. However,

most of the fragments could be accurately as-
signed as fragments produced by a tryptic digest.
Trypsin cleaves peptide bonds on the C-terminal
side of arginine or lysine residues. By contrast,
endoproteinase Arg-C selectively cleaves only
after arginine residues and, as such, the peptide
fragment mixture which is generated by Arg-C
can be considered a subset of a tryptic digest. All
Arg-C fragments can be interpreted as single or
multiple tryptic fragments. Future studies on
DSPAal will use preparations of the endo-
proteinase that show a greater degree of arginine
specificity.

Table 2 shows a list of predicted fragments
which were not identified in the LC-ES-MS
analysis. A number of predicted fragments were
not identified because the mass of the singly
charged ions falls below the scanned molecular-
mass range (200-1800). Interestingly, those di-
gest fragments which are expected to be glyco-
sylated (O-linked: T25, T36, T39, T45; N-linked:
T15, T43) are either missing or are found at low
abundance relative to other fragments, and can
be used as a rough predictor of glycosylation
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Table 1
Found fragments

Retention  Deconvoluted  Explanation

time mass

10.20 [475.2] Fragment 42 (355-358) CAPK

13.57 [877.9] Fragment 46 (420-427) DVPGV YTK

[439.4] Fragment 30 (254-256) TYR

18.29 [1104.4] Fragment 7 (31-38) VEHCQ CDR

19.46 [1260.5] Combination of fragments 6 to 7 (30-38) RVEHC QCDR

19.77 [780.3] Fragment 12 (84-89) CEVDT R

23.25 [721.4] Fragment 41 (349-354) LYPSS R

23.25 [677.3] Fragment 22 (176-181) ATCGL R

25.59 [993.5] Fragment 14 (102-110) GTWST AESR

26.52 [542.4] Fragment 22 9249-253) VVLGR

28.89 [1404.6] Fragment 13 (90-101) ATCYE GQGVT YR

29.86 [1520.2] Combination of fragments 31 to 32 (257-267) VKPGE EEQTF KVK

30.91 [628.3] Fragment 48 (437-441) DNMHL

32.11 [1488.6] Fragment 21 (163-175) FTSES CSVPV CSK

32.84 [2440.1] Combination of fragments 20 to 22 (163-181) AGKFT SESCS VPVCS KATCG LR

34.05 [1452.6] Fragment 44 (364-376) TVINN MLCAG DTR

35.75 [2151.1] Combination of fragments 38 to 40 (283-348) HKSSS PFYSE QLKEG HVR

36.91 [1867.9] Combination of fragments 39 to 40 (333-348) SSSPF YSEQL KEGHV R

38.44 [1298.7) Fragment 4 (18-27) QESWL RPEVR

41.34 [1938.0] Combination of fragments 30 to 32 (254-269) TYRVK PGEEE QTFKYV K

41.82 [1879.8] Fragment 18 (130-145) MPDAF NLGLG NHNYC R

45.21 [1645.9] Fragment 19 (146-159) NPNGA PKPWC YVIK

46.31 [4216.1] Combination of fragments 34-36 (271-306) YIVHK EFDDD TYNND IALLQ LKSDS PQCAQ
ESDSV R

47.76 [1120.6) Fragment 47 (428-436) VINYL GWIR

48.31 [2795.4] Combination of fragments 33 to 35 (270-292) KYIVH KEFDD DTYNN DIALL QLK

49.22 [2667.3] Combination of fragments 34 to 35 (271-292) YIVHK EFDDD TYNND IALLQ LK

54.79 [3414.6] Combination of fragment 24 to 25 (183-212) YKEPQ LHSTG GLFTD ITSHP WQAAI
FAQNR

55.23 [3123.5] Fragment 25 (185-212) EPQLH STGGL FTDIT SHPWQ AAIFA QNR

55.62 [2767.1] Fragment 37 (307-330) AICLP EANLQ LDPWT ECELS GYGK

70.21 [3517.6] Fragment 28 (219-248) FLCGG ILISS CWVLT AAHCF QESYL PDQLK

73.09 [4041.9] Combination of fragments 28 to 29 (219-253) FLCGG ILISS CWVLT AAHCF QESYL PDQLK

VVLGR

sites. This pattern was consistent with carbohy-
drate characterization studies [14] performed by
others. There are also a number of lower-abun-
dance fragments which were not identified at this
stage, but based on previous studies it would be
expected that secondary cleavages induced by
the protease are the cause of many such frag-
ments.

The characterization of enzymatic digests of
glycoproteins by LC-ES-MS can be approached
in three ways [15]. If the mass spectral data is
presented as a contour map of m/z versus time

versus intensity, series of unresolved glycopep-
tides will appear as diagonal bands, since for a
given digest fragment, glycoforms with a greater
degree of glycosylation will appear as slightly
heavier and elute somewhat early [1]. A second
method consists of using in-source collisionally
induced dissociation to fragment glycopeptides,
producing marker ions indicative of specific types
of glycosylation [3]. Finally, if the sequence of
the protein is known, fragments and their glyco-
forms can be predicted from knowledge of typi-
cal glycosylation patterns. One can then hunt for
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Table 2
Not found fragments

Fragment m/z Sequence Reason

T2[8-16] 1155.5 DEITQ MTYR ?

T3[17] 174.1 R Low mass

T5[28-29] 233.1 SK Low mass

T6[30] 174.1 R Low mass

T8[31-38] 430.2 GQAR ?

T10[56-82] 3185.2 CHTVP VNSCS EPR ?

T11[38] 174.1 R Low mass

T15[111-123]  1591.8 VECIN WNSSL LTR Possible N-linked glycosylation
T16[124] 174.1 R Low mass

T23[182] 146.1 K Low mass

T26[213] 174.1 R Low mass

T27[214-218] 534.2 SSGER ?

T33[270] 146.1 K Low mass

T43[349-363] 667.4 FLFNK Possible N-linked glycosylation

T45[377-419]  4649.0
VCMND NHMTL LGIIS WGVGC
GEK

SGEIY PNVHD ACQGD SGGPL

Possible O-linked glycosylation

the specific glycoforms through the use of ex-
tracted ion chromatograms [16].

In this study, specific N-linked glycosylation
was identified in DSPAal. The possible sites of
N-linked glycosylation can be identified from the
known sequence by the consensus sequence
Asn-X-Ser(Thr). The N-linked structure is con-
nected to the Asn residue. In DSPA«1, the two

- _possible N-linked sites are at residue 117 in

fragment T15[111-123] and residue 362 in frag-
ment T43[359-363]. N-linked glycopeptides gen-
erated in mammalian cell lines often fall into
three general classes: high-mannose, complex,
and hybrid. The expected glycosylation patterns
in DSPAa1 include high-mannose and complex
structures, as illustrated in Fig. 8. All of these
structures share the GIcNAc,Man, backbone
structure shown in the outlined triangle. The
heterogeneity is introduced by the number of
mannoses in high-mannose structures and the
degree of branching in the complex structures.
Branching in complex structures can be intro-
duced by the HexNAc+ Hex structure in the
outlined rectangle. Further microheterogeneity
can be introduced by the addition of fucose or
sialic acid.

The choice of the proteolytic enzyme is im-

portant in the characterization of glycoproteins.
The enzyme is typically chosen such that there is
only one possible glycosylation site per fragment,
as is the case for Arg-C digest of DSPA«l.
Fortunately, the unexpected additional frag-
mentation encountered maintained this selectivi-

ty.

Fig. 8. Schematic of N-linked glycoforms.



A. Apffel et al. | J. Chromatogr. A 717 (1995) 41-60 53

Although the use of contour maps has been
shown to be of utility in locating sites of
glycosylation [2], the success of such an approach
depends largely on the complexity of the
glycosylation and the sensitivity of LC-MS anal-
ysis. If the sample is very heterogeneous, it will
be difficult to differentiate the characteristic
diagonal pattern from background signals. Fig. 9
shows a contour for a section of the Arg-C map
of DSPAal from 40 to 50 min. The encircled
area shows signal due to fragment T15[111-123]
complex sialylated biantennary structures with
two different charge states (+2 and +3) for
different degrees of sialylation. Although the
characteristic pattern is evident in this figure, in
point of fact, these glycopeptides were identified
through the use of extracted ions, as described
below.

The use of in-source collisionally induced
dissociation in the analysis of DSPAal is illus-
trated in Fig. 10. The CID mass spectral acqui-
sition was carried out in selected-ion monitor-
ing (SIM) mode to increase the sensitivity. The
marker ions which were monitored are shown
in Table 3. The reproducibility of the HPLC
separation is sufficiently good that areas iden-
tified in the SIM analysis can be accurately
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Fig. 9. Detail of contour map for DSPAal Arg-C digest; 78
pmol total protein injected. CapEx voltage = 100 V. Data for
signal >2000 counts shown.

compared with separate full spectral acquisi-
tions conducted at lower fragmentation energy.
This allows the parent glycopeptide to be iden-
tified. The success of this technique is limited
by the complexity of the original glycoprotein
and the sensitivity of the LC-MS system. In
cases where there is a large degree of micro-
heterogeneity due to glycosylation, there may
not be an sufficient amount of an individual
glycopeptide present to generate an interpret-
able low-energy spectrum. Note, however, that
the sensitivity from the SIM CID data is suffi-
cient since all of the different chromatograph-
ically unresolved glycoforms will contribute
fragment ions to the electrospray signal. The
summation of the signals due to the marker
ions results in relatively broad looking chro-
matographic peaks. Based on the CID data, it
is possible to infer some glycostructure dif-
ferentiation. For example, all N-linked struc-
tures will generate a m/z 204 ion corre-
sponding to the HexNAc in the backbone
structure. All complex N-linked glycopeptides
will generate a m/z 366 ion corresponding to
the HexNAc + Hex structure indicative of the
branching in multi-antennary structures. Only
fucosylated glycopeptides will generate m/z 147
and only sialylated glycopeptides will generate
a m/z 292 ion.

If the sequence is known and the glycosylation
pattern of the host cell line is known, glycopep-
tides can be predicted and searched for in full
scan mass spectral data via extracted ions. In-
dividual glycopeptides which are present in such
Jow amounts as to not generate an appreciable
signal in the total ion current may be identified
much more sensitively by looking only at the
signals due to specific ions. An example is shown
in Fig. 11, in which extracted ions corresponding
to the T15 complex biantennary structure with
different numbers of sialic acid are shown. Note
that the region between 43.0 and 43.5 shows
essentially no peaks in the total ion current. This
is because the individual glycopeptides are pres-
ent at significantly lower levels than a homoge-
neous non-glycosylated peptide fragment. From
previous carbohydrate analysis, is known that
DSPAal glycosylation is approximately 34.5%
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Fig. 10. CID detection of glycopeptides; 78 pmol total protein injected. (a) Total-ion chromatogram from scan acquisition
(CapEx = 100 V), (b)-(e) from selected-ion monitoring acquisition (CapEx = 200 V): (b) m/z 147, (c) m/z 204, (d) m/z 292, (e)

m/z 366 relative molecular mass.

high-mannose, 39.2% biantennary sialylated,
18.2% biantennary asialylated, 7.1% trianten-
nary, and 1.1% tetraantennary [14]. In future
work, in order to detect more of these struc-
tures, it will be necessary to utilize further
preconcentration to improve the detection limits
of the technique.

HPLC fractionation of the digest

In many cases, the complexity of the mixture
generated by an enzymatic digest of a glycopro-
tein is too high for all components to be com-

pletely resolved by a single-dimensional analyti-
cal technique. Even two-dimensional techniques
such as (LC or CE)-DAD UV-Vis or LC-MS
have insufficient separation power to completely
resolve the mixture. In these case, an orthogonal
third dimension can be exploited. While three-
dimensional systems have been employed on-line
[17], we chose to transfer samples from an LC
separation to subsequent analysis in a semi off-
line technique. Fractions eluting from the re-
versed-phase HPLC separation were selectively
transferred onto disposable hydrophobic collec-

Table 3

Glycomarkers

Sugar Symbol Chemical Mass Ion monitored
formula M+1]"

Fucose Fuc COH,, 146.1 147.1

Hexose Hex C,OH,, 162.1 163.1

N-Acetylhexosamine HexNAc C,O¢NH,; 203.2 204.2

N-Acetylneuraminic acid NANA C,,O,NH,, 291.3 292.1

Complex branch unit HexNAc + Hex 365.3 366.3
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Fig.

11. Extracted ion detection of glycopeptides. Scan acquisition (CapEx =100 V).

(a) Extracted m/z 1608.55,

Gal,Man,GIcNAc,NANA, (+2 charge state). (b) Extracted m/z 1754.2, Gal,Man,GIcNAc,NANA, (+2 charge state). (c)
Extracted m/z 1266.9, Gal,Man,GIcNAc,NANA, (+3 charge state). (d) Total-ion chromatogram.

tion columns after the effluent was diluted with a
non-elutropic solvent. Because of the highly
reproducible retention times of the LC sepa-
ration, this process could be repeated, loading
fractions from multiple LC runs on single collec-
tion columns. The hardware setup employed
used a 14-port, 6-position valve which would
allow four collection columns to be randomly
accessed in addition to a bypass path. Following
fraction collection, the fractions were eluted
from the collection column with a rapid gradient.
Since the fraction elution solvent does not have
to be the same as the solvent system used in the
peptide map, buffer transfer or desalting can also
be accomplished in this step. This had the
advantages of concentrating the samples for
subsequent analysis and of great flexibility in
transferring the sample fraction to subsequent
analytical techniques.

This technique is particularly useful in trans-
ferring samples to subsequent HPCE separation.

As mentioned above, HPCE suffers from rather
poor concentration sensitivity due to relatively
small injection volumes and short-path-length
UV detection. While on-line sample focusing and
preconcentration techniques such as sample
stacking [18] and capillary isotachophoresis
(CITP) [19,20] are extremely useful in this
respect, the low concentration of individual
glycopeptides requires additional concentration
to fully characterize the sample.

The technique is also useful for transferring
samples to inherently static techniques such as
MALDI-TOF-MS, in which an on-line flow-
based approach would be difficult. The frac-
tionation step itself is very important in reducing
the complexity of the mixture to a point at which
most of the components can be identified mass
spectrally by MALDI-TOF-MS. The desalting
characteristics of the fraction elution step can be
very useful in increasing signal yields and the
fraction of components observed.
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Four fractions were collected from the HPLC
peptide map, as illustrated in Fig. 12. Fractions 1
and 2 were chosen because of the high degree of
glycosylation present in these areas as shown by
the CID studies on glycomarkers. Fractions 3
and 4 were chosen because of the absence of
glycoforms and because they represent fairly
clean subsets of the entire map for subsequent
evaluation. The benefits of the approach are not
only the simplification of the analytical sample
via fractionation, but a concentration step of
approximately ten-fold as well.

The four fractions were analyzed by HPCE
using the same method as had been used for the
total digest. The electropherograms of the four
fractions and the original digest are shown in
Fig. 13. Referring to the HPLC fractions shown
in Fig. 12, it can be seen that the first three
HPLC fractions agree with this figure reasonably
well in terms of number of peaks seen in the
electropherograms. In the fourth fraction, how-
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ever, no peaks are seen in the CE separation. It
may be that these compounds, which elute late
in the HPLC analysis, and therefore are hydro-
phobic, either are uncharged or are adsorbed to
surfaces in the sample-transfer or separation
process. The real strength of using CE to
reanalyze HPLC fractions lies in the orthogonali-
ty of the separation mechanism. To fully exploit
this separation power, a method is needed to
couple the CE separation with mass spec-
trometry, either directly via CE-ES-MS or in an
off-line manner running collected CE fractions
by MALDI-TOF-MS. This approach has been
used to characterize growth hormone tryptic
peptides in a CE separation [21]. These ap-
proaches are currently under investigation, and
will be reported in a future publication. Alter-
nately, UV spectra could be used to track the
elution order of a CE separation transferred
from an HPLC fraction, analogously to peak
tracking in HPLC peptide mapping [22]. This
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Fig. 12. Areas of HPLC fraction collection. Identification of regions from analytical separation (76 pmol). (a) Scan acquisition
total-ion current (CapEx =100 V). (b) CID SIM acquisition total-ion current (CapEx =200 V). (c) UV at 214 nm. The actual
fraction collections were done with 312 pmol injected.
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Fig. 13. HPCE of collected fractions; 30 nl injected. (a) Total
2. (d) HPLC fraction 3. (¢) HPLC fraction 4.

approach requires that the HPLC separation is
already sufficiently resolved to obtain pure spec-
tra or that pure peptide standards exist.

The four collected fractions were also analyzed
by MALDI-TOF-MS, as shown in Fig. 14. This
is a particularly useful combination because the
sensitivity of MALDI-TOF-MS allows clear
unequivocal spectra which actually exhibit a
selectivity closer to HPCE than HPLC, being
based on mass/charge. The orthogonality of
MALDI-TOF-MS relative to HPLC generates
extremely useful information. In analyzing frac-
tions collected from the total digest, the sample
complexity has been reduced sufficiently so that
the MALDI-TOF-MS spectrum is a good repre-
sentation of the components present in the
fraction. Contrast this with the data obtained for
the total digest, in which only a fraction of the
components are represented by strong signals in
the spectrum. If one compares the MALDI-
TOF-MS result with the analysis of the digest by
LC-ES-MS, there are a number of peaks in each

22.5 25
time (min)

Arg-C digest of DSPA«1. (b) HPLC fraction 1. (c) HPLC fraction

fraction that are present in both the electrospray
and MALDI-TOF-MS data (see Table 4). A
number of the ions shown in Table 4 have not
yet been identified. Thus one technique rein-
forces peak identification based on data from the
other. There are also a number of peaks that
occur in either one technique or the other, but
not both. Thus a more complete and accurate
picture is obtained by a combination of the two.

Future work

It should be noted that this multidimensional
approach, does not, at this stage, replace more
classical techniques of protein characterization.
The classical approach would include preparative
isolation and purification of the intact protein
and enzymatic digestion followed by collection of
each of the digest fragments for complete charac-
terization by sequencing, mass spectrometry,
UV-Vis, etc. However, it seems clear that, as
our abilities to integrate and interpret the large
amount of data which can be produced by newer
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Fig. 14. MALDI-TOF-MS of collected fractions; 1 wl of
collected fractions applied. Matrix: sinapinic acid. (a) HPLC
fraction 1. (b) HPLC fraction 2. (c¢) HPLC fraction 3. (d)
HPLC fraction 4.

instrumental techniques improve, many of the
more time and product consuming steps can be
reduced or eliminated. This will have the overall
effect of producing better data in a more timely
manner.

This report represents a work in progress and
there are a number of critical areas that have yet
to be fully developed or exploited. Specifically:

Capillary isotachophoresis (CITP) used as a
sample concentration method for HPCE is an
important step in being able to exploit the

orthogonal and complimentary selectivity of
HPLC and HPCE. Currently, samples eluted
and collected from HPLC columns are not very
well suited to analysis by HPCE in terms of
concentration. Although the ‘on-column’ frac-
tion technique described above improves the
situation, the ability to inject larger volumes into’
the HPCE capillary without sacrificing speed or
resolution is needed. This situation is particularly
exacerbated by the microheterogeneity of
glycopeptide samples.

The on-line combination of HPCE and
electrospray MS would simplify the identification
of CE peaks and bring the power of MS to
HPCE just as LC-ES-MS has done for HPLC.
There are a number of instrumental approaches
to this interface, and we are currently evaluating
their use.

Although the coupling of MALDI-TOF-MS
with separation techniques such as HPLC and
HPCE has a great potential, as demonstrated in
this work, there is a fundamental mismatch
between the dynamic environment of the flow-
based system and the static environment of the
matrix crystal in which MALDI-TOF-MS sam-
ples are included. Sample collection from HPCE
has been demonstrated in this context, and we
will be evaluating this technique in the near
future. Approaches for more efficiently using a
greater amount of available sample for MALDI-
TOF-MS also need to be developed.

4. Conclusions

In this work it has been shown that HPLC,
HPCE, LC-ES-MS, and MALDI-TOF-MS are
highly complimentary techniques for examining
glycoproteins. In a problem of this complexity,
different types of data can be integrated to get a
more complete characterization of the analyte.
LC-ES-MS is a powerful technique for the
analysis of peptide maps and shows great po-
tential in the identification of complex regions of
glycosylation. Nonetheless, more work needs to
be done to improve the power of this approach.
High-yield concentration steps will be required
due to extensive carbohydrate heterogeneity.
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Table 4
Analysis of HPLC fractions ES-MALDI

LC ESIm/z MALDI-TOF m/z Sequence assignment
fraction
1 134717 nd
1519.23 nd
629.21 623.1 T48[437-441] DNMHL
1205.3
745.7 T21[163-175] FTSES CSVPV CSK

1858.95 1851.9
1965.05 1966.2

174617 1729.3 T20-T21{160-175] AGKFT SESCS VPVCS K
1906.8  nd T1-T2[1-16] AYGVA CKDEI TQMTY R
2116.77 21166 T38-40[331-348] HKSSS PFYSE QLKEG HVR
1850.92  1851.9 T39-40[333-348] SSSPF YSEQL KEGHV R
1876.84  1877.2
nd 1894.2
nd 2078.3
nd 2160.1

2 1906.97
12992 1283.5 T4{18-27] QESWL RPEVR
1937.99  nd T30-32[254-267) KYIVH K

1282.18 1283.5
1880.21 1881.3

966.23 nd
nd 1653.5
nd 1806.3
nd 1835.1
nd 1856
nd 1896.2
nd 1952.1
3 1121.2 1121.5 T47[428-436] VTINYL GWIR
2796.14 2795.6 T33-35[270-292] KYIVH KEFDD DTYNN DIALL QLK
2668 2669.3 T34-35(271-292] YIVH KEFDD DTYNN DIALL QLK

4249.65 4249.2
3488.39 3487.2

3429 3429
3414.96 nd
nd 1136.8
nd 1142.2
nd 1163.6
nd 1179.1
nd 1327.7
nd 1345.9
nd 1387.9
nd 1593.3
nd 1688.8
nd 3031.7
nd 34442
nd 4343
4 3518.56 3519 T28[219-248] FLCGG ILISS CWVLT AAHCF QESYL PDQLK
3460.31
3500.8 3500.8
4042.89 4046.9 T28-29/A21[219-253] FLCGG ILISS CWVLT AAHCF QESYL PDQLKVVLGR
3985.32 nd
3927.79 nd
nd 3535.8
nd 3630.2

nd 4056.9
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Finally, more effective techniques are required
for the integration of information from the
higher-dimensional data generated by the combi-
nation of these techniques.
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Rapid one-step capillary isoelectric focusing method to
monitor charged glycoforms of recombinant human tissue-type
plasminogen activator
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Abstract

A rapid (<10 min) one-step capillary isoelectric focusing (cIEF) method was developed to monitor charged
glycoforms of recombinant human tissue-type plasminogen activator (rt-PA). Focusing takes place between the
detector and the anode and the electro-osmotic flow (EOF) sweeps the separated glycoforms past the detector,
towards the cathode. The separation uses a neutral coated capillary and hydroxypropylmethylcellulose (HPMC) to
reduce the EOF to a constant and reproducible value. The method uses an ampholyte mix with a 50:50 ratio of pH
5-8 and pH 3-10 ampholytes in 4 M urea and 0.1% HPMC to produce maximal resolution whilst maintaining
protein solubility during focusing. The electropherograms were compared to isoelectric focusing (IEF) slab gels of
samples of intact rt-PA. In both cases approximately ten charged species could be detected. Data analysis indicated
that the intra-assay precision was <5% for peak migration times and < 10% for normalized peak areas. The
number of charged species detected by each of the two methods was consistent for samples of intact rt-PA, rt-PA
types I and II and for neuraminidase-digested rt-PA. Overall the data indicate that the automated cIEF method can
be an adjunct to slab-gel IEF in the characterization and routine analysis of recombinant glycoproteins.

1. Introduction importance with glycoproteins used as thera-

peutics with respect to their half-life and potency

A major challenge in the quality control of in vivo [1].

recombinant glycoproteins is the analysis and Recombinant human tissue-type plasminogen
monitoring of the heterogeneity of the con- activator (rt-PA) is a fibrin-specific plasminogen
stituent oligosaccharides. To date only hydrolytic activator which has been approved for the treat-
assays for total neutral sugars and sialic acid ment of myocardial infarction. rt-PA is a glyco-
content are routinely used, methods which are protein consisting of 527 amino acids, with a
too simplistic to ensure the level of consistency polypeptide molecular weight of 59 000. The
required for a pharmaceutical product. The need carbohydrate structures of the Chinese hamster
for more specific methods has grown as the ovary (CHO)-derived rt-PA have been eluci-
importance of the carbohydrate moiety of glyco- dated [2]. The molecule has three N-glycosyla-
proteins has become known. This is of particular tion sites, positions 117, 184 and 448 and exists

as two main variants, designated type I rt-PA
- and type II rt-PA. Type 1 contains N-linked
* Corresponding author. oligosaccharides at all three sites while type II is

0021-9673/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved
SSD1I 0021-9673(95)00565-X
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only glycosylated at positions 117 and 448. Posi-
tion 117 contains high mannose oligosaccharides
exclusively, while positions 184 and 448 princi-
pally contain N-acetyllactosamine-type oligosac-
charides. The N-acetyllactosamine-type oligosac-
charides contain different amounts of sialic acid
attached to the terminal galactose residues.
Oligosaccharides at position 184 contain signifi-
cant amounts of mono-, di-, and tri-sialyl res-
idues while position 448 contains disialyl oligo-
saccharide as the predominant structure. The
different numbers of sialic acid residues result in
a number of different glycoforms of the parent
molecule, or microheterogeneity, with corre-
sponding variability in the isoelectric point (pI).

The traditional method for the analysis of
charge heterogeneity of recombinant proteins
has been by the techniques of ion-exchange
chromatography and isoelectric focusing (IEF).
In slab-gel IEF, glycoforms of the intact protein
containing increasing amounts of sialic acid can
be separated and visualized as discrete bands
with increasingly acidic isoelectric points. Al-
though this method can be used to characterize
the heterogeneity and monitor the production
consistency of recombinant proteins, it has the
disadvantages of long and labor-intensive analy-
sis times producing at best semi-quantitative
data. A cIEF method for the fractionation of
rt-PA glycoforms has previously been published
using a two-step method (focusing followed by
salt mobilization) [3]. However, this cIEF meth-
od gave poor peak shape, especially for the more
basic glycoforms and was not compared to slab-
gel isoelectric focusing patterns.

In this paper we based the successful develop-
ment of a rapid capillary isoelectric focusing
(cIEF) method on an existing slab-gel IEF meth-
od for rt-PA and on recently documented so-
called one-step cIEF methodology [4,5]. In this
one-step cIEF method focusing takes place be-
tween the detector and the anode, and the
electro-osmotic flow (EOF) sweeps the sepa-
rated glycoforms past the detector, towards the
cathode. The two techniques were compared in
order to demonstrate the applicability of the
routine use of this cIEF method in addition to,

or in place of, the traditional slab-gel IEF
method.

2. Experimental
2.1. Materials

All chemicals were of analytical reagent grade.
Hydroxypropylmethylcellulose (HPMC) and
neuraminidase (E.C. 3.2.1.18, from Clostridium
perfringens) were obtained from Sigma (St.
Louis, MO, USA). Ampholytes (pharmalytes)
ranges pH 3-10 and pH 5-8 and p/ standards
were obtained from Pharmacia LKB (Piscata-
way, NJ, USA). N,N,N’,N’-Tetramethylethyl-
encdiamine (TEMED), urea (electrophoresis
grade) and 30% acrylamide/bis solution 19:1
(5% C) were obtained from Bio-Rad Laborator-
ies (Hercules, CA, USA). Urea and acrylamide
were deionized using a mixed-bed resin prior to
use. rt-PA was manufactured in-house, types I
and II rt-PA were separated by affinity chroma-
tography using a lysine resin [6].

2.2. Capillaries

Unless otherwise stated the capillary routinely
used was an eCAP™ neutral capillary from
Beckman (Fullerton, CA, USA). uSIL® DB™.
1, DB™.-17 and DB™.-WAX capillaries were
from J&W Scientific (Folsom, CA, USA).
CElect-H150 and CElect-P150 capillaries were
from Supelco (Bellefonte, PA, USA). The
BioCap capillary was from BioRad (Hercules,
CA, USA).

2.3. Isoelectric focusing

Isoelectric focusing was performed using 0.4
mm thickness, 4% acrylamide gels containing 8
M urea and 2.4% (w/v) pH 3-10 and 5-8
ampholytes in the ratio of 65:35. A 20-ug
amount of protein or 10 ul of standards (pre-
pared according to the manufacturer’s recom-
mendation) were applied to paper applicators
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placed 1-2 c¢cm from the anode. The gel was
focused for 2 h at 4°C, first at a constant power
of 10 W until the voltage reached 1600 V, then at
constant voltage. The anolyte was 1 M phosphor-
ic acid and the catholyte 1 M NaOH. After
focusing the gel was fixed with 5% sulfosalicylic
acid-10% trichloroacetic acid (w/v) and then
stained with Coomassie Brilliant Blue.

2.4. Capillary isoelectric focusing

cIEF was performed using a Beckman P/ACE
5510 (Fullerton, CA, USA). The internal diam-
eter of the capillary was 50 um, the total length
was 27 cm; 20 cm from the inlet to the detector
and 7 cm from the detector to the outlet. During
analysis the temperature of the capillary was
maintained at 20°C, the reagents and samples
were at ambient temperature. The anolyte was
10 mM phosphoric acid and the catholyte 20 mM
NaOH. The capillary was rinsed for 1 min with
water then filled for 2 min with sample. The
separation was achieved using reversed polarity,
i.e. the anolyte at the outlet, at a constant
voltage of 500 V/cm. The absorbance was mea-
sured at 280 nm with detection complete in less
than 10 min. After each analysis the capillary
was rinsed for 1 min with 0.1 M HCI, 1 min with
10 mM phosphoric acid and 1 min with water.
For later experiments the post-separation HCIl
wash was excluded and the phosphoric acid wash
extended to 2 min. In these cases a single 1-min
HCl wash was performed at the beginning of
each day. rt-PA samples were routinely diluted
to give final concentrations of 125-250 ng pro-
tein/ml, 4 M urea, 0.1% (w/v) HPMC, 7.5%
(v/v) TEMED and 3% (w/v) pH 3-10 and pH
5-8 ampholytes in the ratio 50:50. The final salt
concentration of samples was 50 mM or less.

2.5. Removal of N-acetylneuraminic acid

Sialic acid residues were removed from rt-PA
by treatment with neuraminidase. rt-PA was
digested for 4 h with neuraminidase at 37°C in
0.2 M arginine-phosphate, 0.1% Tween 80, pH
7.2, with 0-0.003 units enzyme/ml rt-PA. After

incubation samples were stored on ice before
analysis.

3. Results and discussion
3.1. Development of cIEF

Development of the cIEF method for rt-PA
consisted of an adaptation of the cIEF methods
by Mazzeo et al. [4] and Pritchett [5] with
consideration of known rt-PA slab-gel IEF re-
quirements. rt-PA is a very hydrophobic protein
and the loss of salt during either dilution or IEF
causes extensive precipitation. For this reason
IEF in both slab gels and capillaries must contain
urea. For slab gels a final concentration of 8 M
urea was used whereas for cIEF only 4 M was
required. The urea concentration was kept to a
minimum to avoid urea crystallization in the
sample, or capillary during analysis. Original
separations also included reduced Triton X-100
to aid solubilization, but this was found to be
unnecessary. Later separations included HPMC
to suppress any changes in EOF and aid the
reproducibility of multiple injections using a
single capillary. The choice of ampholytes (Phar-
macia pharmalytes) was made to compare direct-
ly with the slab-gel method as a means of
conserving the slab-gel IEF profile.

The effect of different ratios of ampholytes is
shown in Fig. 1. The ratio giving optimal res-
olution and separation was determined to be a
50:50 mix of pH 5-8 and pH 3-10 ampholytes.
This is close to the 65:35 ratio for these am-
pholytes used in the slab-gel IEF and is con-
sistent with the known pIl range of rt-PA mea-
sured in urea containing IEF gels as pH 6.2-7.9.
A typical electropherogram is shown in Fig. 2.

Other factors investigated included the con-
centration of TEMED and the concentration of
protein. TEMED acts as a basic blocker and
upon focusing occupies the end of the capillary
between the detector and the inlet. We found
that altering the TEMED concentration in the
range 3.75-7.5% (v/v) showed very little effect
on either resolution or overall elution time. Use
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Fig. 1. Effect of changing the ratio of the ampholytes used from 100% pH 5-8 to 100% pH 3-10. The use of increasing amounts
of pH 5-8 ampholytes, up to 50%, resulted in increasing resolution and separation of peaks. Values above 50% resulted in a loss
of peak shape on the acidic side of the electropherogram (a-c). The use of increasing amounts of pH 3-10 ampholytes (c—¢)
resulted in decreasing resolution of the rt-PA peaks as the bands became compressed.

of concentrations in excess of 25% (v/v) lead to
an overall loss of resolution and distortion of the
pH gradient as evidenced by extremes in
baseline response. Protein concentrations be-

280 nm (X 10-3)

ABSORBANCE

-2

MIGRATION TIME

(MIN)

tween 5 and 500 uwg/ml were evaluated. Higher
protein concentrations resulted in higher signals
but also in loss of resolution. Lower concen-
trations gave the best resolution but suffered

Fig. 2. A typical cIEF electropherogram of rt-PA showing the resolution and separation of ten peaks of increasing acidity.
Analysis conditions were as described in Experimental.
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from baseline noise, probably arising from res-
idual absorbance by some of the ampholytes at
280 nm. Considering resolution and signal-to-
noise ratio, the optimal protein concentration
was determined to be in the range 125-250 ng/
ml.

Using the optimal conditions intra-assay preci-
sion was calculated for six sequential injections
of a single sample of rt-PA. The relative standard
deviations (R.S.D.s) for the peak migration
times and normalized peak areas of each of the
ten peaks resolved are reported in Table 1. For
migration time the R.S.D.s ranged from 2.3 to
3.1%, for area the R.S.D.s ranged from 0.6 to
10.4%, values within acceptable limits for a
quality control assay.

A number of other coated capillaries were
investigated for their resolving capabilities using
this method, the results are shown in Fig 3. All
of the capillaries, with the exception of the uSIL
DB-WAX, gave equivalent or better resolution
compared to the neutral coated capillary routine-
ly used, indicating that the separation is very
rugged. The success with so many alternate
coatings could be credited to the presence of
urea and HPMC in the separation buffer. The
presence of urea seems to eliminate any solu-
bility problems the protein may have, in par-

Table 1
Intra-assay precision for six replicate injections of rt-PA using
CE-IEF

R.S.D.
Peak Migration time Normalized area®

(min)
1 2.3 10.4
2 2.4 8.3
3 2.5 2.3
4 2.6 1.3
5 2.7 1.6
6 2.9 1.6
7 2.8 0.6
8 29 2.6
9 3.1 3.3
10 31 2.5

* Normalized peak areas were calculated as: (individual peak
area/total peak area)-100%.

ticular at its isoelectric point that would lead to
loss of resolution. The poorer resolution seen
with the uSIL DB-WAX could be attributed to
the coating which, even in the presence of 4 M
urea, is able to exert some effect on the rt-PA
molecule. The presence of HPMC depresses the
inherent EOF which would otherwise cause loss
of resolution, allowing the use of coatings which
have greater EOF values than the neutral capil-
lary.

3.2. Comparison of clEF and slab-gel IEF
methods

To validate the replacement of slab-gel IEF by
cIEF a comparison of the data from the two
methods was made using three sets of samples:
intact rt-PA representing the most heterogeneous
sample, purified type I and type II rt-PA repre-
senting the two major variants of rt-PA, and
neuraminidase-digested rt-PA representing sam-
ples with a range of carbohydrate concentra-
tions.

A typical cIEF electropherogram of intact rt-
PA is shown in Fig. 2, while Fig. 4 shows the
same sample analyzed by slab-gel IEF. Inspec-
tion of the gel shows that approximately ten
major bands can be detected while the same
number of peaks are resolved by cIEF. This data
indicates that comparable resolution and sepa-
ration was achieved by the two methods.

cIEF electropherograms of purified rt-PA
types I and II are shown in Fig. 5, while Fig. 6
shows the same samples analyzed by slab-gel
IEF. Glycosylation at the additional N-linked
glycosylation site which occurs in type I 1t-PA
but not in type II rt-PA results in higher con-
centration of sialic acid for this variant. This
difference can be seen by cIEF as a greater
number of peaks of increasing acidity when
compared to the number and acidity of peaks for
type II rt-PA. Overall the number and relative p/
of peaks detected by cIEF for the two samples
was comparable with the number and relative pl
of bands detected by slab-gel IEF.

When considering appropriate methodologies
for the quality control analysis of charged glyco-
proteins one of the most important properties of
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Fig. 3. The separation of rt-PA charged glycoforms was routinely performed using a neutral capillary (¢CAP™). This figure
shows that a number of other capillaries could also be used including: two neutral capillaries, the CElect-P150 with a hydrophillic
phase and the BioCap, capillaries with a moderately hydrophobic phase, the CElect-H150 and the uSIL® DB™-17, and a
capillary with a very hydrophobic phase the xSIL® DB™-1. Only a capillary with a high polarity, the uSIL® DB™.-WAX gave
an inadequate separation which may have resulted from the interaction of rt-PA with the polyethylene glycol phase used in this

column.

the method is its demonstrated ability to dif-
ferentiate samples which are known to be
heterogeneous with respect to their charged
carbohydrate content. To further demonstrate
this for cIEF, samples greatly differing in their
charged carbohydrate content were generated by
the increasing removal of sialic acid residues by
increasing concentrations of neuraminidase. A
series of electropherograms of rt-PA digested
with increasing concentrations of the enzyme is

shown in Fig. 7, while Fig. 8 shows the same
samples analyzed by slab-gel IEF. As sialic acid
residues are increasingly removed from the rt-PA
molecule there is a concomitant decrease in the
number and acidity of the peaks detected by
cIEF and the number and acidity of bands
detected by slab-gel IEF. The two major bands
remaining after incubation with the highest con-
centration of neuraminidase did not appear to be
related to sialic acid as incubation for extended
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Fig. 4. An IEF slab gel of the same sample of rt-PA as
analyzed in Fig. 2 showing the separation and resolution of
ten major bands of increasing acidity. Analysis conditions
were as described in Experimental.
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periods of time at the highest concentration of
enzyme used did not decrease their number (data
not shown). Inspection of the data for the two
methods indicated an excellent correlation with
the same number of peaks or bands being
detected by each method at every concentration
of enzyme used.

4. Conclusion

Recent advances in CE methodology have
allowed us to develop a fast and rugged cIEF
method for the analysis of the charged carbohy-
drate heterogeneity exhibited by a recombinant
glycoprotein, rt-PA. The ease of use, automation
and short analysis time of this cIEF method
offers great advantages over the current slab-gel
IEF methodology. In addition to these advan-
tages cIEF also offers a great reduction in the
volume of reagents used, in particular the elimi-
nation of the use of the neurotoxin acrylamide

)

. :
- TYPE II w{

T T T T : o

4

~

(MIN)

Fig. 5. cIEF electropherograms of the two major glycosylation variants of rt-PA, type I and type II. Type I rt-PA has sialic acid
containing carbohydrate at two positions while type II has only one. The presence of additional sialic acid residues in rt-PA type I
can be seen by cIEF as a greater number of peaks with increasing acidity compared to the number and acidity of the peaks for the
rt-PA type Il sample. Analysis conditions were as described in Experimental.
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Fig. 6. An IEF slab gel of the same samples of rt-PA (in duplicate) as analyzed in Fig. 5. Type I rt-PA has sialic acid containing
carbohydrate at two positions while type II only has it at one. The presence of additional sialic acid residues in rt-PA type I can be
seen as a greater number of bands with increasing acidity compared to the number and acidity of bands for the rt-PA type II
sample. Analysis conditions were as described in Experimental.
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Fig. 7. cIEF electropherograms of rt-PA digested with increasing concentrations of neuraminidase. As sialic acid residues are
sequentially removed there is a concomitant decrease in the number and acidity of peaks detected by cIEF. Enzyme incubation
conditions and cIEF analysis conditions were as described in Experimental.
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Fig. 8. IEF slab gel of the same samples of rt-PA as analyzed in Fig. 7. As sialic acid residues are sequentially removed there is a
concomitant decrease in the number and acidity of bands detected by IEF. Enzyme incubation conditions and IEF analysis

conditions were as described in Experimental.

and the large volumes of noxious stain/destain
solutions required for slab-gel IEF methods.
Most importantly the excellent correlation of
cIEF to the slab-gel IEF, as demonstrated in this
paper, provides a strong argument for its adop-
tion for the routine quality control analysis of the
consistency of recombinant glycoproteins.
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Abstract

High-performance capillary electrophoresis (HPCE) is shown to be useful for analysis of interleukin-2 (IL-2) in
its native state under non-reducing conditions. The results obtained were compared with those from analysis of IL-2
by protein blotting after sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) under denaturing
and reducing conditions. In addition, resolution of the different glycosylated and non-glycosylated natural IL-2
species was achieved by HPCE. The HPCE electropherogram of native IL-2 could easily generate quantitative
amounts of the different naturally occurring IL-2 species. For HPCE of IL-2 run times of less than 10 min are
sufficient, and only extremely small amounts of IL-2 are needed. In this report, human IL-2 expressed in bacteria
has been analysed by HPCE and the existence of two recombinant IL-2 forms was demonstrated.

1. Introduction

High-performance capillary electrophoresis
(HPCE) is a method with great potential for the
high-resolution separation of biological sub-
stances [1]. The aim of this study was to compare
this technique with sodium dodecylsulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) for
the characterisation of natural and recombinant
interleukin-2 (IL-2).

Natural interleukin-2 (nIL-2) is a polypeptide
which is synthesised and secreted by activated
T-cells [2,3]. Previous investigations have dem-
onstrated that the smallest nIL-2 component
with a molecular mass of 15.0- 10 is non-glyco-
sylated, a 16.5- 10° species is glycosylated and in
addition mono-sialylated, and a 17.0-10° IL-2
component is glycosylated and di-sialylated [4].

In contrast, Escherichia coli derived recombi-

* Corresponding author.

S§§DI 0021-9673(95)00557-9

nant interleukin-2 (rIL-2) is non-glycosylated.
Additionally, in all genetically engineered IL-2
from E. coli, the cysteine residue at position 125
is substituted by a serine residue and the first
amino acid alanine is missing [5].

2. Experimental

Human nlIL-2 was prepared from the super-
natants of human peripheral blood mononuclear
cell (PBMC) cultures after activation with
phorbol-12-myristate-13-acetate (PMA) and the
calcium ionophore A 23187, and purified accord-
ing to a scheme previously described [3].
Another nIL-2 was prepared from culture super-
natants of concanavalin A (con A)-stimulated
and propagated human PBMCs. The purification
was done according to the same scheme. The
rIL-2 used was produced by DNA technology. It
was supplied by Euro Cetus (Frankfurt, Ger-
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many). The nIL-2 and rIL-2 samples used in the
experiments were dissolved in 10 mM phosphate,
pH 7.4, 0.9% sodium chloride. Capillary electro-
phoresis was performed in a Bio-Rad (Rich-
mond, CA, USA) HPE 100, with data collection
by a Hoefer Scientific GS 365 software package.
Capillaries were supplied in cartridges with an
integral flow cell for on-column optical detec-
tion. Proteins were introduced into the capillary
by electromigration for 8 s at 8 kV. The samples
were electrophoresed in a 100 mM pH 2.5
phosphate buffer at 10 kV in 20 cm X 25 um 1.D.
coated capillaries.

SDS-PAGE was performed under reducing
conditions using the method of Laemmli [6].
Stacking gel buffer: 0.062 M Tris, 0.062 M
chloride, pH 6.7; separating gel buffer: 0.375 M
Tris, 0.06 M chloride, pH 8.9; electrophoresis
buffer: 0.05 M Tris, 0.38 M glycine, pH 8.3;
sample buffer: 0.01 M Tris—HCI, 1% SDS, 5%
B-mercaptoethanol, pH 8.0. For blotting, the
slab gel was covered with a sheet of nitrocellu-
lose membrane to which the proteins were elec-
trophoretically transferred according to the pro-
cedure of Towbin et al. [7]. Transfer buffer: 25
mM Tris, 192 mM glycine, 20% methanol, pH
8.0. A voltage of 30 V for 16 h was used in a
Trans blot cell at 10°C. To estimate the protein
pattern after electroblotting of the gels, the
transferred proteins were visualised by colloidal
gold staining according to a modified method
described by Moeremans et al. [8].

To check the reproducibility of the used meth-
ods all experiments were repeated three times.

3. Results and discussion

Fig. 1 shows the pattern of highly purified
nlL-2 after separation by 15% SDS-PAGE,
electroblotting and gold staining of the mem-
brane. It shows the three different forms of
nlL-2 migrating with different mobilities in SDS-
PAGE, with molecular masses of 15.0- 10°, 16.5 -
10* and 17.0-10°, respectively. The gold stain
for protein blots has a very great sensitivity and
therefore some artifactual bands are seen in the
molecular-mass range (40-70)-10°. These

Fig. 1. Colloidal-gold stain on nitrocellulose of highly purified
nIL-2. The protein was electrophoresed under reduced
conditions. Lane 1: nIL-2; lane 2: molecular-mass marker
proteins. An amount of 1 ug of the protein was applied per
lane.

‘““ghost bands” simulate impurities, which could
not be found in the electropherogram after
HPCE (see below). To check further the purity
and the composition of the nIL-2 preparations
under non-denaturing conditions HPCE was
used. The electrophoretic pattern of highly
purified nIL-2 derived from A 23187/PMA-in-
duced human lymphocytes is shown in Fig. 2. As
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Fig. 2. High-performance capillary electrophoresis of nIL-2
(pIL-2 R435). Detection was by absorbance at 200 nm and
the analog output to the collector was scaled 0.2 V and 0.005
AUFS.
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can be seen, the three IL-2 species have different
mobilities in HPCE. The first peak was detected
at a retention time of 3 min, the second at 3.5
min and the third at ca. 4 min. Quantitation of
the amounts of the three nlL-2 species was
performed using the densitometer software GS
365. The percentage area for each peak is based
on the total integrated area for the entire scan.
For the first peak we measured 56% relative to
the total area of the three peaks. The second
protein peak takes 16% and the third protein
peak takes 28% of the total peak area. Accord-
ingly, in the nIL-2 preparation tested the propor-
tion of the three peak areas was ca. 4:1:2. The
ratio of the three IL-2 species was different in
nlL-2 which was isolated from culture super-
natants of A 23187/PMA-induced T-lympho-
blasts which had been generated from T-lympho-
cytes by activation with concanavalin A 5-7 days
prior to induction and purified using our stan-
dard procedure [3]. As shown in the electro-
pherogram (Fig. 3). the first peak after 3 min
represents 39% of the total protein, the second
peak after 3.5 min 12% and the third peak after
4 min 50%, respectively. In this nIL-2 prepara-
tion the ratio of the three peak areas was 3:1:4.
The results presented above demonstrate the
high selectivity of the HPCE technique em-
ployed for separation of proteins with a single
charge difference in polypeptides, like mono-
and di-sialylated nIL-2. Fig. 4 shows recombi-
nant IL-2 after 15% SDS-PAGE and electro-
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Fig. 3. High-performance capillary electrophoresis of purified
nlL-2 from propagated cells. Detection was by absorbance at
200 nm and the analog output to the collector was scaled (0.2
V and 0.005 AUFS.
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Fig. 4. Colloidal-gold stain on nitrocellulose of highly purified
rlL-2. The protein was electrophoresed under reduced con-
ditions. Lane 1: rIL-2; lane 2: molecular-mass marker pro-
teins. An amount of 1 pg of the protein was applied per lane.

blotting onto membranes. Under these denatur-
ing and reducing conditions only one protein
band was detected with a molecular mass of
15.0-10°. Additionally, we again found ghost
bands like those detected in the highly purified
nlL-2 (Fig. 1). When the rIL-2 preparation was
analysed by HPCE (Fig. 5), surprisingly, two
protein peaks were detected instead of one, with
approximately the same electrophoretic mobility
as peak 1 in the electropherogram of nIL-2 in
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Fig. 5. High-performance capillary electrophoresis of rlL-2.
Detection was by absorbance at 200 nm and the analog
output to the collector was scaled 0.2 V and 0.005 AUFS.
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Fig. 2. Up to now, it is not clear why in HPCE
two protein peaks are found. We suggest that
one of those peaks represents a rIL-2 form with
a conformation slightly modified compared to
the normal 15.0-10° species. More analytical
work is required to confirm this supposition. One
may speculate that the modified structure in the
rIL-2 preparation could function as a neoantigen
and thus may be the cause of the frequently
observed relatively high antibody response dur-
ing immunotherapy in cancer patients [9].
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Abstract

HPCE has been found to be efficient for the optimization of conjugation procedures employed for coupling of
the haptens p-nitrophenyl-a-p-galactopyranoside (PNPG) and soyasaponin I to a carrier protein, Kunitz soybean
trypsin inhibitor (KSTI). The carbohydrate moieties of the haptens were oxidized with periodate followed by
reaction with e-amino groups of the carrier. For PNPG, the periodate oxidations (0.01-0.2 M NalO,) were
followed by HPCE and 0.1 M periodate was chosen as the optimum concentration. The coupling of PNPG to KSTI
was found to proceed at a constant rate for more than 250 min. The reaction rate for the soyasaponin conjugation
to KSTI declined after 80 min of incubation. The coupling of soyasaponin to KSTI was confirmed by enzyme-linked
immunosorbent assay with monoclonal antibodies directed against soyasaponin I. The method was found to be
particularly powerful for the investigation of conjugates with low epitope densities that are difficult to determine
otherwise.

1. Introduction

Haptens are small molecules incapable of
eliciting immune responses without previous
conjugation to immunogenic molecules, e.g.,
proteins. A wide variety of coupling reactions
are available [1,2] and the choice of coupling
reaction depends on the desired conjugate struc-
ture and the chemical structure of the hapten.
Method adjustments and optimization are often
required to obtain useful hapten—protein conju-
gates. The ease of method optimization is depen-
dent on the methods available for evaluating the
conjugation reaction. With haptens devoid of
chromophoric groups or otherwise distinctive
characteristics, method optimization may be dif-
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ficult and sample consuming owing to the use of
destructive methods, e.g., determination of free
amino groups on the carrier protein by reaction
with trinitrobenzenesulfonic acid [3]. There is,
therefore, a need for generally applicable meth-
ods for analyses of hapten—carrier conjugation.

High-performance capillary electrophoresis
(HPCE) offers a method with very low sample
consumption (nl) and a high separation capacity,
which can be utilized for separating uncoupled
and conjugated carriers based on the differences
in electrophoretic mobilities introduced by co-
valently coupling the hapten to the carrier. In
addition, frequent on-line analyses from the
sample vials are possible by HPCE, thus facilitat-
ing optimization of incubation times. The hap-
tens used in the study were soyasaponin I and
p-nitrophenyl-a-D-galactopyranoside  (PNPG).

© 1995 Elsevier Science B.V. All rights reserved
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The latter was chosen as a model hapten for
soyasaponin I owing to its carbohydrate content
and chromophoric group that allows traditional
spectrophotometric  characterization of the
conjugation products.

Various leguminous plants have been shown to
contain saponins [4,5], which comprise a group
of glycosides. Many saponins have a bitter taste
[4] and consequently saponins are considered to
be important in relation to the production of
high-quality legumes for food and feed and for
the production of protein concentrates and iso-
lates. The predominant saponin in extracts of
pea has been shown to be soyasaponin I [6].

Current methods of analyses for soyasaponin I
are hampered partly owing to the lack of an
efficient detection system for soyasaponin I.
. Monoclonal  antibodies = (mAbs)  against
soysaponin I offer a specific detection system
that can be employed in an enyme-linked im-
munosorbent assay (ELISA) method for analy-
ses of large samples numbers. For this purpose,
coupling of soyasaponin I to a carrier is neces-
sary, as soysaponin is too small a molecule to
elicit an immune response.

The periodate oxidation method is applicable
for coupling of carbohydrate moieties containing
vicinal hydroxy groups to amino groups, €.g.,
lysine side-chains in carrier proteins. This meth-
od was chosen for coupling of soyasaponin I and
PNPG to protein carriers. The drawbacks of the
periodate oxidation method is that optimization
may be necessary [2].

An HPCE method for protein analyses has
been presented previously [7], and this method
has been shown to be applicable for the charac-
terization of hapten—protein conjugates [8]. The
aim of this work was to show that HPCE is a
valuable tool in the optimization of coupling
reactions for generating immunogenic hapten—
carrier conjugates.

2. Experimental
2.1. Materials

Kunitz soybean trypsin inhibitor (Type I-S)
(KSTI), p-nitrophenyl-a-D-galactopyranoside

(PNPG), NalO,, taurine (2-aminoethanesulfonic
acid) and cholic acid were obtained from Sigma
(St. Louis, MO, USA), 3,3',5,5'-tetramethylben-
zidine (TMB) from Merck (Darmstadt, Ger-
many), Triton X-100 from Serva (Heidelberg,
Germany) and horseradish peroxidase (HRP)-
labelled rabbit anti-mouse antibody from Dako
(Glostrup, Denmark). Soyasaponin I and mAbs
with soyasaponin I specificity were prepared as
described elsewhere [8,9]. The structures of
PNPG and soyasaponin I are shown in Fig. 1.

2.2. HPCE procedure

HPCE was performed using an HP>?CE sys-
tem (Hewlett-Packard, Waldbronn, Germany)
with a 614 mm X 0.05 mm I.D. fused-silica capil-
lary. Detection was performed by on-column
measurements of UV absorption at 200 nm at a
position 530 mm from the injection end of the
capillary. All measurements were made at 16 kV
and 30°C. Buffer solutions of 75 mM Na,HPO -
50 mM taurine and with or without 35 mM cholic
acid were prepared and filtered through a 0.2-
um membrane filter. The buffer pH was 8.0-8.1.
Preconditioning of the capillary was performed
prior to each run by flushing with 0.1 M NaOH
for 1-2 min and run buffer for 1-3 min.

2.3. Hapten—carrier conjugation
PNPG (1.8 mg/ml in water; 133 ul) and 100

pl of water were incubated with NalO, (0.1 M
in water; 50 upl) in a buffer vial and on-line

PNPG The carbohydrate moiety: GICA(2—1)-Gal(2—1)-Rha

Fig. 1. Structures of PNPG and soyasaponin I. Periodate
oxidation of the carbon—-carbon bond at vicinal hydroxy
groups on the carbohydrate moieties of the haptens results in
the formation of aldehyde groups.
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HPCE analyses were performed to follow the
oxidation of vicinal hydroxy groups on PNPG.

For conjugation, PNPG (1.8 mg/ml in water;
133 wl) or water (133 wl; blank sample) and 100
ul of water were preincubated with NalO, (0.1
M in water; 50 ul) for various periods followed
by mixing with 70 wl of KSTI (10 mg/ml in 0.1
M NaHCO,;, pH 9.3). The mixture of PNPG and
KSTI was analysed on-line by HPCE.
Soyasaponin I (50 p1; 1.5 mg/ml in 10% MeOH)
was preincubated with NalO, (25 ul; 0.1 M in
water) and mixed with 13 pl of KSTI (10 mg/ml
in 0.1 M NaHCO,, pH 9.3).

The conjugation products were finally reduced
with NaBH, [8].

2.4. Coupling efficiency measured by ELISA

Wells of microtitre plates (MaxiSorp; Nunc,
Roskilde, Denmark) were coated with 100 ul of
saponin—KSTI conjugate (1 mg/ml) dissolved in
carbonate buffer (50 mM; pH 9.6). The plates
were incubated for 1 h at 20°C on a shaker and
then washed with washing buffer containing
detergent (0.5 M NaCl-27 mM KCi-15 mM
KH,PO,-100 mM Na,HPO,-2H,0-0.1% Tri-
ton X-100). Dilution rows of mAbs were incu-
bated (150 ng/ml in the first well) for 1 h and the
plates were washed four times. HRP-labelled
rabbit anti-mouse antibody diluted 1:1000 in
washing buffer was added to each well and
incubation proceeded for 1 h. After washing, 100
ul of a substrate solution (0.2 M potassium
citrate-3 mM H,0,-0.6 mM TMB) were added
to each well. Colour development was stopped
with addition of H,PO, (100 ul per well; 2 M),
and absorbance were read at 450 nm using an EL
312¢ microplate reader (BioTek Instruments,
Winooski, VT, USA).

3. Results and discussion

The use of HPCE for on-line evaluation of
coupling reactions was investigated. The cou-
pling kinetics of two different molecules to
carrier proteins were investigated by electropho-
resis of the mixtures during conjugation.

3.1. PNPG periodate oxidation

Initially, the necessity for cholate in the buffer
system was evaluated for the determination of
PNPG by HPCE. In the absence of cholate,
PNPG co-migrated with the solvent peak where-
as increased cholate concentrations gradually
increased the migration time of PNPG relative to
the solvent peak. A concentration of 35 mM
cholate was found to be appropriate for the
determination of PNPG and the periodate oxida-
tion product of PNPG.

The periodate oxidation of PNPG was investi-
gated for various incubation periods (Fig. 2) at
different periodate concentrations (0.01-0.2 M),
as optimization of the periodate concentration
has been reported to be important for obtaining
a suitable degree of oxidation [2]. The oxidation
of PNPG at vicinal hydroxy groups does not
influence the chemical structure and the molar
absorptivity of the chromophoric group of
PNPG. Consequently, the total normalized area
(NA) can be used as a measure of the amount of
the chromophoric groups present in the sample.
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Fig. 2. Electropherograms recorded at 305 nm of PNPG
incubated with NalO, for 2 min (top), 15 min (middle) and

29 min (bottom). The peak at 9.3 min is PNPG and that at
9.9 min is the reaction product.



78 H. Frokicer et al. | J. Chromatogr. A 717 (1995) 75-81

100
90 -
80
70
60
50
40
30 1
20 A
10

% NA as cleaved PNPG

2 16 29 44
Incubation time (min)

Fig. 3. Proportion of PNPG present as oxidized PNPG
determined from NA at various periodate concentrations
(grey, 0.01 M; diagonal hatched, 0.05 M; checked, 0.1 M;
white, 0.2 M). At 44 min of incubation only the sample with
0.01 M NalO, was analyzed.

In Fig. 3, the oxidation rate is illustrated as a
percentage of total PNPG present as oxidized
PNPG. With 0.01 M NalO, the oxidation
proceeds slowly, whereas NalO, concentrations
above 0.05 M result in complete oxidation after
ca. 20 min. However, oxidation at high NalO,
concentrations and a prolonged incubation time
markedly decreased the total NA measured (Fig.
4), implying that excessive oxidation destroys or
changes the chromophoric group of PNPG. This
was also seen by observations on the PNPG
sample colour, which changed from colourless to

1.2

NA PNPG

0.2 4

0.0 T T T v
0 10 20 30 40 50

Incubation time (min)

Fig. 4. Degradation of PNPG measured as total NA in
relation to the total NA found after 2 min of incubation at
different periodate concentrations: ¢ =0.01; A=0.05; O=
0.1; x=0.2 M. Electropherograms for the NA determi-
nations were recorded at 305 nm.

yellow, indicating that a more conjugated system
was generated from the PNPG molecules. For
further studies, preincubation with 0.1 M NalO,
was chosen.

3.2. Coupling of PNPG to KSTI

PNPG preincubated with periodate for differ-
ent periods of time was mixed with KSTI and the
formation of coupling products was determined
from the normalized peak areas. The peaks of
coupling products have higher migration times
(MTs) than the MT of KSTI (17.5 min, Fig. 5)
owing to hydrophobic interaction of the PNPG
moieties with cholate micelles [8]. At 200 nm,
the molar absorptivity of PNPG is diminished
compared with that of KSTI, implying similarity
of response factors of the KSTI conjugate and
KSTI [8], thus allowing the determination of
coupling densities from NA.

In parallel with the coupling experiments,
corresponding blank samples without PNPG
were mixed with KSTI to study the influence of
IO, on the protein during incubation. The
electropherograms of the blank samples showed
that the electrophoresis pattern of KSTI was

mAU

150 1
125 7

100 1

- M

10 15 20 min
Fig. 5. Electropherograms of the reaction mixture from
conjugation of PNPG with KSTI after (from top to bottom)
44, 112, 180, 247 and 382 min, recorded at 200 nm.
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unchanged during the incubation periods. The
additional peaks observed in the electrophero-
gram are due to impurities present in the com-
mercially available KSTI.

The coupling ratios of PNPG to KSTI were
calculated as described previously [8] by using
the NA for quantification. The control sample of
KSTI without PNPG was used for correction of
contributions from the unconjugated KSTI to the
NA of the emerging KSTI conjugate due to
co-migrating peaks.

Fig. 6 shows the coupling of PNPG to KSTI
after various preincubation times of PNPG with
periodate. The parameters studied did not result
in substantial effects on the PNPG-KSTI cou-
pling, implying that in the time intervals studied,
activated PNPG was not a deficient component.
In addition, the coupling reaction between
PNPG and KSTI is apparently slow, as no
coupling saturation was observed in the time
interval studied.

3.3. Coupling of soyasaponin to KSTI

Soyasaponin was dissolved in a mixture of
methanol and water, but the presence of metha-
nol was found to cause denaturation of the
carrier protein. Therefore, the solubility of
soyasaponin 1 in mixtures with different ratios of
methanol to water was investigated in order to
minimize the use of methanol. This was evalu-
ated from the NA obtained from HPCE of
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0.4
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0 —— — ™
v} 100 200 300 400
Incubation time {min)

PNPG/KSTI

Fig. 6. Coupling density of PNPG to KSTI following pre-
incubation with 0.1 M NalO, for (O) 10, (O) 30 and (A) 60
min.

soyasaponin I samples dissolved in different
mixtures of methanol and water. The methanol
concentration chosen for the saponin solubiliza-
tion was 10%.

The conjugation of soyasaponin 1 to KSTI was
followed after five different preincubation
periods as shown in Fig. 7. The number of
saponins per KSTI molecule was calculated from
the normalized peak areas of the KSTI-saponin
conjugates relative to the total NA of the protein
present in the sample. Examples of electrophero-
grams after various coupling periods are shown
in Fig. 8. Similarly to the PNPG-KSTI conju-
gates, the coupling products have higher MTs
than the MT of KSTI.

Although the methanol concentration had
been reduced to 10%, some changes in the
migration time of the KSTI control sample was
observed during incubation, probably owing to
denaturation in the presence of MeOH. There-
fore, the NA obtained for the conjugation prod-
ucts were corrected for the NA contribution
from co-migrating denatured KSTI.

From Fig. 7, it seems that the conjugation rate
declined after 60-90 min of incubation of acti-
vated soyasaponin I with KSTI, although con-
tinued conjugation seemed to take place at a
lower reaction rate. Preincubation for 17 h
resulted in a lower epitope density, which may
be due to excessive oxidation as proposed for the
PNPG oxidation. Soyasaponin I was present in a
twelvefold molar excess over KSTI, and during
the conjugation the NA of saponin did not
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Fig. 7. Conjugation of soyasaponin I to KSTI following
preincubation with 0.1 M [0, for (O) 10, () 30, (A) 50
and (O) 310 min and (+) 17 h.
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Fig. 8. Electropherograms of soyasaponin I conjugation to
KSTI after 60 min of preincubation with 0.1 M NalO,.
Coupling after 10 (top), 90 (middle) and 140 min (bottom).
The MT of soyasaponin I is 14.8 min and that of KSTI is 13.5
min. Electropherograms were recorded at 200 nm.

decrease noticeably, thus supporting the conten-
tion that the epitope density is low.

Experiments were performed in duplicate in
which oxidized saponin was reacted with KSTI
for various lengths of time and then exposed to
NaBH, and desalted [8]. Determination of de-
grees of conjugation from electropherograms of
the reaction mixture and the reduced, desalted
sample gave similar results, showing that the
conjugation optimization can be performed di-
rectly on the reaction mixture.

The desalted samples were also investigated
for their ability to bind monoclonal antibodies
with specificity for soyasaponin I. For both
experiments, samples incubated for 60, 90 and
150 min showed an increasing antibody binding
as a function of reaction time. However, the
sample incubated for 10 min showed an antibody
binding capacity similar to that observed with
150 min of incubation. However, a corre-
spondingly high epitope density was not found
from the HPCE data of the samples, indicating
that the high antibody binding capacity may be

due to higher accessibility of the epitopes instead
of epitope density. This could be explained by
the coupling reaction, an prolonged incubation
may cause the coupling of the same saponin
molecule at multiple sites, thereby reducing the
epitope accessibility.

A sample incubated for 27 h showed a higher
antibody binding capacity than found for samples
incubated for 150 min, indicating that a pro-
longed incubation time results in an increase in
coupling density. On HPCE this conjugation
product showed a broad peak with an increased
migration time.

In conclusion, HPCE has been shown to be a
valuable tool for the investigation and optimi-
zation of the coupling of PNPG and soyasaponin
I to KSTI. The HPCE method presented has
several advantages over alternative methods and
particularly important is the ability to measure
low coupling densities, in contrast to spectro-
photometric methods, e.g., TNBS conjugation to
e-amino groups on lysine. In addition, on-line
HPCE of the conjugation mixture allows the
optimization of the incubation time and con-
centrations of reactants with a minimum con-
sumption of reactants owing to the low sample
volumes necessary.
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Abstract

Linear heparin-binding sites in the DNA- and heparin-binding serum protein amyloid P component were
investigated using affinity capillary electrophoresis and reversed-phase HPLC in conjunction with affinity
chromatography. Peptide fragments were generated from amyloid P component by treatment with Glu-C and
Asp-N endoproteinases. This peptide mixture was separated by HPLC before and after passage through a column
of immobilized heparin. In addition, the proteolytic digest was separated by capillary electrophoresis in the
presence of various amounts of heparin in solution. Migration shift patterns in the presence of heparin were in
agreement with one of the components shown by HPLC to interact with immobilized heparin. The identity of this
fragment was established by mass spectrometry after preparative HPLC and represents a novel heparin-binding
sequence. The results illustrate the potential synergy in the combination of the two high-resolution separation
techniques HPLC and CE. HPLC has the advantages of high recovery and preparative power while capillary
electrophoresis is noted for highly efficient separations under physiological conditions. The possibility of using
unmodified ligands in the study of biological activities of protein substructures while consuming very little material
makes CE further attractive.

1. Introduction phoresis. Accordingly, this type of interaction

analysis is often called affinity electrophoresis
[2]. Capillary electrophoresis (CE) has been
used with advantage for affinity studies (affinity
CE) in a growing number of specific cases [3—12]
because of its merits of speed, versatility, low
sample consumption and high resolving power.

Biomolecular interactions are often character-
ized using immobilized or otherwise modified
(e.g., labelled) receptor proteins or ligands. In
many cases, however, binding data may be
obtained by means of various electrophoretic

techniques using unmodified reactants [1]. The
use of electrophoresis for the characterization of
reversible binding is based on measurement of
changes in electrophoretic parameters resulting
from interactions that take place during electro-
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Amyloid P component is a protein of unknown
physiological function that is found in serum
[serum amyloid P component (SAP)], from
where it may readily be isolated by means of its
Ca’*-dependent affinity for DNA, heparin or
residues in Sepharose. It seems to be an obliga-
tory constituent of all amyloid lesions irrespec-

© 1995 Elsevier Science B.V. All rights reserved
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tive of the nature of the amyloid core protein
[13,14]. Owing to the persistent association of
SAP and heparan sulfate proteoglycans with
amyloid deposits, including those of Alzheimer’s
disease [13], there is interest in elucidating the
structure of binding sites on SAP for heparin.
The three-dimensional structure of SAP at pH
5.5 has been determined and a binding site for
small anionic carbohydrates requiring Ca®* and
contributions from non-contiguous parts of the
molecule was delineated [15]. However, there
may well be other binding sites for larger anionic
carbohydrates such as heparan sulfate and
heparin. SAP is structurally closely related to
C-reactive protein (CRP) [16] but, unlike CRP,
it is not an acute-phase protein in man and is
glycosylated. It has been shown that bioactive
peptides may be generated from CRP on incuba-
tion with proteolytic enzymes from polymor-
phonuclear leukocytes (PMN) [17], and it was
recently demonstrated that SAP in addition to
CRP binds to PMN receptors and that peptides
generated by subjecting intact SAP to proteolytic
enzymes from PMNs inhibited this binding {18].

Hence, to identify linear binding sites possibly
mimicking the binding of heparin by the parent
protein, SAP was digested with various proteo-
lytic enzymes and subjected to analysis by HPLC
after absorption with immobilized heparin and
by affinity CE using heparin in solution. Here we
report the results of experiments carried out with
SAP fragments generated by treatment with
Asp-N and Glu-C endoproteinases. The study
identified a novel heparin-binding sequence in
SAP and illustrated the usefulness of CE as a
complementary technique for the identification
and characterization of ligand-binding sites.

2. Experimental
2.1. Chemicals

Bovine sefum albumin, chondroitin sulfate,
type C, from shark cartilage (C-4384), dithio-
threitol, heparin from porcine mucosa (H-7005),
Tris [tris(hydroxymethyl)aminomethane] and 4-
vinylpyridine were obtained from Sigma (St.

Louis, MO, USA), Staphylococcus aureus V38
protease from Worthington (Freehold, NJ,
USA), Asp-N endoproteinase from Boehringer
(Mannheim, Germany), guanidinium hydrochlo-
ride, heparin-Eupergit C and trifluoroacetic acid
(TFA) from Fluka (Buchs, Switzerland), DNA-
agarose from Pharmacia—-LKB (Uppsala,
Sweden), formic acid from Aldrich (Steinheim,
Germany) and HPLC-grade water and acetoni-
trile and all other chemicals (analytical-reagent
grade) from Merck (Darmstadt, Germany).

2.2. Serum amyloid P component fragmentation

Serum amyloid P component (SAP) was
purified from human plasma by affinity chroma-
tography on DNA-agarose followed by ion-ex-
change HPLC as described [19]. Aliquots of 1
mg of SAP were dialysed against water at 4°C
and evaporated to dryness in a centrifugal
evaporator (SpeedVac). Reduction and S-
pyridylethylation was performed by adding 500
ul of 6 M guanidinium hydrochloride in Tris-
buffered saline [TBS: 5 mM Tris—HCI (pH 7.4)-
150 mM NaCl] to 1 mg of dried SAP followed by
2 mg of dithiothreitol. After stirring for 2 h
under helium, 5 ml of 4-vinylpyridine was
reacted with the sample at room temperature for
3 h, then 2 m! of formic acid were added and the
solution was dialysed against water at 4°C over-
night and dried.

The V8 protease was used for digesting the
reduced and S-pyridylethylated SAP at a ratio of
10 ng of enzyme to 1 mg of SAP in 500 ul of 20
mM NH,HCO,-10% CH,;CN-1 M guanidinium
hydrochloride. Under these conditions, the Glu-
C endoproteinase activity of the enzyme pre-
dominates. The digestion was allowed to proceed
at room temperature with stirring for 48 h. The
digest was then mixed with an equal volume of
formic acid and desalted on a C;; column (see
below). All material that eluted with 70%
CH;CN in 0.1% TFA was collected, dried and
resuspended in 400 ul of 45 mM phosphate (pH
7.5) containing 7.5% CH,CN and 2 pg of Asp-N
endoproteinase (corresponding to ca. 1% by
mass of dried material). The sample was incu-
bated at room temperature overnight with stir-
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ring and then used for affinity chromatographic
experiments. Chosen peptide fragments were
collected manually from the HPLC system using
a 150-ul injection volume. Another 150 ul were
desalted on the HPLC column as described
above. Purified material and desalted digest were
dried by centrifugal evaporation.

2.3. Reversed-phase HPLC

HPLC was performed on an analytical C,g
column (218TP54, 5 um, 250 X 4.6 mm 1.D.)
from Vydac (Hesperia, CA, USA), eluted with a
gradient at 1 ml/min of 5-65% acetonitrile in
0.1% TFA over 60 min. Detection took place at
210 and 280 nm.

2.4. Absorption with immobilized heparin

SAP-derived peptides in a volume of 50 1l in
digestion buffer were mixed with 0.2 ml of
heparin-Eupergit C matrix that had been previ-
ously washed with 10-ml volumes of water,
tenfold concentrated TBS and TBS. After 10
min on the column at room temperature, the
matrix was washed with 0.4 ml of TBS and all
effluent was collected and analysed by reversed-
phase HPLC as described above.

2.5. Plasma desorption mass spectrometry
(PDMS) and amino acid sequencing

PDMS was performed on a Biolon 20 time-of-
flight mass spectrometer (Biolon, Uppsala,
Sweden). Peptide material was dissolved in 0.1%
TFA-20% methanol to a concentration of ca. 50
pmol/ul and 2 pl were applied on a spin-cast
nitrocellulose target [20].

Amino acid sequencing was done by Edman
degradation using a Model 910 pulsed-liquid
sequencer from Knauer (Berlin, Germany).

2.6. Capillary electrophoresis

The CE instrument was a P/ACE 2050 from
Beckman Instruments (Fullerton, CA, USA)
with data collection, storage, analysis and report-

ing performed by System Gold Software (Beck-
man Instruments).

Throughout, uncoated fused-silica 50 pm 1.D.
capillaries of 57 cm length (50 cm to the detec-
tor) and an electrophoresis buffer of 0.1 M
phosphate (pH 7.5) (filtered through a 0.22-pum
filter) were used. Sample injections took place by
pressure at the anode end of the capillary. A 1-s
Injection corresponds to a sample volume of 0.9
nl according to the specifications of the manufac-
turer. Detection was effected at 200 nm and the
field strength used for the separations was 15 or
20 kV as indicated. The liquid cooling system was
set to 19°C.

2.7. Affinity capillary electrophoresis

The dried material was subjected to capillary
electrophoresis experiments after resuspension in
HPLC-grade water (purified fragments in 50 wl
and the digest mixture in 100 wl). Electropho-
resis took place as described above in phosphate
buffers with various additions of heparin or
chondroitin sulfate from stock solutions at 20
mg/ml of glycosaminoglycan in 0.05 M phos-
phate (pH 7.5). Identification of individual pep-
tides took place by co-injection of SAP digests
with purified peptide from a second injection
vial.

3. Results and discussion

After treatment of reduced and @S-
pyridylethylated SAP with Glu-C and Asp-N
endoproteinases, a mixture of peptide fragments
was obtained. The analysis of this by reversed-
phase HPLC is shown in Fig. 1A. The digest was
examined for heparin-binding components by
absorption on immobilized heparin followed by
HPLC (Fig. 1B). Affinity chromatography was
performed using heparin immobilized on acryl-
amide instead of Sepharose because SAP is
known to bind to components of the latter
matrix [21]. Several fragments decreased in
amount after incubation with immobilized
heparin, indicating retention on the matrix. The
main heparin-interacting components are peaks
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Fig. 1. HPLC analysis (detection at 210 nm) of an endoproteinase Asp-N-treated Glu-C digest of SAP. Heparin-binding SAP
fragments characterized by absorption on immobilized heparin followed by HPLC. (A) Control (10 u] of material injected); (B)
mixture after passage through a heparin-Eupergit C column (a volume of 400 ul was injected). Peaks 1-3 were collected
separately and analysed further. Arrow marks a late complex that probably represents incompletely digested protein.

1-3 in Fig. 1A. The late complex observed- after
45 min in Fig. 1A (arrow) probably represents
intact and incompletely digested protein which is
also retained on the heparin column. No materi-
al was eluted with 1.5 M NaCl (not shown). The
late component was not investigated further but
peaks 1-3 were isolated for characterization.
Analysis of the digest by CE after drying and
resuspension in water is shown in Fig. 2. To
characterize heparin binding under circum-
stances close to physiological conditions, the CE
separations were performed using 0.1 M phos-
phate buffer at neutral pH as the electrophoresis
buffer. Hence a 100% recovery of all the pep-
tides seen in the HPLC separation was not
expected. Approximately 20 components were
separated by CE (Fig. 2A), and changes in the
migration pattern were observed on incorpora-
tion of heparin into the electrophoresis buffer
(Fig. 2B). Even through the whole population of
peptides had an increased migration time when

heparin (Fig. 2B) or chondroitin sulfate (Fig.
2C) was added (due to a decrease in the electro-
osmotic flow), it was evident that the marked
peptide peak (asterisks in Fig. 2) had a much
more pronounced migration shift than the bulk
of peptides in experiments with heparin (Fig.
2B), whereas this was not the case in experi-
ments with additions of chondroitin sulfate to the
electrophoresis buffer (Fig. 2C). Other, smaller,
changes also occurred specifically in the heparin
experiment, but these have not yet been investi-
gated further. In accordance with these results,
the parent protein, SAP, has been shown to
exhibit a lower affinity for chondroitin 4-sulfate
and chondroitin 6-sulfate than for heparin [22].

By spiking with purified components (not
shown), the heparin-binding component iden-
tified by affinity CE was found to correspond to
fragment 3 in Fig. 1A. In contrast, the material
of peak 2 of Fig. 1A was not recovered under the .
CE conditions used in this study, and the materi-



N.H.H. Heegaard et al. | J. Chromatogr. A 717 (1995) 83-90 87

s
<] A
g
7 *
s | A Mt . .
j B Hep; 3.75 mg/ml
£
c -
[}
< .
< 8
8—
: *
g
(-2 T ' T T T T T T T T T
1 C CS: 2.5 mg/ml
QT
é_
. *
Q—M
s e -
g 8
Time (min.)

Fig. 2. Screening by affinity CE for interaction of SAP peptides with heparin in solution. An endoproteinase Asp-N-treated
Glu-C digest of SAP solubilized in water was injected for 12 s and subjected to CE at 15 kV (detection at 200 nm) in the presence
of heparin (Hep) (B) or chrondroitin sulfate (CS) (C) added to the electrophoresis buffer (0.1 M phosphate, pH 7.5) at the
concentrations indicated. The peptide marked with asterisks was identified by spiking with HPLC-purified fragments and
corresponds to fragment 3 in Fig. 1.

al of peak 1 yielded two components that did not trometry and amino acid sequencing. The first
seem to be influenced by heparin in affinity CE four residues were found to be H-Ile—Arg-Gly-
(not shown). Tyr and this and the measured mass of 1555.7

Fragment 3 was subjected to mass spec- (expected, 1556) corresponded to a C-terminal
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peptide:-lle— Arg— Gly—Tyr—Val-Ile-Ile—-Lys—
Pro-Leu—Val-Trp—Val-OH (amino acids 192-
204 in the SAP structure [23]). This peptide,
purified from the SAP digest, was analysed and
examined for heparin binding in affinity CE (Fig.
3). As can be seen, there was a concentration-
dependent decrease in the mobility of the pep-
tide with increasing concentration of heparin in
the “electrophoresis buffer without apparent
changes in peak shape or size. This is taken to
indicate binding of the peptide to heparin with a
dynamic equilibrium existing in the course of the
electrophoretic process between non-complexed
and heparin-complexed peptide (with a lower
mobility than the free peptide). The equilibrium
shifts towards longer times spent in the com-
plexed form (and thus a more slowly migrating
but homogeneous peak) when more heparin is
present [1,5].

1 A
i Control
B

i l1.0 mg/ml
C

P

0.0000
L

A200 nm

g W‘M me, 2.5 mg/ml
5 10
Time (min.)

Fig. 3. Purified heparin-binding fragment in affinity CE.
Demonstration of interaction with heparin. Fragment 3 (cf.,
Fig. 1) was analysed at 20 kV (detection at 200 nm) after 5-s
injection in the presence of the indicated concentrations of
heparin in the electrophoresis buffer (0.1 M phosphate, pH
7.5).

This pattern of behaviour is consistent with
affinity interactions of intermediate strength
characterized by fast association and dissociation
rates [4,24].

A fundamental demand for the use of affinity
CE to measure binding interactions is that com-
plexed molecules must differ from unbound, free
species in mobility. In the present study this was
expected because heparin, by virtue of its high
sulfation, is highly negatively charged. Thus,
heparin-binding components would be predicted
to reveal themselves in affinity CE by changing
to a lower overall mobility or, for stronger
interactions where the time for the electropho-
resis is too short to ensure equal participation of
all peptide molecules in complexes and in a free
state, by decreases in peak size or by peak
broadening or splitting [24]. For the peptide
identified in this study, addition of heparin in
sufficient amounts actually results in a reversal of
its electrophoretic mobility from being towards
the cathode to being towards the anode (Fig. 3B
and C). In both cases, the observed mobility is
due to the addition of the electroosmotic flow to
the electrophoretic mobility and the consequence
is that the molecule crosses the gap (water)
representing the movement of neutral compo-
nents in the system. Thus, on incorporation of
heparin, the mobility of the peptide changes
much more than the minor alterations in the
electroosmotic flow account for.

4. Conclusions

A novel heparin-binding peptide from SAP
has been demonstrated by a combination of
HPLC and affinity CE methods. It does not
contain the usual stretches of positively charged
residues that are found in concensus sequences
for glycosaminoglycan-binding peptides [25].

The observations in CE were supported by the
results of reversed-phase HPLC separations of
the same fragments incubated before chromatog-
raphy with immobilized heparin, which demon-
strated binding of this and other peptides.

Additional SAP-derived heparin-binding pep-
tides generated utilizing other endoproteinases
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and also synthetic peptides based on the ac-
tivities discovered are now being characterized
and related to the functions of the parent pro-
tein. This will be the subject of a forthcoming
publication.

The problem of the recovery of potentially
interesting molecules is illustrated in this study
by fragment 2, which could not be analysed by
CE at pH 7.5. The advantage of not being
restricted to using an immobilized ligand was
exemplified by peptide 1, which appeared to be
retained on the heparin-Eupergit column but
where neither of the two components that ap-
peared in the CE analysis (not shown) interacted
with free heparin in solution. Thus, the retention
on the column for this peptide fraction may not
be ligand specific or is due to a change in the
ligand as a consequence of the coupling chemis-
try. The avoidance of artifacts due to modified
ligands is one of the general advantages of
methods such as affinity CE that use ligands in
solution.

The solubilization and recovery of molecules
are generally less problematic in reversed-phase
HPLC than in CE. On the other hand, binding
studies in solution are feasible in CE experi-
ments in contrast to the meager opportunities to
do this in the acidic organic environment of
reversed-phase HPLC.

A final advantage of affinity CE analyses for
the characterization of ligand-binding activities
of components of proteolytic digests of proteins
is the low consumption of material in comparison
with solid-phase and equilibrium dialysis pro-
cedures, where the demands for material nor-
mally make it impossible to use components
purified from enzyme digests. The present study
is, to our knowledge, the first example of the use
of CE to map directly binding sites in protein
digests.

Thus, in summary, the potential for high-per-
formance resolutions together with the prepara-
tive purification and the non-denaturing func-
tional characterization of small amounts of ma-
terial afforded by HPLC and CE, respectively,
make the combination of the two techniques a
potentially highly valuable tool in elucidating
correlations between structure and function in

proteins and other biomolecules. Peptides with
binding activity may be demonstrated, identified
in the sequence and characterized to an extent
that none of the individual techniques can afford
on its own.
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Abstract

Low-molecular-mass RNA (LMM RNA) fingerprinting uses the stable LMM RNA fraction (transfer RNA and
5S ribosomal RNA), with a size range of 70-135 nucleotides, from single bacterial strains for a genotypic
identification and classification of bacteria. A novel application of capillary electrophoresis (CE) using entangled
polymer solutions to separate LMM RNA to generate LMM RNA fingerprints was developed. Buffers containing
0.5% hydroxypropylmethyicellulose (HPMC) as sieving additive were employed to obtain improved peak
resolution and good reproducibility. CE using 0.5% HPMC was suitable for routine analysis of LMM RNA,
providing high resolution, reproducibility, system automation and high stability of the buffer. The relative standard
deviation of the migration time for twenty successive runs was 0.5%. In addition, the variation of the resolution
reproducibility of two separate buffer preparations was not greater than 5%. The limit of detection of RNA is ca.
0.02 ug per peak and separations can be performed using RNA samples as dilute as 10 wg/ml. One disadvantage
of this system in the short lifetime of the capillary coating; DB-1 capillaries can be used for only 30-50 runs. LMM
RNA fingerprints obtained with this system were compared with samples separated by polyacrylamide slab gel
electrophoresis. The use of CE has the potential to provide a rapid and convenient way of identifying bacterial
strains.

mat and offers the possibility of quantitative
analysis and automation. Recently, instead of
classical electrophoresis, CE has been applied in
many applications owing to its many advantages
such as automated sample handling, reduced
analysis time, improved on-line detectability

1. Introduction

The automation of conventional electropho-
resis techniques is currently of great importance
and interest owing to their universal use in a
range of scientific applications. The classical

manual separation methods applied in medical,
molecular biological and genetic studies almost
exclusively use slab polyacrylamide and agarose
gel electrophoresis. Capillary electrophoresis
(CE) employs the separation mechanisms of
conventional electrophoresis in a capillary for-

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00628-1

without the need for staining procedures, small
buffer requirements and samples and ease of use
[1].

Initially, the use of capillary gel electropho-
resis (CGE) was expected to offer a realistic
alternative to the conventional slab gel electro-
phoresis [2-4]. Although excellent resolution has
been demonstrated using CGE in the separation

© 1995 Elsevier Science B.V. All rights reserved
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of DNA molecules and synthetic oligonucleo-
tides [2-4], the manipulations required to cast
gels in capillaries, the short capillary lifetimes
and their low reproducibility would appear to
limit the use of CGE for routine analysis.

In this respect, a possible alternative to CGE
employs the use of CE using entangled polymer
solutions [5-11]. The inclusion of linear poly-
mers in the separation electrolyte generates a
molecular sieving effect. The resolution of DNA
fragments in the example of ®X-174 RF DNA/
Haelll by CE using entangled polymer solutions
is comparable to that of CGE [10]. Additionally,
CE using entangled polymer solutions represents
a simple and inexpensive separation technique,
suitable for routine analysis, owing to replace-
able polymer separation matrices, and provides
reproducible separations on columns that are
easily refilled.

Many workers have reported the increasing
applicability of CE using entangled polymer
solutions for the analysis of synthetic oligonu-
cleotides, PCR products and DNA restriction
fragments [5~11]. Analysis of polymerase chain
reaction heteroduplex polymorphism [9] and
restriction fragment length polymorphism [10]
are carried out using this method as diagnostic
tools for clinical assays. Good results have also
been reported in the automated ribosomal DNA
fingerprinting of PCR products for taxonomic
studies of fungi [11].

We have previously reported [12] the sepa-
ration of low-molecular-mass (LMM) RNA by
CE using entangled polymer solutions. LMM
RNA profiling provides a genotypic fingerprint
technique for identifying bacteria [13]. This
technique is of particular importance for molecu-
lar ecology and taxonomic studies, and can also
be applied directly to analyses of environmental
samples [14]. This RNA fingerprinting method
uses the bacterial LMM RNA (small tRNAs,
large tRNAs and 5S rRNA in a size range
between 70 and 135 nucleotides), enabling
strains to be classified to the genus and species
level on the basis of species- and genus-specific
tRNA bands [13,15].

The standard established technique for LMM
RNA profiling employs slab polyacrylamide gel

electrophoresis (PAGE) using 55 cm length gels
with high resolution [15]. However, a more
rapid, automated technique is needed for LMM
RNA profiling in ecological studies. The use of
CE with 0.5% HPMC as sieving additive in
buffers resolved 5S rRNA and tRNAs, even
when they possessed only different secondary
structure or small differences in length (1-5
nucleotides) [12]. In order to determine the
reliability of this methodology, we investigated
the optimum conditions in terms of sample size,
detectability, reproducibility and stability of the
sieving buffer, as well as of the DB-1 capillaries.
We report on the first analysis of LMM RNA
fingerprints using a CE-based identification of
bacterial strains from different genera and we
compare them with LMM RNA fingerprints
obtained by conventional slab PAGE.

2. Experimental
2.1. Organisms and growth conditions

The following strains were obtained through
culture collections (listed as strain source and
catalogue number): Alcaligenes eutrophus DSM
5317, Hypomicrobium facilis ATCC 274857,
Escherichia coli DSM 30083", Pseudomonas
alcaligenes LMG 1224" and Pseudomonas
fluorescens DSM 50090" (T = type strain of the
species). Strains were grown on relevant stan-
dard culture media, harvested by centrifugation
at 18 000 g for 5 min and stored at —20°C prior
to RNA extraction.

2.2. Materials

All chemicals were of analytical-reagent grade
or of high purity. All water used was ultra-pure,
doubly distilled and deionized. Tris(hydroxy-
methyl)aminomethane (Tris), ammonium per-
oxodisulphate and N,N,N’,N’-tetramethyl-
ethylenediamine (TEMED) were obtained from
Sigma (St. Louis, MO, USA). Acrylamide was
purchased from Amresco (Solon, OH, USA)
and 3-(trimethyoxysilyl)propylmethacrylate
(Bind Silane) from LKB (Bromma, Sweden).
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Ethylenediaminetetraacetic acid (EDTA) and
boric acid were obtained from Riedel-de Haén
(Deelze, Germany). The polymer hydroxy-
propylmethylcellulose (HPMC), with a viscosity
rating of 4000 cP for a 2% solution at 25°C, was
obtained from Sigma.

A tRNA mixture from Escherichia coli MRE
600, containing 5S rRNA and tRNAs, was pur-
chased from Boehringer (Mannheim, Germany).
This tRNA mixture was used as a standard LMM
RNA mixture.

Open-tubular capillaries coated with DB-1
were purchased from J&W Scientific (Folsom,
CA, USA).

2.3. Equipment

A SpectraPhoresis 500 CE system (Spectra-
Physics, Fremont, CA, USA) was used in the
negative polarity mode (anode at the detection
side) for all separations. Temperature control
was achieved with a Peltier cooling system on the
SpectraPhoresis 500. Electrokinetic injections
were carried out for RNA-containing samples.
The internal standard 2’-deoxyadenosine 5’'-tri-
phosphate (dATP) was injected hydrodynamical-
ly for 0.1 min in a double injection mode before
sample injection. Nucleic acids were detected at
260 nm using a UV detector.

2.4. RNA extraction

Total RNA was extracted as described previ-
ously [15] from 10 mg of bacterial biomass (dry
mass) with hot sodium dodecyl sulphate—phenol,
purified in several steps and finally precipitated
with ethanol.

2.5. Sample treatment

Crude extracts of total bacterial RNA were
treated either by ultrafiltration or by Qiagen
column chromatography for removal of large
RNA fragments (16S rRNA and 23S rRNA) and
other high-molecular-mass components (such as
polysaccharides).

Ultrafiltration

Ultrafiltered samples were obtained by cen-
trifugation at 6000 g for 35 min at 4°C in
Centricon-100 concentrators (Amicon, Beverly,
MA, USA) to remove the high-molecular-mass
RNAs.

Qiagen column chromatography

Crude extracts containing 60 ng of total RNA
were subjected to Qiagen column chromatog-
raphy (Qiagen tip 20; Qiagen, Chatsworth,
USA), as recommended by the manufacturer.

2.6. Capillary electrophoresis using entangled
polymer solutions

DB-1 open-tubular capillaries, 70 cm long (62
cm effective length) X 100 um 1.D. with a coat-
ing of 0.1 um dimethylpolysiloxane, were used
without modification. DB-1 capillaries (70 cm)
were filled automatically with the appropriate
polymer sieving buffer for 20 min. Between runs,
the capillaries were washed for 3 min at 60°C in
the following sequence: water, methanol, 2-pro-
panol, methanol, water. For monitoring the
coating quality we have used the LMM RNA
mixture from E. coli MRE 600. Depending on
the conditions employed, capillaries were used
for 30-50 runs.

The polymer sieving buffer contained 350 mM
Tris—borate, 2 mM EDTA, 7 M urea (pH 8.6)
and 0.5% (w/w) HPMC, prepared as reported
previously {12].

RNA samples were prepared at a concen-
tration of 100 pg/ml in 40 mM Tris—HCI buffer—
1 mM EDTA (pH 5.0). Typically, the entire
available volume of samples was 20 ul and many
runs could be carried out. The crude extract (500
pg/ml) was five times more concentrated than
the partially purified samples and was injected at
—5 kV for 20 s. Partially purified samples were
injected at —15 kV for 20 s at a concentration of
100 pg/ml. dATP was used as an internal
standard for analysis of LMM RNA profiles.
Before sample injection, the injection side of the
capillary was washed twice with water for 0.1
min. All separations were performed at 20°C.

To determinate the electroendosmotic flow
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(EOF), a neutral marker (0.5% mesityl oxide)
was injected for 0.1 min hydrodynamically. The
separation was carried out in the positive polari-
ty model.

2.7. Conventional gel electrophoresis

Separation of LMM RNA was carried out
under high power by denaturing PAGE [16].
Dried samples of LMM RNA (3 pg) were
suspended in 4 ul of a loading solution (300
mg/ml sucrose, 460 mg/ml urea, 10 pl/ml 20%
SDS, 1 mg/ml bromophenol blue, 1 mg/ml
xylene cyanol, all substances dissolved in TBE
buffer) and loaded on polyacrylamide gels {gel
size 550 X 170 X 0.4 mm, 10% acrylamide [acryl-

amide—N,N-methylenebisacrylamide (28.8:1, w/

w), 7 M urea, in TBE buffer [100 mM Tris-83
mM boric acid-1 mM EDTA (pH 8.5)]} that
were bound to a carrier glass plate and run in a
high-power electrophoresis unit (2010 Macro-
phor electrophoresis unit and 2297 Macrodrive 5
power supply; LKB-Pharmacia, Bromma,
Sweden). Gels were run at 60°C and at constant
power that was increased stepwise from 40 to 160
W during the 3-h run. RNA bands were revealed
by a modified ammoniac silver staining proce-
dure [15]. Gel scans were performed using a
transmission densitometer (Elscript 400; Ana-
lysentechnik Hirschmann, Taufkirchen, Ger-
many) at a wavelength of 546 nm. A detailed
description of the conventional electrophoresis
of LMM RNA has been given previously [15].

3. Results and discussion

3.1. Optimization of sample injection and
detectability

To determine the optimum amount of LMM
RNA that gives the best detectability using
electrokinetic injection, a LMM RNA mixture
from E. coli MRE 600 (1-100 ug/ml) was
injected at either —10 kV for 15 s or —20 kV for
30 s and analysed using 0.5% HPMC sieving
buffer in DB-1 capiilaries. Compared with the
classical gel electrophoresis method, electro-

kinetic injection uses relatively small amounts of
sample. Sample loading is dependent on the
electroosmotic flow, sample concentration and
sample mobility. Variations in conductivity,
which can be due to matrix effects, result in
differences in voltage drop and amount loaded.
In this experiment, we examined the response
between sample concentration and peak area
without considering the other factors mentioned
above. Determination of the absolute amount of
sample used for each run was not carried out. A
linear relationship was obtained between peak
area and sample concentration in the range 10—
100 pg/ml RNA (Fig. 1A).

Using electrokinetic injection at —10 kV for 15
s, no distinct profile was produced at concen-
trations up to 10 pg/ml (Fig. 1B). Therefore,
the injection parameters were altered to —20 kV
for 30 s for low concentrations of LMM RNA in
the range 5-10 ug/ml (Fig. 2). Additionally, the
profile resolution using sample concentrations of
5 ng/ml was not satisfactory because of the high

-signal-to-noise ratio. Increasing the voltage and

injection time (—30 kV for 30 s) did not improve
the detectability of the RNA at concentrations
lower than 5 pg/ml.

The limit of detection with injection at —20 kV
for 30 s at the lowest detectable concentration
(10 pg/ml) is ca. 0.02 ug of total RNA per peak
(Fig. 2). However, concentrations between 20
and 50 pwg/ml are recommended for good res-
olution with injection at —10 kV for 15 s. In
comparison with CE, 2 ug of total RNA per
sample are normally used in conventional slab
gels per run. Hence CE is more sensitive than
slab gel electrophoresis. A further increase in
sensitivity could be obtained using fluorescence
detection (limit of detection ca. 1 pg DNA per
band), as often reported [8,17-19]. This could be
of particular importance when analysing environ-
mental samples that contain low concentrations
of RNA.

3.2. Coating stability

The stability of the coating of DB-1 capillaries
in CE using a sieving buffer containing 0.5%
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Fig. 1. (A) Sample concentration of LMM RNA plotted
versus peak area. (B) Effect of total LMM RNA con-
centration on detectability of LMM RNA profiles analysed
by CE using entangled polymer solutions. Sample, LMM
RNA mixture from E. coli MRE 600; buffer, 350 mM
Tris—borate-2 mM EDTA-7 M urea-0.5% HPMC (pH
8.6); capillary, DB-1, 70 cm (62 cm effective length) x 100
pm LD., 0.1 um thickness; injection, —10 kV, 15 s; field
strength, 330 V/cm; detection, 260 nm.

HPMC was determined over the course of 150
runs using a standard LMM RNA mixture from
E. coli MRE 600. Despite extensive washing (see
Experimental) between runs, a gradual loss of
resolution was observed in the LMM RNA
profile. The first loss of resolution was observed
(Fig. 3) after 50-70 successive runs and total loss
after 150 successive runs and, despite extensive
washing, regeneration of the column was not
possible. In contrast to washing the capillary
between runs, when the capillary was not washed
the resolution decreased gradually up to 30-40
runs and then rapidly decreased, with a total
irreversible loss of resolution occurring between
40 and 50 runs. Irreversible loss of resolution
with DB-1 capillaries after 30-50 successive
injections has also been reported in the sepa-
ration of unpurified PCR products [11].

In contrast to samples containing complex
RNA mixtures, samples with only one or two
components (e.g., LMM RNAs or oligonucleo-
tides) are well resolved, and for these small
biomolecules (20-120 nucleotides long) a capil-
lary could be used for over 150 injections (data
not shown). However, the migration times of the
components decreased and the relative standard
deviations (R.S.D.s) increased with successive
runs, indicating changes to the coating.

Similar results (not presented) were also ob-
tained using other DB capillaries (DB-17, DB-
Wax) that are coated with different phases rela-
tive to their matrix, polarity and hydrophobicity.
These other DB capillaries produced LMM
RNA profiles similar to that of DB-1, and a first
loss of resolution was obtained after 50-70
successive runs in all cases.

Because none of the capillaries gave a detect-
able EOF (a measure of coating instability),
even after 150 successive runs, the observed loss
of resolution in the separation of LMM RNA
profiles is presumably not dependent on coating
deterioration or loosening from the capillary
wall. Additionally, when negatively charged
samples (such as RNA) are loaded, no detection
should be possible when the column coating is
detached or degraded owing to the negative
polarity, suggesting that resolution is detrimen-
tally affected, probably by the successive ac-
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cumulation of HPMC on the coated capillary
wall.

The successive accumulation of HPMC was
previously described by Bello et al. [20] as a
“dynamic coating”, a successive non-covalent
coating of methylcellulose on the capillary wall
of uncoated capillary columns. The polymer
molecules in the layer of the “dynamic coating”
near the capillary wall undergo an orientation or
conformation change, which results in a reduced
fluid viscosity in this region, relative to the bulk
[20]. In the case of the DB-1-, DB-17- and
DB-Wax-coated capillaries, a similar behaviour
of “dynamic coating” may also be the cause of
the progressive loss of resolution with each
successive run, the possible decrease in polymer
viscosity resulting in a decrease in the resistance

of the separated RNA molecules through the
polymer network.

3.3. Reproducibility

In order to define the reproducibility of CE
using entangled polymer solutions containing
0.5% HPMC in the separation of LMM RNA
profiles, 55 successive runs were performed with
a new DB-1 capillary. The reproducibility of
relative migration time was determined by the
migration times of the first and last peak of the
standard LMM RNA mixture of E. coli MRE
600 (Fig. 4). The run-to-run reproducibility
decreases with increasing run number. The
R.S.D.s of the migration time of the first and last
fragments were for 20 successive runs 0.51 and
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0.5%, for 30 runs 0.86 and 0.76% and for 55
runs 1.3 and 1.25% (Table 1). The loss of
migration time reproducibility is consistent with
the previously mentioned deterioration in coat-
ing stability with successive runs (see above).

3.4. Buffer stability and reproducibility in terms
of profile resolution

Reproducibility in terms of profile resolution is
paramount in separations of LMM RNA finger-
prints because the primary goal is the identifica-
tion of bacteria using a database. In order to

determine the reproducibility of buffer prepara-
tion in terms of profile resolution and migration
time variation, two separate preparations of the
0.5% HPMC sieving buffer [HPMC (1) and
HPMC (2); Fig. 5] were tested. The buffer
reproducibility was determined for the separa-
tion of the LMM profile of Pseudomonas al-
caligenes LMG 1224" over a period of 1 month
during 30 runs. Runs were carried out daily using
the same DB-1 capillary. In order to ensure
coating stability, a new DB-1 capillary was used.

The stability of the resolution of the profiles
was evaluated with software designed for capil-
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lary files (GelManager for CE files V.1.5; Bio-
Systematica, Devon, UK). The CE files were
imported into the GelManager software after
conversion into ASCII files. Similarity of the
profiles was calculated by the correlation of
whole profiles by the Unweighted Pair Group
Method Using Averages (UPGMA).

The 0.5% HPMC sieving buffer, prepared at
different times over a l-month period gives a

high reproducibility with correlation coefficients
in the range 0.94-1.0 between different runs
with the same sample using the same capillary
over a period of 1 month (Fig. 5). The correla-
tion between two different buffer preparations is
0.94 by the second day after preparation and
1.00 by the 30th day after preparation (Fig. 5).
Increasing storage of the 0.5% HPMC sieving
buffer seems to reduce small differences in the
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Table 1

Reproducibility of migration time of two peaks in the LMM
RNA mixture from E. coli MRE 600 by capillary electro-
phoresis using entangled polymer solutions containing 0.5%
HPMC as sieving additive

No. of runs Migration time (min)

First peak Last peak

1 23.98 24.95
5 23.85 24.81
10 23.78 24.74
15 24.12 25.09
20 23.89 24.86
Average 23.95 24.87
S.D. 0.123 0.125
R.S.D. (%) 0.51 0.50
25 23.75 24.73
30 23.29 24.26
Average 23.84 24.78
S.D. 0.205 0.189
R.S.D. (%) 0.86 0.76
35 23.08 23.99
40 23.65 24.56
45 23.56 24.50
50 23.28 24.21
55 23.21 24.14
Average 23.65 24.58
S.D. 0.312 0.308
R.S.D. (%) 1.3 1.25

Sample, 100 wg/ml; buffer, 350 mM Tris—borate-2 mM
EDTA-7 M urea—0.5% HPMC (pH 8.6); capillary, DB-1,
70 cm (62 cm effective length) X100 pum LD., 0.1 um
thickness; injection, —10 kV, 15 s; field strength, 330 V/cm;
detection, 260 nm.

resolution of separate buffer preparations. Ac-
cording to the instructions of the GelManager
software program, the correlation values should
be >0.95 between repeated runs with the same
sample.

In addition, the R.S.D. of the migration times
of the components of the same sample was in the
range of 1.5-1.85% between two separately
prepared buffers. The 0.5% HPMC sieving buf-
fer seems to be reproducible in terms of profile
resolution but with small variations in terms of
migration times.

3.5. Sample preparation

The influence of sample preparation and puri-
ty of the extracts on the LMM RNA profile from
E. coli DSM 30083" was investigated. Fig. 6
shows the profiles obtained from (A) crude
extract, (B) an ultrafiltered sample and (C) a
sample treated by Qiagen column chromatog-
raphy. Profiles obtained from crude extracts or
ultrafiltrated samples (Fig. 6A and B) do not
show any major differences. However, the
Qiagen-treated sample (Fig. 6C) shows some
differences in resolution in terms of peak height
and partial overlapping of peaks (Fig. 6C). The
differences obtained may be due to the absence
of some components in the Qiagen-treated sam-
ple that would otherwise influence the changes in
conformation of the LMM RNA in the electric
field and their interaction with the polymer
network. In contrast, the same samples (crude
extract, ultrafiltered and Qiagen-treated sam-
ples) when analysed by conventional gel electro-
phoresis did not show any differences in res-

.olution (data not shown).

In summary, profiles produced from crude
extracts and ultrafiltered samples could be ob-
tained with high resolution using CE. However,
the use of crude extracts could have an adverse
effect on the coating lifetime because of the large
RNA fragment (16S and 23S rRNA) present, or
other impurities (e.g., polysaccharides).

3.6. Comparison of CE and slab PAGE using
LMM RNA from bacteria of different genera

LMM RNA profiles of four type strains from
different genera of bacteria belonging to three
different subgroups of the Proteobacteria, Al-
caligenes (beta), Hyphomicrobium (alpha), Es-
cherichia (gamma) and Pseudomonas (gamma
subgroup) were generated by CE using entan-
gled polymer solutions (Fig. 7) and by slab
PAGE (Fig. 8).

Consistent with a previous report [12], profiles
generally produced by CE using entangled poly-
mer solutions differed from those obtained by
slab gel electrophoresis (compare Figs. 7 and 8).
The differences between CE and conventional
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electrophoresis are expected, since conventional
gel electrophoresis functions under denaturing
conditions and separation is based on differences
in size and charge, whereas in CE using en-
tangled polymer solutions, electrophoresis is
carried out under non-denaturing conditions and
molecules are separated on the basis of size,
spatial structure, changes in conformation and
interactions with the polymer network [12,21].
One notable example is that, in contrast to
PAGE, 58 rRNA molecules analysed by CE with
the same length (120 nucleotides) from E. coli
and Ps. fluorescens show different separation
behaviours, probably because of their spatial

structures and the interactions with the polymer
network under the non-denaturing separation
conditions.

In the RNA profiles produced by CE, 5S
rRNA migrates very differently to the other
tRNA molecules. Typically, for 5S rRNA, a
distinguishable separation from other tRNA
molecules is observed as a single peak (Fig. 7).
This is not surprising, since in most bacteria only
one kind of molecule is expected, and 5S rfRNA
molecules have a different size to the bulk of
residual tRNA molecules in the cell of at least
more than 10 nt [15].

In contrast to 5SS rRNA, in any given strain,
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tRNA constitutes a heterogeneous population
(60 different tRNA molecules are possible) and,
not surprisingly, CE produces a complex multi-
peak profile. However, there is not complete
resolution of the different tRNA moities, proba-
bly owing to the tRNAs often having the same or
similar nucleotide length.

Despite the differences in the way RNA is
separated by CE and PAGE, there are some
similarities in the profiles produced by these
techniques, particularly for the 5§ rRNA region.
For example, the CE-separated profile of H.
facilis exhibits a double band in the 5S rRNA

region (Fig. 7) and this is also observed in the
slab gel electrophoresis profile from H. facilis
(Fig. 8).

Because the tRNA composition is individual
for every bacterial strain [15], an analysis of a
strain’s tRNA composition can provide a finger-
print to aid in the identification of that strain.
The tRNA analysis of four strains presented in
Figs. 7 and 8 produced different tRNA profiles
for each strain (fingerprints) by both convention-
al slab PAGE and CE. It is notable, however,
that the CE-generated tRNA profiles (finger-
prints) of the four strains are more dissimilar
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than those produced by PAGE, indicating that
CE is a more powerful means of distinguishing
between individual strains.

Because CE using entangled polymers sepa-
rates RNA molecules on the basis not only of
size, but also other factors, such as spatial
structure, this technique has potential advan-
tages over PAGE in distinguishing similar strains
that would have tRNA molecules of similar
sizes. Additionally, the capacity of this technique
to be automated lends itself to the analysis of a
large number of strains, especially important in
the field of ecology.

4. Conclusions

The use of CE with entangled polymer solu-
tions represents an important technique for the
rapid separation of bacterial LMM RNA produc-
ing a potentially useful genotypic fingerprint.
These fingerprints may prove useful in the identi-
fication of single bacterial strains. CE generation
of fingerprints offers a number of advantages
over conventional PAGE techniques, including
high sensitivity corresponding to very small sam-
ple size requirements (orders of magnitude less
than conventional electrophoresis), good repro-
ducibility, automated and easy handling, rapid
run time (30 min) and on-line data collection. In
addition to classical slab PAGE, CE using en-
tangled polymer solutions can represent a con-
venient alternative method that uses non-de-
naturing separation conditions. The separation
of the LMM RNA by CE is based on the size,
the spatial structure, the changes in conforma-
tion of molecules and their interaction with the
polymer network. Therefore, the profiles ob-
tained by CE can give information additional to
that obtained from conventional slab gel electro-
phoresis. In this context, the combined infor-
mation from both methods could be of particular
importance for future taxonomic studies.
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separation of DNA sequencing samples
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Abstract

Capillaries filled with non-cross-linked polyacrylamide and 7 M urea are stable for at least 4 months when stored
at room temperature and exposed to the atmosphere. The stability of these capillaries when subjected to four
successive DNA sequencing runs at an electric field of 300 V/cm was studied. Capillaries used the day after
polymerization showed a dramatic increase in elution time with successive separations. Capillaries used at least 1
week after polymerization showed very reproducible elution times with successive separations. This effect was
observed with capillaries where polymerization occurred in situ. Identical results were observed when poly-
acrylamide was formed in an external vessel and the polymerized material was pumped into the capillary. In all
cases, there was a gradual loss in resolution with successive separations; this loss of resolution was independent of
the length of time since polymerization. Separations may be made successfully up to at least 115 days after
polymerization for fragments less than 300 bases in length.

Non-cross-linked polyacrylamide has been
used for the separation of DNA sequencing
samples [12,15,20,22]. Non-cross-linked poly-
acrylamide seems to be less affected by bubble
formation than cross-linked polyacrylamide;
however, the resolution obtained with non-cross-
linked polyacrylamide is lower than that with
cross-linked polyacrylamide [17]. At low con-
centrations, this material can be replaced in a
capillary by applying a suitable pressure [23,24].
Refilling the capillary removes the step of
realigning the system usually done when chang-
ing a capillary. However, after each refill, the
capillary needs to be pre-run to remove unpoly-

1. Introduction

Capillary electrophoresis has become a major
analytical tool in the field of biological sample
analysis. The high separation efficiency of and
rapid separations by capillary electrophoresis are
particularly powerful in the analysis of DNA
sequencing samples [1-22].

Cross-linked polyacrylamide is used to obtain
high-resolution separation of sequencing sam-
ples. Only a few reports are available on the
effect of different parameters (% T, %C) on the
separation of DNA [9,10,17]. Usually, only 2-3
separations can be performed on the same gel

without a major ¢hange in the retention time or
the occurrence of bubbles that damage the gel
[14].

* Corresponding author.

merized acrylamide and other small ions. This
pre-run time depends on the viscosity of the
polymer, and is typically 20-30 min for a 5 %T
at 300 V/cm.

Fifty runs or more were reported with the

0021-9673/95/3$09.50 © 1995 Elsevier Science BV. All rights reserved
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same capillary for samples consisting of double-
stranded oligonucleotides [25-27]. However,
there are only a few reports on multiple runs of
DNA sequencing samples on the same capillary.
Pentoney et al. [12] used 10 %T 7 M urea
non-cross-linked polyacrylamide to perform 5-10
separations of DNA sequencing samples. To
obtain useful separations, they had to trim 2 mm
of the column a few minutes after each injection.
This approach has also been used with cross-
linked polyacrylamide to reduce the effect of
bubbles at the injection end and to perform
multiple runs [1,3,25]. Unfortunately, it appears
difficult to automate this trimming procedure.

We have studied the effect of ionic depletion
at the injection end of non-cross-linked poly-
acrylamide capillaries [28]. We noticed that the
effect of ionic depletion decreases with older
gels, which suggests that aged polyacrylamide
may be more stable than freshly polymerized
material for sequencing applications. In this
paper, we describe DNA sequencing with non-
cross-linked polyacrylamide (5 %T 7 M urea)-
filled capillaries used up to 115 days after poly-
merization. The effects of the age of poly-
acrylamide on the separation of a DNA sequenc-
ing standard were analyzed.

2. Experimental

The Sequitherm Cycle Sequencing kit (Cedar-
lane Laboratories, Hornby, Canada) and the
ATaq Cycle Sequencing kit (USB, Cleveland,
OH, USA) were used to prepare sequencing
samples of fluorescently labeled DNA. The kits’
procedures for cycle sequencing were used with
the following changes: ROX-labeled M13 univer-
sal (—21) primer (ABI, Foster City, CA, USA)
was used with M13mpl8 single-stranded DNA
(USB). Samples were ddATP terminated. The
samples were covered with mineral oil and
heated for 5 min at 95°C. Cycle sequencing was
performed using 30 cycles; each cycle consisting
of 45 s at 95°C, 45 s at 47°C and 90 s at 70°C.
Samples were precipitated with ethanol, washed
and resuspended in 15-25 wul of formamide-

EDTA (49:1). Each sample was divided into
5-10 aliquots.

Non-cross-linked polyacrylamide (5 %T) was
prepared by taking 1.25 ml of a 20% acrylamide
(Bio-Rad, Richmond, CA, USA) stock solution,
adding 1.0 ml of 5 X TBE buffer [2.7 g of Tris
(ICN Biomedicals, Cleveland, OH, USA), 1.37
g of boric acid (BDH, Toronto, Ontario,
Canada) and 1.0 ml of 0.5 M EDTA diluted to
50 ml in deionized, filtered water)] and 2.1 g of
urea (Gibco BRL, Gaithersburg, MD, USA),
and diluting the solution to 5.0 ml with deion-
ized, filtered water. This solution was degassed
for at least 20 min by bubbling argon gas through
it. The polymerization reaction was initiated and
catalyzed by adding 2 ul of N,N,N’N’-tetra-
methylethylenediamine (TEMED) (Gibco BRL)
and 20 ul of 10% ammonium peroxodisulfate
(Bochringer Mannheim, Indianapolis, IN,
USA). For in situ polymerization, immediately
following the addition of initiators, the solution
was injected into fused-silica capillaries {Poly-
micro Technologies, Phoenix, AZ, USA) with
typical dimensions of 33 cm X 32 pm 1.D. x 143
pm O.D. Capillaries were pretreated for 1 h
with a silanizing solution. This solution was
freshly prepared by mixing 0.5 ml of water, 0.5
ml of glacial acetic acid and 20 ul of y-metha-
cryloxypropyltrimethoxysilane (Sigma, St. Louis,
MO, USA). All chemicals were of electropho-
retic grade. The day of preparation was taken as
day zero. Non-cross-linked polyacrylamide-filled
capillaries older than day zero were left to age
on the bench and trimmed before use.

For capillaries that were refilled with poly-
acrylamide, the polymerization occurred in a
disposable centrifuge tube. On the day of analy-
sis, the polymerized material was pumped into a
capillary using a gas—tight syringe and a locally
constructed connector.

The capillary electrophoresis system and fluo-
rescence detection system used for these experi-
ments were an in-house design [6,17]. The high-
voltage power supply used in this experiment
was a Spellman (Plainview, NY, USA)
CZE1000R. Fluorescence was excited with a
yellow (8 mW, A =594 nm) He-Ne laser (PMS, -
Electro-Optics, Boulder, CO, USA). Fluores-
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cence was collected at right-angles to the laser
beam with a 125 X microscope objective (Leitz,
Weizlar, Germany). The fluorescence was im-
aged on to an iris, passed through a 630DF30
band pass filter (Omega Optical, Brattleboro,
VT, USA) and detected with an R1477 photo-
multiplier tube (Hamamatsu, Middlesex, NI,
USA).

3. Results and discussion

Separation of sequencing samples was per-
formed on non-cross-linked polyacrylamide-filled
capillaries from 1 to 115 days after polymeri-
zation. Fig. 1 presents four subsequent sequenc-
ing runs done on a 1-day-old non-cross-linked
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Fig. 1. Four subsequent separations of M13mpl8 ddATP-
terminated sequencing samples at —300 V/cm on a 35 cm
long capillary filled with 1-day-old non-cross-linked poly-
acrylamide. The same, arbitrary, intensity scale was used for
all runs. Fragments 91, 109-111 and 164-166 bases in length
are noted.

polyacrylamide-filled capillary at —300 V/cm.
The migration times increased from run to run;
from the first to the fourth run, the migration
time for base 91 increased from 23.7 to 39.4 min
(66% increase in retention time), and the migra-
tion time for base 252 moved from 43.3 to 70.8
min (63% increase in retention time). Also, the
peak heights decreased by a factor of 10 after
four sequencing runs, despite the use of a fresh
sample for each run. At the same time, the
current in the capillary decreased from 1.21 pA
for the first run to 0.70 pwA for the fourth
sequencing run.

The decrease in current is due to depletion of
ions at the injection end [28]. This depletion of
ions causes a localized increase in the electric
field near the injection end, and a decrease of
the electric field in the rest of the capillary. In
addition, this depletion of ions extends further
into the capillary with time, thus increasing the
asymmetry of the electric field in the capillary.
Depletion of ions causes the migration times to
increase from run to run and also decreases the
amount of sample loaded on to the capillary.
Depletion of ions has been described by various
workers for conventional slab gel experiments
[29-34].

Fig. 2 presents separations performed with a
capillary used 20 days after polymerization.
After four runs, the migration time for base 91
changes from 22.2 to 22.3 min (0.04% increase
in retention time), and for base 252 from 38.9 to
39.1 min (0.6% increase in retention time). The
current was consistently 1.55 pA for the four
runs. The peak heights change by less than 10%.
While we have noted earlier the current stability
for aged polyacrylamide capillaries [28], this is
the- first observation of highly stable migration
times in aged non-cross-linked polyacrylamide
capillaries.

The improved stability of polyacrylamide with
age was also noticed in a different set of experi-
ments, in which the polyacrylamide was poly-
merized in an external vessel and then pumped
into the capillary. A capillary was refilled with a
1-day-old non-cross-linked polyacrylamide and
three subsequent sequencing runs were per-
formed (Fig. 3). The change in migration time is
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Fig. 2. Four subsequent separations of M13mp18 ddATP-
terminated sequencing samples at —300 V/cm on a 32.1 cm
long capillary filled with 20-day-old non-cross-linked poly-
acrylamide.

similar to Fig. 1. When the capillary was refilled
with a 20-day-old non-cross-linked poly-
acrylamide and four subsequent sequencing runs
were performed (Fig. 4), the migration time was
stable to 5% R.S.D. These results indicate that
the change in the migration times with age is not
due to a problem with the capillary wall. Instead,
the change in migration time is due to changes in
the properties of aging polyacrylamide.
Migration times were measured for bases 91
and 252 for capillaries ranging from 1 to 115 days
old. Four successive runs were performed on
each capillary. For non-cross-linked poly-
acrylamide less than about 2 days old, the
mobilities (Fig. 5), there was a decrease by 40%
for base 91 and 39% for base 252 from the first
to the fourth sequencing run. In the case of
non-cross-linked polyacrylamide 7 to 34 days
old, the mobilities decreased by an average of
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Fig. 3. Three subsequent separations of M13mp18 ddATP-
terminated sequencing sample at —300 V/cm on a 36 cm iong
capillary. The capillary was filled with 1-day-old non-cross-

linked polyacrylamide before the first run, using a gas-tight

syringe.

6.2% for base 91 and 4.5% for base 252 from the
first to the fourth run. In the case of the 115-day-

old non-cross-linked polyacrylamide-filled capil- _

lary, the mobilities increased by 29% for base 91
and 35% for base 252 from the first to the fourth
run.

There was no detectable electro-osmosis in
these capillaries. Because of the design of our
system, any electro-osmotic pumping will dis-
place the polyacrylamide matrix into the path of
the laser beam of our detector. No such displace-
ment was noted in any of our experiments.

A non-linear least-squares routine was used to
fit a four-parameter Gaussian function to the
peaks. From the values of migration time and
peak width, the resolution, R, is calculated for
peaks separated by a single base. The resolution
(Fig. 6) for any particular run was weakly
dependent on the age of the capillary; however,
the resolution decreased significantly with the
number of sequencing runs. This decrease could
be caused by a decrease in peak spacing and/or

an increase in peak width from run to run. _

Mobility, and hence peak spacing, are stable
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Fig. 4. Four subsequent separations of M13mp18 ddATP-
terminated sequencing sample at —300 V/cm on a 36 cm long
capillary. The capillary was filled with 20-day-old non-cross-
linked polyacrylamide before the first run, using a gas-tight
syringe.

within the four runs for most of the different
ages of non-cross-linked polyacrylamide; how-
ever, in the case of the 115-day-old non-cross-
linked polyacrylamide, there is a decrease in
peak spacing from the sequencing run one to
four, and in the case of capillaries less than 2
days old, there is an increase in peak spacing
from the sequencing run one to four.

Fig. 7 shows the number of theoretical plates
for base 91 versus the age of non-cross-linked
polyacrylamide. In all cases, except for the 115-
day-old polyacrylamide, the plate count de-
creases from run to run. In the case of fresh
non-cross-linked polyacrylamide (less than about
2 days old), the migration time increases by 66%
and the peak widths increase by 200%, resulting
in a decrease by a factor of three in the number
of theoretical plates from the first to the fourth

—+— base 91
—O0— bhase 252

80x10°°

Mobility (cm > V's')
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40

w
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Fig. 5. Mobilities for bases 91 and 252 versus the age of
non-cross-linked polyacrylamide for four subsequent se-
quencing runs. The run number is indicated beside each line.

sequencing run. Non-cross-linked polyacryl-
amide between 6 and 34 days old has migration
times that increase by an average of 8% and
peak widths that increase by 70%. This results in
a decrease by a factor of 2.5 in the number of
theoretical plates. Finally, in the case of the
115-day-old non-cross-linked polyacrylamide, the
migration times decrease by an average of 25%
and the peak widths increase by 1%, resulting in
a decrease by a factor of 1.8 in the number of
theoretical plates.

4. Conclusion
Non-cross-linked polyacrylamide can be used

to perform subsequent sequencing runs on the
same capillary if the non-cross-linked poly-
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Fig. 6. Resolution for base 91-2 versus the age of non-cross-
linked polyacrylamide for four subsequent sequencing runs.
The run number is indicated beside each line.

acrylamide is aged properly before use. This
behavior occurs whether polymerization is per-
formed in situ or if polymerization occurs in an
external vessel and the polymerized material is
pumped into the capillary. The migration times
for aged non-cross-linked polyacrylamide change
by less than 8% for base 91 and 5.5% for base
252 within four sequencing runs. Sufficient res-
olution was obtained for DNA sequence de-
termination for fragments less than 300 bases in
length for at least four sequencing runs and for
capillaries containing polyacrylamide that was
used at least 2 weeks after polymerization. This
sequence read length is similar to that observed
earlier at 300 V/em; we have demonstrated that
operation of these capillaries at lower electric
fields leads to longer sequencing read length.

In an accompanying paper {35], we describe
how aged non-cross-linked polyacrylamide may

4x10° o

Number of theoretical plates

T T T
] 20 40 60 80 100
Age of polyacrylamide (days)

Fig. 7. Theoretical plates for base 91 versus age of poly-
acrylamide for four subsequent sequencing runs. The run
number is indicated beside each line.

be used to obtain many separations of sequenc-
ing samples. This approach requires the minimi-
zation of template concentration in the sequenc-
ing sample, the use of aged polyacrylamide and
the reversal of the electric field between sepa-
rations to relax ionic depletion at the injection
end of the capillary.
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Multiple separations of DNA sequencing fragments with a
non-cross-linked polyacrylamide-filled capillary: capillary
electrophoresis at 300 V/cm
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Abstract

The use of non-cross-linked polyacrylamide for muitiple DNA sequencing runs on the same capillary is
demonstrated. To minimize template loading, cycle sequencing was used to prepare fluorescently labeled samples.
To minimize ion depletion, the current was reversed for several minutes between runs. To achieve stable operation,
non-cross-linked polyacrylamide was aged for several days before use. This procedure allowed the successful
generation of at least nineteen sequencing runs from the same capillary without replacement of the polyacrylamide
and without trimming of the capillary tip. These separations were performed at an electric field of 300 V/cm.

1. Introduction

Non-cross-linked polyacrylamide is a useful
medium for DNA sequencing by capillary elec-
trophoresis. The material has been used to
separate DNA sequencing fragments over 500
bases in length. An important issue in DNA
sequencing is repeated separations in the same
capillary; replacement of the capillary can re-
quire a tedious realignment step. While replace-
ment of the separation medium is possible, it
requires relatively high pressures, which is not
convenient in certain situations [1].

The same capillary can be used for replicate
analysis of synthetic DNA standards and restric-
tion fragment digests in non-cross-linked poly-
acrylamide-filled capillaries [2]. However, repli-
cate injections of DNA sequencing fragments

* Corresponding author.

0021-9673/95/$09.50
S§DI 0021-9673(95)00649-4

have not proved successful; either the capillary
performance degrades unacceptably or a portion
of the capillary tip must be trimmed after each
injection [3,4]. On the other hand, freshly pre-
pared capillaries can separate sequencing frag-
ment much longer than 500 bases in length when
operated in a pristine condition [5,6].

It appears that two phenomena are important
in limiting re-use of the capillary. First, depletion
of ions from the injection tip of the capillary is
caused by the mismatch in transport numbers
across-the buffer—polyacrylamide interface [7,8].
This ionic depletion leads to a large current drop
at the injection tip, which leads to damage of the
material. Second, the large template migrates
with relatively low mobility. Conventional se-
quencing protocols generate at most one se-
quencing fragment per template molecule; as a
result, the template is present in higher con-
centration than all sequencing fragments com-
bined. This high concentration, along with the

© 1995 Elsevier Science B.V. All rights reserved
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low mobility but high charge of the template,
probably leads to gel damage at the injection tip
of the capillary.

One simple solution to polyacrylamide degra-
dation is found by replacing the separation
medium after each run. Low-concentration non-
cross-linked polyacrylamide can be replaced by
pumping the material from the capillary. How-
ever, pumping the material requires high
pressures, particularly when dealing with capil-
laries of small inner diameter [1]. Further, it is
common to apply an electric field across the
separation medium before operation to flush
small ions from the capillary; this pre-electro-
phoresis run can account for a significant fraction
of the time necessary for separation, leading to
an undesirable extension of the analysis time.

Rather than replacing the separation medium,
this paper reports repeated separations of DNA
sequencing fragments without replacement of the
separation medium. Successful re-use of a capil-
lary relies on three steps. First, as noted in a
companion paper [9], it is necessary to use
polyacrylamide several days after polymeriza-
tion; freshly prepared material leads to an un-
acceptable decrease in migration time reproduci-
bility. Second, we rely on cycle sequencing for
sample preparation. In cycle sequencing, thermal
cycling allows repeated generation of sequencing
fragments from the same template. This pro-
cedure is a variant of the polymerase chain
reaction that produces a linear increase in se-
quencing template with the number of cycles. As
a result, much less template is loaded on to the
capillary. Third, we reverse the polarity of the
electric field for a few minutes between each run.
This field reversal decreases ionic depletion,
yielding a homogeneous electric field in the
capillary and more reproducible migration times
for the sequencing fragments.

2. Experimental

The instrument and sample preparation meth-
od have been described in a companion paper
[9]. The capillary used for this experiment had
aged for 3 days before use.

3. Results and discussion

As noted [9], non-cross-linked polyacrylamide
more than a few days old generates reproducible
retention times for four subsequent injections.
However, after more injections there is a gradual
loss of current in the capillaries, presumably due
to depletion of ions from the injection tip of the
capillary. To decrease the effect of the depletion
of ions, we reversed the electric field between
each sequencing run. This voltage reversal al-
lowed the depleted ions at the injection end to
recover. The polarity was reversed for 10-20 min
at +400 V/cm between each run. Up to 0.4 pA
in current was recovered by this technique.
Reversing the polarity was previously proposed
by Swerdlow et al. [7] to eliminate the plugging
of the gel pores by the DNA template.

To generate samples with low amounts of
template, cycle sequencing was used. Fig. 1

169-111
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109-111
164-166

Intens
o
-
I
1

Fig. 1. Multiple runs of DNA sequencing samples on the
same capillary at —3000 V/cm. The samples were prepared
from M13mp18 and terminated with ddATP.



D. Figeys, N.J. Dovichi | J. Chromatogr. A 717 (1995) 113-116 115

shows the sequence from the primer up to base
166 for runs 1, 6, 12 and 17 on the same
capillary. By reversing the polarity between
runs, a total of nineteen sequential runs were
obtained on the same capillary without refilling
the capillary. The mobility increases and the
resolution decreases from the first to the last run;
however, acceptable resolution remains even
after nineteen runs.

Fig. 2 shows the change in current versus the
run number. There is still a slight decrease in
current (from 1.49 to 1.29 pA), which is not
compensated for by reversing the polarity. This
current drop could be due to incomplete deplug-
ging of the pore. These experiments were per-
formed over a 3-day period; an increase in
current from run 7 to 8 and run 13 to 14 occurred
during the overnight rest between these runs.

Fig. 3 shows the change in mobility versus the
run number. The relative standard deviation of
the mobility ranges from 3% to 6% for base 91
to base 350. Thus, the mobility of the sequencing
samples is fairly stable within nineteen runs.

The peaks for bases 91, 142, 252 and 350 were

1.45x10°°

z 1.40
<
e
5
o

1.35

1.304

] T
10 15
Number of runs

bl

Fig. 2. Current versus number of runs.
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Fig. 3. Mobility versus number of runs for different peaks.

fitted with a Gaussian model. Fig. 4 shows the
resolution for adjacent bases versus number of
runs. The main decrease in the resolution occurs
in the first four runs; however, after nineteen
runs, the resolution had dropped by only a factor
of two compared with a pristine capillary. We
believe that the general decrease in resolution
with increasing fragment length is associated
with the effects of biased reptation [10]; oper-
ation of the capillary at lower electric field
reduces this effect, generating longer sequencing
reads [5]. The general loss of resolution with
replicate runs must be associated with a change
in the physical make-up of the non-cross-linked
polyacrylamide. In principle, damage to the
matrix could result in the formation of channels
within the polymer, which leads to a band
broadening mechanism that is similar to eddy
diffusion in chromatography.

4. Conclusion

We have shown that it is possible to perform
multiple separations of DNA sequencing samples
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Fig. 4. Resolution versus number of runs for different peaks.

on the same capillary without replacing the
separation medium. Up to nineteen sequential
runs were obtained on the same capillary; this
number of replicate analyses was limited by the
operator’s patience and not by failure of the
separation medium; it appears that non-cross-
linked polyacrylamide may be re-used virtually
indefinitely. As a result, the tedious replacement
of separation medium between runs may be
eliminated, which will speed up large-scale se-
quencing efforts.
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Abstract

The reaction of styrene oxide with DNA components was studied using separation by capillary zone
electrophoresis (CZE) and detection by negative-ion electrospray mass spectrometry (MS). The CZE-MS
interface was built for a sector field mass spectrometer. The reaction of styrene oxide with mononucleotides
(dGMP, dAMP) was used to optimize the relevant separation parameters and to gather the first information about
the behaviour of the possible products. With these mixtures, sample stacking procedures were developed and the
scope of collision-induced dissociations were studied. From the fragments recorded, information about the reaction
sites in the nucleotides was obtained. Further, the reaction with intact calf thymus DNA was investigated. The
DNA was digested into oligonucleotides using the previously described approach with Benzonase, an unspecific
nuclease, and alkaline phosphatase. Styrene oxide mono-adducts in dinucleotides, trinucleotides and tetranu-
cleotides were detected, whereas pentanucleotides exhibit mono- and discernible amounts of di-adducts. The
hexanucleotides were generally modified twice. The alkylated species moved faster than the unmodified oligomers.

1. Introduction

Adduct formation of alkylating or oxidizing
carcinogenic compounds with DNA has repor-
tedly been a crucial step in the initiation of
tumours [1]. Especially some synthetic chemicals
are enzymatically oxidized, yielding very reactive
electrophiles. One of these chemicals is styrene.
Stryene is among the most important chemicals
with its major use for the production of plastics
and polymeric resins. Since the monomer can be
liberated from such materials during industrial
application of the polymers, occupational expo-
sure of workers in such work places occurs. It
finds its way into the body generally through

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00558-7

inhalation. In the lung, it is easily absorbed in
blood and metabolized primarily in the liver by
the cytochrome P-450 pathway to styrene-7,8-
oxide, an epoxide which is mutagenic in both
procaryotic and eucaryotic test systems and car-
cinogenic in rodents. Workers occupationally
exposed to styrene oxide has been found with
increased chromosome aberration levels [2,3].
Hence styrene is considered a potential car-
cinogen and its allowed concentration in occupa-
tional situations is restricted.

With such a background, several in vitro
studies addressing the genotoxic effects of
styrene and particularly styrene oxide were per-
formed using DNA or DNA components as
models [4]. For the determination of the differ-
ent reaction products, post-labelling and co-chro-

© 1995 Elsevier Science B.V. All rights reserved
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matography with synthetic standards proved to
be most successful [5]. The results indicate that
alkylation through the epoxide takes place pre-
dominantly at the N-7-, N*- and O°-positions of
guanine (Fig. 1).

Several attempts have been made to use mass
spectrometric techniques also, since the identifi-
cation of unknowns would be possible; the
general problem is the lack of sufficient detection
power. It could be demonstrated, however, that
with appropriate derivatization the detection
limits for modified nucleobases using GC-MS
can be low enough to study biological samples
{6,7].

Since the introduction of capillary zone elec-
trophoresis (CZE) by Jorgenson and Lukacs [8],
the technique has been used in high-resolution
separation analyses for polar and particularly
ionic substances at very low levels employing UV
or fluorescence detection, the first studies in
DNA adduct research have been described [9].
To increase the detection capabilities further,
interfacing CZE with mass spectrometry (MS)
was introduced using fast atom bombardment
(FAB) [10] or electrospray ionization (EST) [11].
Electrospray is the most often used means of
detection since the detection capabilities of ESI
are superior owing to much lower chemical
backgrounds, but the greatest advantage is the
ability to detect high molecular masses due to
higher charge numbers per molecule giving ac-
cess to mass spectra of large bioorganic com-
pounds. For the detection of modifications in
DNA, such a combination appeared most prom-
ising and we have constructed a capillary electro-

@— CH== CH, ‘?

styrene &
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* 4 guanosine
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Fig. 1. Reaction sites of styrene oxide and deoxyguanosine.

phoresis system interfaced to an electrospray ion
source for a double-focusing sector field mass
spectrometer built in this laboratory [12].

Here we demonstrate the application of the
technique to the analysis of styrene oxide ad-
ducts obtained in in vitro reactions with mononu-
cleotides and calf thymus DNA.

2. Experimental
2.1. Materials

Chemicals were purchased from the following
suppliers: NH,HCO,, Sigma (Deisenhofen, Ger-
many); alkaline phosphatase [1500 U suspension
in (NH,),S0,], nucleotides (Bdéhringer, Mann-
heim, Germany); calf thymus DNA (lyophilized,
research grade), Serva (Heidelberg, Germany);
Mg(OAc), (analytical-reagent grade), Benzonase
(250 U/ul, purity I, 100000 E per vessel),
epoxystyrene (styrene-7,8-oxide), diethyl ether,
2-propanol, NaOH (analytical-reagent grade),
Merck (Darmstadt, Germany); methanol
(HPLC grade), Promochem (Wesel, Germany).

2.2. Capillary electrophoresis—mass
spectrometry

A schematic diagram of the CZE-MS system
is given in Fig. 2. A laboratory-constructed CE
apparatus is interfaced with an electrospray ion
source designed for a Finnigan MAT (Bremen,
Germany) Model 90 double-focusing sector field
mass spectrometer. The CE system is equipped
with a pneumatically actuated sample tray pro-
viding space for eight sample reservoirs. Injec-
tion can be made electrokinetically or with
pressure. The instrument is controlled by means
of a single-board computer (Intel 8052). The CE
potential is applied at the injection port via a
gold electrode inserted in the buffer solution and
the other end of the capillary is at electrospray
potential. The use of titanium reservoirs [12] was
discontinued since gas bubbles evolving during
the separations occasionally caused breakdowns

‘of the current. With PTFE cups this problem was

solved. The CE apparatus is equipped with a 30
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Fig. 2. Schematic diagram of the CZE-MS interface. 1= air cooling using membrane pump; 2 = high-voltage CZE; 3 = CZE
capillary; 4 =liquid sheath flow; 5= high-voltage ESI; 6 = four-way junction at ESI potential (—8.3 kV); 7 = stainless-steel
capillary (sprayer); 8 = indirectly heated capillary; 9 = first pumping stage; 10 =second pumping stage; 11 =source vacuum;
12 = ion optics with draw lens (—2.8 kV) and static quadrupoles; 13 = sampling orifice (0.6 mmy); 14 = skimmer (0.8 mm).

kV power supply (Heinzinger, Rosenheim, Ger-
many), which can be floated up to 5 kV.

Capillaries with a thinner silica wall (75 um
I.D., 190 um O.D.) (SGE, Weiterstadt, Ger-
many) caused difficulties owing to very small hair
leaks resulting in gas bubbles inside the capillary.
Similar effects have been reported by Moseley et
al. [13] and termed electrodrilling. It could be
reduced by using capillaries with thicker capillary
walls (360 um O.D., 75, 50 and 25 pum I.D.)
(Analyt, Millheim, Germany). However, even
then keeping a constant CZE current for pro-
longed periods is one of the limiting problems in
this interface and the reasons are not yet under-
stood. As a liquid sheath we used 2-propanol
and methanol at flow-rates of 5-15 wl/min. The
separation capillary ended in a stainless-steel
capillary (gauge 22 =410 pm 1.D.) (Hamilton,
Darmstadt, Germany), which both ended in a
four-way HPLC tee that was used as ESI
sprayer. The capillary for liquid sheath was
connected to a syringe pump (TSE Systems, Bad
Homburg, Germany) and the fourth inlet was
used as an electrode connection to the ESI
potential.

In our set-up, it seems to be necessary to

adjust the separation (inner) capillary so that the
end is in line with the outer stainless-steel
capillary; otherwise the spray may not be stable.
A sheath flow of typically 5 nl also appeared
essential to stabilize both the end potential of the
CE voltage and the spray, because fluctuations in
the eluting salt concentrations may destabilize
the performance of the ESI spray, lowering the
ion yield. Generally, support by additional air
flow using nitrogen was not required.

For desolvation we replaced the earlier used
resistively heated capillary with an indirectly
heated capillary, providing a uniform tempera-
ture profile. The nozzle—skimmer system of the
ESI ion source [14] was redesigned using SIM-
ION calculations [15]. The “nozzle” is now
conical towards the source with a hole of 600
um, while the skimmer has an 800 wm entrance
at a distance of 4 mm from the nozzle. The
distance from the end of the desolvation capil-
lary to the nozzle is 10 mm. Recently, the nozzle
was redesigned to a dish-shaped form with a flat
base of 2 mm and a hole of 600 pm to avoid
contamination reducing ion transmission.

The ion optics design employing two sets of
static quadrupoles has been reported for thermo-
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spray [16], fast atom bombardment [17] and
inductively coupled plasma MS [18] ion sources;
with electrospray it gives much better ion trans-
mission when the acceleration potential of the
draw lens was held at 2.8 kV, allowing the ions to
accelerate in the high-pressure region more mod-
erately.

2.3. Sample preparation

One milligram each of 2’-deoxyadenosine-5’-
monophosphate (dAMP), 2’-deoxyguanosine-5’'-
monophosphate (dAGMP) and calf thymus DNA
were dissolved in 1 ml of doubly distilled, deion-
ized water and 10 ul of styrene-7,8-oxide were
added. The reaction mixture was incubated at
37°C for 48 h. The DNA mixtures were extracted
twice with 300 wl of diethyl ether to remove
unreacted styrene oxide. The DNA mixtures
were digested enzymatically using Benzonase
and alkaline phosphatase. The solutions were
used without further treatment for electropho-
resis using 30 mM NH,HCO, buffer, (pH 6.5~
7.0).

2.4. Hydrolysis of styrene oxide in water

A 10-ul volume of styrene oxide was dissolved
in 1 ml of water and kept for 48 h at 37°C. The
solution was subjected directly to Raman Spec-
troscopy (Raman 2000 R spectrometer; Perkin-
Elmer, Uberlingen, Germany).

2.5. Sample stacking in the CE capillary

For this procedure the capillary was filled
completely with the sample and by inverting the
injection port potential of the CZE from positive
to negative voltage, the sample migrated from
the end of the capillary to the front, increasing
the sample concentration. A precondition for
this method is that the buffers at both ends have
a higher ionic strength than the sample at the
beginning. Usually, with CZE-MS there is no
buffer reservoir at the sprayer end of the capil-
lary. Therefore, an Eppendorf vessel filled with
buffer solution was held in place over the sprayer

needle until the preconcentration was finished.
The zones were compressed and concentrated,
which was indicated by reaching 95% of the
normal CZE current. Then the potential was
reversed from negative to positive and the CZE-
MS run was started.

3. Results
3.1. Mononucleotides

In first experiments, the reaction of styrene
oxide with mononucleotides was studied. On
that basis a typical reaction product pattern
could be established and the electrophoretic
separation parameters were optimized. The elec-
trophoretic separation of reaction products of
dAMP incubated with styrene oxide shows three
peaks in the reconstructed ion mass electro-
pherogram (Fig. 3, bottom).The corresponding
mass electropherograms of m/z 330 (Fig. 3, top)
identifies peak 3 as unreacted dAMP, while
peaks 1 and 2 both contain two different species
of styrene oxide adducts to dAMP (m/z 450; Fig.
3, middle).

Similar results were obtained by the reaction
between the other mononucleotides and styrene
oxide, with the exception that dGMP shows two
additional compounds at m/z 586, probably
doubly alkylated dGMP. Both bi-adducts migrate
slightly faster than the corresponding mono-ad-
ducts, while unmodified dGMP migrates last. In
Fig. 4, the separation of the products is shown
using sample stacking. Since the absolute
amount of sample is always of concern in CZE—
MS, sample stacking [19] (on-column preconcen-
tration) techniques were applied. The gain in
detection power is approximately one order of
magnitude, but there is obviously a loss of
resolution, particularly for the main components;
the reason for this is that the stacking procedure
was terminated before the optimum current was
reached to avoid sample loss. Without stacking
the di-adducts were not detectable since their
concentration is lower by at least two orders of
magnitude compared with the starting material,
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Fig. 3. CZE-MS of dAMP after reaction with styrene oxide. Top trace, electropherogram, m/z 330 (dAMP); middle trace, m/z
450 (mono-adducts dAMP-stryrene oxide); bottom trace, RIC. Separation conditions: capillary, 82 cm X 75 um 1.D.; buffer, 30

mM NH,HCO, (pH 6.8); 280 V/cm.

as can be seen from the absolute intensities of
the signals.

Since so far only the molecular ions {M — H] "~
were observed without relevant fragments, pre-
liminary experiments using collisionally induced
dissociation (CID) were made. A mixture of
incubated dGMP was continuously infused at a
flow-rate of 5 pl/min. The fragmentation was
induced by a potential of —40 V between the
nozzle and skimmer in the first pumping stage.
Fig. 5 shows a mass spectrum of 20 accumulated
scans from an experiment with incubated dGMP.
At m/z 150 the negative ion of guanine appears,
while m/z 195 indicates the loss of guanine from
dGMP [M — guanine]. Two peaks in the spec-
trum are significant for two different types of
adducts: the signal at m/z 270 belongs to a
guanine—styrene oxide adduct, whereas that at
m/z 216 is styrene oxide phosphate. This means
that one of the adducts is a phosphate derivative,

an artifact not common in DNA. From the two
adducts in the electropherogram (Fig. 4, middle
trace) the first is the phosphate adduct, since it is
less polar, thus eluting first.

3.2. DNA digestion

The attempt to identify modifications of DNA
at the oligonucleotide level was made by means
of digested calf thymus DNA after styrene oxide
incubation using two enzymes. The unspecific
endonuclease Benzonase cleaves the DNA into
oligonucleotides while the 5'-phosphates were
removed with alkaline phosphatase. This diges-
tion steps produce oligonucleotides of the type
n-nucleotide—(n — 1)-phosphate ~ with  chain
lengths of 2-8 nucleotides, irrespective of modi-
fication. Under the separation conditions used
here, the oligonucleotides were separated into
groups according to the same chain length.
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Fig. 4. CZE-MS of dGMP reacted with styrene oxide; sample stacking (capillary was filled completely). Top trace, m/z 346
(dGMP); middle trace, m/z 466 (two mono-adducts); bottom trace, m/z 586 (two di-adducts). Separation conditions: capillary,
82 cm X 75 pwm 1.D.; buffer, 30 mM NH,HCO, (pH 6.8); 280 V/cm.

Fig. 6 shows a total ion electropherogram
indicating four peaks. The first peak contains all
dinucleotide monophosphates, the second the
trinucleotide diphosphates and so on up to
pentanucleotide tetraphosphate in this particular
electropherogram; in other digestion experi-
ments we have found the oligomers up to octa-
nucleotides.

In Fig. 7 a CZE—-MS separation is shown as an
“eagle’s view” [20], which allows the facile
recognition of modified and unmodified oligo-
mers by their separation in time and mass. The
modified oligomers migrate slightly faster than
the unmodified counterparts; hence it is difficult
to separate them in different scans. It should be
noted, however, that it is not possible on the
basis of these data to distinguish between the 3'-
and 5’-isomers of the same sequence, since they

are not separated electrophoretically. From Fig.
7 it is evident that styrene oxide produces a
variety of adducts under these in vitro condi-
tions. All the oligomers with the exception only
of thymine-containing sequences were found to
be modified at least once. Di-, tri- and tetranu-
cleotides were found to be modified once, while
pentanucleotides showed mono- and di-adducts.
Hexanucleotides were found only in doubly
modified form and no unmodified oligomers
remained. Since the reaction is possible at each
nucleobase in the polymer, the probability of
modification increases with increase in chain
length.

To verify that the modification reaction has
occurred before digestion of DNA and not with
the oligonucleotides, the reaction was stopped
with extraction of styrene oxide using diethyl
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Fig. 6. CZE-MS of oligonucleotides: total ion electrophero-
gram of oligonucleotides from enzymatically digested DNA.
Separation conditions as in Fig. 3.

ether, but no differences to the reaction scheme
without extraction were observed. Further, we
have shown by Raman spectroscopy that after 48
h the epoxide is completely hydrolysed.

4. Discussion

The results shown here indicate that this
approach to detecting modifications in DNA may
be used to determine the frequency at which a
particular reaction occurs in DNA and addition-
ally any sequence specificity. The styrene oxide
model seems not to exhibit sequence specificity,
at least not at the high concentration level used
for the orienting experiments. The observation
that thymine does not react with styrene oxide

_shows the potential to detect such reactions in

appropriate model systems. Additionally, at the
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Fig. 7. “Eagle’s view” of CZE-MS of oligonucleotides from calf thymus DNA incubated with styrene oxide. Experimental
conditions: scan range, 300-1000, 15 s per decade; U(nozzle) = ~70 V; T(capillary) = 120°C; separation capillary length, 82 cm;
U(CZE) =15 kV; U(ESI) = —8 kV; U(separation) =23 kV (280 V/cm). The chain length and the charge state are given; A

indicates the styrene oxide adducts.

dinucleotide level the adduct of d(CpC)" appears
just above the background noise and the intensi-
ty of d(GpG) is only slightly higher. All other
adducts of dinucleotides are readily detected.
At the trinucleotide level again only d(TpTpT)
remains unmodified, whereas the adducts of
d(TpTpC), d(ApApT) and d(ApApA) are bare-
ly visible. All other possible adducts of the
trinucleotides appear with adequate intensities.
Two constraints need further attention. One is
the insufficient separation of oligonucleotides of
the same chain length, but preliminary results
with different buffer systems are very promising.
It seems possible to separate at least the differ-
ent species [21], if not the isomers within the
groups. Second, the level of detailed information
about the reaction sites at the nucleobases could
be optimized using CID either by means of
skimmer CID or with MS—-MS experiments. The

' Abbreviations: d=deoxy; A = adenosine; G = guanosine;
C = cytidine; T = thymidine; p = phosphate.

preliminary results discussed here are promising.
The adducts formed at N-7 of the guanine
yielding a cation should cleave the glycosidic
bond anyhow, releasing the modified nucleo-
base, and we found indications that this indeed
happens. This means, on the other hand, that
the guanine adducts in the oligomers are adducts
to the exocyclic N* or O°, which are chemically
stable. This is further indicated by the low
intensity of d(GpG) adduct found in the spectra.

Quantitative considerations are impossible as
yet owing to the lack of any standard. This
makes even simple estimations of the detection
power of the technique nearly impossible. With
simple dinucleotides such as TpT it is possible to
detect nucleotides in the femtomole range. The
development of standards and comparison or the
combination with other, known methods for the
determination of modifications, e.g., GC-MS
and post-labeling, are prerequisites for future
work.

Considering the toxicological relevance, we
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have already started to isolate DNA from vari-
ous sources, particularly from liver homogenates
and cell cultures, and have successfully applied
the same analytical protocol.

5. Conclusion

We have been able to separate the reaction
products of styrene oxide with DNA constituents
by means of CZE and to detect the molecular
ions [M — H]™ by ESI-MS in a laboratory-built
CZE-MS instrument. With CID, fragments were
obtained giving some indications about the reac-
tion sites in the molecules, but this approach is in
a very preliminary stage.

The same reaction was studied with calf
thymus DNA. The DNA was subsequently di-
gested into a mixture of oligonucleotides, which
could then be separated into groups of the same
chain lengths, but modified species were clearly
separated due to different -electrophoretic
mobility and mass. It seems that the procedure
has the potential to detect the preferred reaction
sites in DNA and even sequence specificity
should be instantly recognized. Since the overall
scheme is rapid and effective without the need
for derivatization, it can be envisaged that this
strategy could provide a valuable tool in the
study of toxicologically relevant reactions and in
the exploration of genotoxic effects of drugs and
xenobiotics. With improved instrumentation,
namely CZE injection schemes, stacking pro-
cedures and with mass spectrometers providing
superior detection power, even biomonitoring
could be accomplished.
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Abstract

The last few years have witnessed a tremendous shift in the use of capillary electrophoresis for clinical
applications, particularly with DNA analysis. As a result of the large number of DNA-based clinical assays, there is
an intense interest in making DNA analysis faster, less expensive and more automated. We describe the evaluation
of CE-based single-strand conformation polymorphism (SSCP) and dideoxy fingerprinting (ddF) analysis for the
detection of single-point mutations within a Mycobacterium tuberculosis-specific amplified DNA fragment. Both
were found to be capable of detecting the mutation in the resistant isolate but ddF showed the most promise with
respect to specificity and ease of implementation. In addition, initial results with a CE-based sizing method is
shown to be competitive and, perhaps, superior to a Southern blot analysis for the detection of hepatitis C viral

(HCV) infection.

1. Introduction

The potential application of capillary electro-
phoresis (CE) for both routine and esoteric
clinical assays is rapidly being realized [1]. CE
has been shown to be a viable alternative to
many of the standard clinical techniques as a
result of its ability to perform rapid, efficient,
reproducible analyses in an automated format.
CE analyses have been documented for a variety
of analytes of biological importance; ranging
from small organic ions to large macromolecules
(see Ref. [1] and references therein).

The last decade has seen a tremendous shift

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00491-2

toward the development of deoxyribonucleic
acid (DNA)-based assays for use in the clinical
laboratory. The analysis of polymerase chain
reaction (PCR)-amplified DNA products is the
basis for an ever-increasing number of diagnostic
assays, in which the amplified fragments are
typically sized by agarose gel electrophoresis
followed by DNA-DNA hybridization analysis
(i.e., Southern blot evaluation). Alternatively,
post-amplification analysis can be accomplished
by using DNA sequencing, with the ultimate
goal being the identification of specific nu-
cleotide base changes. Since DNA sequencing
analysis is a lengthy and more technically-in-
volved process, screening methods have de-
veloped to identify those samples possessing a
mutation. Single-strand conformation polymor-
phism (SSCP) [2], dideoxy fingerprinting (ddF)

© 1995 Elsevier Science B.V. All rights reserved
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[3] and heteroduplex analyses [2], assess the
DNA fragment for mutations without having to
sequence it. All three of these methods detect
mutations based on the migration of the single or
double stranded DNA under non-denaturing
conditions. The presence of a single-point (or
multiple-point) mutation affects the secondary
structure of the molecule and, hence, its electro-
phoretic migration. Differences observed in com-
parison with the electrophoretic behavior of the
wild type provide the basis for identification of
the mutation.

A substantial number of reports have high-
lighted the utility of CE for the analysis of DNA.
The speed, efficiency, sensitivity (with laser-in-
duced fluorescence detection) and potential for
automation make CE a particularly attractive
analytical method for the clinical laboratory,
especially in light of the fact that the number of
DNA-based analyses used for diagnoses is grow-
ing rapidly. CE is proving to be a promising tool
for effectively replacing standard gel electropho-
retic techniques for DNA analysis, particularly
for use with the aforementioned methods. Re-
cent literature describes the use of CE to size
DNA fragments generated by restriction endo-
nuclease digestion (RFLP analysis) [4], or frag-
ments produced by using PCR [5]. The charac-
teristics that make CE attractive for methods
such as SSCP and DNA-sizing analysis include
its speed, sensitivity, efficiency, not to mention
its potential for providing qualitative and quan-
titative results under native or denaturing con-
ditions.

In the present study, we describe preliminary
results from attempts to exploit CE as a means
of analyzing DNA for clinical diagnostic pur-
poses. CE analysis using both fixed (crosslinked)
gels (CGE) and polymer networks (pnCE) are
used for the detection of single-base mutations
within a Mycobacterium tuberculosis-specific am-
plified DNA fragment by using two approaches:
SSCP and ddF. The significance of these analyses
is to rapidly identify those organisms harboring a
mutation that may be associated with resistance
to the drug, rifampin. In addition, DNA sizing
by pnCE is exploited for the quantitative and
qualitative analysis of PCR products indicative of
hepatitis C viral (HCV) infection.

2. Materials and methods
2.1. CFE instrumentation

HPCE separation was carried out on a Beck-
man P/ACE System 5510 equipped with either a
laser-induced fluorescence detector or a UV
detector and a sample cooling tray. The laser
system was a single-wavelength (488 nm) argon
ion laser (3—-4 mW) with detection at 510 nm
(using YO-PRO-1; Molecular Probes, Eugene,
OR, USA) or 520 nm (using fluorescein). The
UV detector monitored absorbance at 254 nm.
An IBM 486 ValuePoint computer utilizing Sys-
tem Gold software (V. 8.1) was used for instru-
ment control and data collection. All peak in-
formation (migration time, peak areas and
height) was obtained through the System Gold
software.

2.2 8§CP-CE

The sample was rpoB amplicon-derived from a
clinical isolate of M. tuberculosis as described by
Whelen et al. [6]. The amplified DNA (1-10
ng), suspended in water, was diluted in PCR
buffer (1 X buffer was 10 mM Tris pH 8.3, 50
mM KCI, 1.5 mM MgCl,) such that the PCR
buffer was at 0.25 X strength. The samples were
boiled for 3 min and immediately put on ice.
Separation was carried out using a polymer
network obtained from Dionex (Sunnyvale, CA,
USA), using a 50 cm (resolving length) X 50 um
capillary. The temperature of the sample holding
tray was maintained at 8°C using an external
chiller while the capillary was maintained at
18°C. Ethidium bromide (EtBr) was added to
the buffer system at a final concentration of 10
ng/ml. The sample was applied to the capillary
by electrokinetic injection (45 sx5 kV) and
separated with 150 V/em. A DNA standard
(¢X174 Rf digested with Haelll; BRL-Gibco)
was run as a control to ascertain performance of
the pnCE system.

2.3. ddF-CE

Samples for ddF-CE were generated using a
ddG cycle sequencing reaction [7]. The template
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for the cycle sequencing reaction was the same
rpoB gene fragment generated for SSCP analy-
sis. The primer used for gel electrophoresis ddF
analysis was a “’P-5'-labeled oligonucleotide,
and the same primer was 5’-labeled with fluores-
cein for ddF-CE. The *°P-labeled DNA frag-
ments were directly analyzed by using a non-
denaturing polyacrylamide gel electrophoresis
system [7] and visualized by autoradiography.
The fluorescein-labeled DNA fragments were
precipitated with alcohol, and suspended in
deionized water. The fluorescent ddF reaction
products were first analyzed using an automated
DNA sequencer [7] to establish the existence of
the chain terminated products. The sample was
then analyzed by using a CGE system (3%T-
3%C polyacrylamide fixed gel capillary, Scien-
tific Resources, Eatontown, NJ, USA) with 50
pwm I.D., an effective length of 50 cm, and a
TBE (0.089 M Tris pH 8.3, 0.089 M borate, 2
mM EDTA) buffer system. The samples were
injected electrokinetically (60 sx 3.5 kV) and
separated with 150 V/cm. The fragments were
detected by laser-induced fluorescence of the
fluorescein fluorophore (Ex 488 nm, Em 520
nm).

2.4. HCV amplicon analysis

The samples used for this analysis were am-
plified DNA products using an HCV-specific
reverse transcription and PCR amplification [8].
The oligonucleotide primers were specific for the
HCV 5’ untranslated region and generated a 308
bp product. The template for PCR were nucleic
acid extracts obtained from patient serum. The
amplified DNA fragments were treated with
isopsoralen [9] to prevent re-amplification, which
serves to eliminate false positive PCR results.
The pnCE conditions used were essentially those
of Butler et al. [5] and were as follows: 20 cm
(effective length) X 50 um I.D. DB-17 coated
wp-Sil capillary (J&W Scientific, Folsom, CA,
USA). The polymer network was TBE (same as
above), 1% (w/v) hydroxyethyl cellulose (HEC),
0.06 mg/ml YO-PRO-1. The DNA fragment
standard used was a Haelll digest of pBR322
(Boehringer Mannheim Biochemicals, In-
dianapolis, IN, USA). The samples were ana-

lyzed directly from the PCR mixture, such that
the capillary was pre-injected with water (3 s X
3.5 kV) before the electrokinetic introduction of
the sample (90 s X 3.5 kV) [10]. The separation
conditions were adjusted to 260 V/cm. Southern
blot results were generated by using standard
agarose slab-gel electrophoresis and blotting
procedures [11]. The Southern blot was probed
by using a DNA fragment internal to the am-
plified sequence and the ECL labeling kit
(Amersham, Arlington Heights, IL, USA) [8].

3. Results
3.1. SSCP-CE

Fig. 1 illustrates the comparison of standard
non-denaturing polyacrylamide gel electropho-
resis and pnCE as used to perform SSCP analysis
on the M. tuberculosis-specific rpoB-directed
PCR product. SSCP distinguishes DNA frag-
ments by virtue of secondary structural differ-
ences generated by the single strands (sSDNA) of
the DNA fragments [12]. In this example, organ-
isms resistant to rifampin harbor a mutation
within the sequence of the amplified fragment
being studied. As illustrated using standard non-
denaturing gel polyacrylamide electrophoresis
conditions [5] (Fig. 1A), the amplified DNA
derived from the genomes of rifampin sensitive
and resistant organisms can be differentiated.
However, only a slight migration difference was
detectable between the ssDNA derived from
wild type (rifampin sensitive clinical isolate) and
L.363 (rifampin resistant due to one base change;
[7]). As a contrast, isolate 1.219 provided an
example were the ssDNA migration differences
were readily detected by routine gel electro-
phoresis. We chose to challenge the CE analysis
with amplified DNA from these two isolates to
determine if CE could better resolve the ssDNA
fragments. Initial experiments were aimed at
differentiating these two isolates from each other
and DNA fragments derived from a wild-type
isolate.

Various capillary and polymer network sys-
tems were employed to identify the system that
would provide the best resolution and repro-
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ducibility for the SSCP-CE analysis. The poly- and 0.5 to 0.75% HEC in TBE. The Dionex
mer network systems tested included both a 3% pnCE system yielded the highest level of res-
and 4% linear polyacrylamide system in TBE, olution for the rpoB-derived DNA fragments.
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Fig. 1. (Continued on p. 131)
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0.0002 AU
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Fig. 1. SSCP analysis comparing electrophoretic separations using a standard acrylamide gel or pnCE. (A) lllustration typifying
non-denaturing MDE (mutation detection enhancement) gel separation as described in Ref. [4]. The isolates used were either
rifampin-sensitive wild-type DNA (lanes marked at the bottom of the autoradiogram), or rifampin-resistant isolates (lanes
between the wild-type samples). Isolates L219 and L363 (designated at the top of the figure) were used to generate the SSCP-CE
results that follow. (B) Panel A is the electropherogram resulting from boiling the amplified DNA from isolate L219 and allowing
the sample to cool slowly, as indicated by the detection of re-annealed dsDNA. Panel B is the same sample as panel A, except the
DNA was snap cooled by quickly placing the boiled sample on ice. The ssDNA species are noted in this panel. Panel C illustrates
mixing the snap cooled, ssDNA from L219 with a $X174-HinfI DNA fragment standard (Boehringer Mannheim Biochemical,
Indianapolis, IN, USA). The peaks derived from L219 are filled in. (C) The first panel illustrates the re-annealed amplified DNA
derived from L363. The middle panel illustrates the ssDNA migration pattern obtained from the same amplified DNA that has
been snap cooled. The final panel illustrates the effects of adding ethidium bromide (10 wM final concentration) to the buffer
system. The ssDNA peaks are labeled as such.

Fig. 1B illustrates the initial SSCP results using
L.219. The first two panels contrast cooling the
heat denatured DNA slowly (first panel) or
rapidly (middle panel). There was just a trace of
single stranded material detected upon slowly
cooling the DNA, whereas all of the DNA was
in the single stranded state in the rapidly cooled
sample. The ssDNA migrated at a slower rate
through the matrix, which was consistent with
standard non-denaturing polyacrylamide gel
electrophoresis. We also mixed the snap-cooled

sample with ¢ X174-Haelll DNA fragment stan-
dards to determine if the separation of ssDNA
was achievable within a mixiure of dsDNA
fragments. The third panel of Fig. 1B illustrates
the ability to include dsDNA fragments as inter-
nal markers for this analysis without affecting the
resolution.

The next sample analyzed was L1363, which
produced an SSCP pattern that was barely dis-
tinguishable from wild type using standard non-
denaturing polyacrylamide gel electrophoresis
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(Fig. 1A). CE was able to separate the ssDNA
of L363, as illustrated in the first two panels of
Fig. 1C. The degree of separation between the
ssDNA fragments was similar to that of the 1L.219
separation; however, the migration time was

different for the two isolates (compare Fig. 1B

and 1C). Ethidium bromide was added to the
buffer system in an attempt to increase the
resolution [13,14]. An enhanced (baseline) res-
olution of the ssDNA fragments was achieved
with sample L1363 (Fig. 1C, third panel), with a
corresponding increase in peak height and with
only a slight increase in analysis time. Consistent
with the observations of others, EtBr-ssDNA
strands migrated more slowly than that observed
in the absence of the intercalator. Ethidium
bromide did not produce the same effect with
sample L219 (no significant change in strand
migration and resolution).

The wild-type sequence was analyzed along
with L363 and the level of resolution was in-
sufficient to differentiate the two samples (data
not shown). This result was comparable to what
was detected by non-denaturing polyacrylamide
gel electrophoresis in that the DNA strands of
wild type and L1363 amplified products almost
co-migrated.

3.2. ddF-CE

As with the SSCP analysis, evaluation of the
ddF method was conducted by comparing stan-
dard non-denaturing polyacrylamide gel electro-
phoresis and CGE. The theory and development
of the ddF technique have been described in
detail elsewhere [3,15]. Briefly, the ddF analysis
involved non-denaturing polyacrylamide gel elec-
trophoretic separation of dideoxy terminated

fragments generated by a typical Sanger se-

quencing reaction using one dideoxy chain ter-
minating nucleotide (Fig. 2). Thus, the frag-
ments were essentially analyzed based on the
chain termination differences (similar to DNA
sequencing) and secondary structural differences
(similar to SSCP). Fig. 3 illustrates the ddF
results from an rpoB-specific amplicon derived
from clinical isolates of M. tuberculosis. Using
standard non-denaturing polyacrylamide acryl-

amide gel electrophoresis, strand migration dif-
ferences were readily discernible between the
products generated from the wild-type sequence
and those derived from a rifampin resistant
strain harboring a single C— T base mutation
(Fig. 3A). This sample typified the degree of
strand migration differences expected in a ddF
analysis.

For ddF-CE analysis, the same samples were
analyzed by using a fluorescein-labeled oligo-
nucleotide primer. These reactions were first
analyzed using an automated DNA sequencer to
assure the production of chain-terminated prod-
ucts. Of the systems tested, the best resolution
was obtained using a chemically cross-linked
acrylamide gel system (Fig. 3B). The resolution
was equivalent to that obtained with the non-
denaturing slab-gel system. The reproducibility
of the shift was established by running the
samples in triplicate. The current associated with
running the fixed gel system (at 15 kV) was
initially 6.0 pA and decreased with subsequent
runs. Use of the capillary was discontinued when
the system current was <5.2 pA.

3.3. dsDNA sizing analysis

As seen in Fig. 4, and as described by others
[3], physical gel capillary electrophoretic sepa-
ration has proven to be an excellent means of
sizing amplified DNA. The PCR assay used was
sensitive and specific for HCV [8], such that a
fragment detected by agarose gel electrophoresis
was considered to be a diagnostic marker for the
presence of the HCV genome. The HCV-specific
amplified DNA was easily detected with LIF-CE
using a polymer network and YO-PRO-1 as a
fluorescent intercalator (Fig. 4C). Routinely,
Southern blot analysis is carried only to increase
the sensitivity of detecting the amplified DNA
fragment as shown in Fig. 4A. The signals
observed with Southern blot analysis typified the
range of responses from negative to strong
positive. These results correlated well with the
electropherograms shown in Fig. 4C. The res-
olution of the CGE system was assessed using a
DNA fragment standard (Fig. 4B). Based on the
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PCR amplified
dsDNA templates

ddF-PCR: Cycle sequence with
one of four ddNTP's (<) and a 5'-
labelled (3%) primer

Heat Denaturation, Snap
Cooling, and Non-denaturing
Gel Electrophoresis With
Detection of 5'-Labelled Products

Mutated Wild Type

Products
With Altered
Migration

e cored Full Length
1\\'\\‘ _Product\

( m—

m Dideoxy
Terminated

m Products

0|

Fig. 2. The ddF theory is illustrated in this figure. The amplified DNA is used directly from the PCR mixture with no need to
remove unincorporated deoxynucleotides (dNTPs) or unextended primers (top). The amplified DNA is added to a ddF reaction
mixture containing a 5'-labelled oligonucleotide (32P or fluorescein) and one dideoxy nucleotide (ddNTP). The reaction is
catalyzed by Taq DNA polymerase to generate a series of chain terminated products whenever the ddNTP is inserted (middle).
The dNTPs added with the amplified DNA help fuel the extension of the 5'-labelled priming oligonucleotide. The chain
terminated products are boiled, snap cooled and separated using non-denaturing polyacrylamide gel electrophoresis (32P
5'-labeled products) or CE (fluorescein 5'-labelled products), and the labeled ssDNA fragments are detected with au-
toradiagraphy or laser-induced fluorescence, respectively. Nucleotide base changes (mutations) are detected by (1) the secondary
structural differences generated by the various chain terminated fragments and (2) the position of chain termination, if it has been
altered by a mutation (bottom).

migration times for the standard fragments, the observed on the early part of the fragment peak
308 bp amplified fragment migrated as expected and was the result of isopsoralen treatment [9].
between 6.9 and 7.1 min. A small shoulder was CE analysis of this amplified DNA gave clear
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Fig. 3. ddF analysis comparing electrophoretic separations using an acrylamide gel method or CGE. (A) lilustration typifying
non-denaturing gel separation as described in Ref. [4]. The top of the autoradiogram is labeled to indicate rifampin susceptibility
of the isolate used to generate the amplified fragment. The rifampin resistant isolate harbored a single C to T mutation. The ddF
reaction included a *°P-5'-labeled oligonucleotide primer, and ddGTP as the chain terminating nucleotide. The region where
strand migration differences can be detected is marked to the right of the autoradiogram. The arrow indicates the beginning of
peak migration differences between the rifampin resistant and sensitive isolates. (B) The amplified DNA from the same isolates
used in (A) was analyzed using a fluorescein-labeled oligonucleotide and ddGTP as the chain terminating nucleotide. The CGE
separation of the fluorescein labeled fragments is illustrated in this figure. The arrow in B represents the detected mutation.

results for 39 clinical samples with a 100%
correlation with Southern blot analysis [16].

4. Discussion

A recent trend in the development of clinical
diagnostic procedures is to exploit molecular
methods of analysis for the rapid detection of
pathogens directly from patient specimens. It is
clear that the most prominent molecular tech-
nique currently used is PCR, which can be
developed to detect a pathogen with a high
degree of specificity and sensitivity. Post-amplifi-
cation analysis of DNA fragments produced by
PCR is routinely carried out by agarose gel
electrophoresis. Enhanced resolution can be
obtained with the use of an acrylamide gel
matrix, however, these gels can be more difficult
to cast and require a longer separation time.

When information regarding the DNA sequence
is required, the use of the acrylamide format is
essential. Subsequently, all of the disadvantages
associated with the use of these cumbersome
systems compound the labor-intensity of the
clinical diagnostic procedure. It is for this reason
that CE in fixed gels and polymer networks has
been embraced with intense interest and that, as
in this study, critical comparisons between aga-
rose/acrylamide (standard) gel electrophoresis
systems and various CE systems are being car-
ried out. In the present study, our ultimate goal
was to establish the feasibility of using CE in the
clinical molecular diagnostic laboratory setting.
The advantages of CE are many, but the po-
tential for rapid analysis and the ability to
automate the CE system are among the most
appealing to the clinical laboratory.

" We investigated two different, yet related,
methods of detecting mutations using an am-
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Fig. 4. DNA fragment sizing comparing electrophoretic separation and detection using standard agarose gel and Southern blotting
methods, or LIF-pnCE. (A) Illustration of a typical agarose gel and Southern blot results. (B) The degree of resolution obtained
with the pnCE system used is illustrated by the separation of a DNA fragment standards (2.5 ng/pl). The size of the DNA
fragements is indicated at the top of each peak as the number of base pairs. (C) A stacked figure of electropherograms is
illustrated, with the magnitude of the ordinate axis (emission detected at 510 nm) indicated to the left of the figure. The shaded
peak represents the amplified DNA product and the range of detected signal for the various samples is indicated to the right of

the figure.

plified DNA fragment: SSCP and ddF. Both
methods rely on analyzing the ssDNA of a
fragment, where the wild type and mutated
strands can be differentiated by secondary struc-
tural differences formed during non-denaturing
polyacrylamide gel electrophoresis. The standard
means of analysis requires *°P-labeled material
and a non-denaturing polyacrylamide gel sepa-
ration time of at least 3 h followed by au-
toradiography (typically overnight exposures). In
light of this, the rapid nature of CGE becomes
attractive. CE in polymer networks has previous-

ly been shown to be amenable to SSCP analysis
[17]. The present results confirm these original
findings since CGE was able to separate the
ssDNA species of all the DNA fragments tested.
However, use of the conditions defined in the
present study allowed for separation in a shorter
period of time. Furthermore, the addition of
ethidium bromide was found to enhance the
separation allowing for baseline resolution of
some single strands. We can only speculate that
this results from intercalator-induced secondary
structural changes in the partially duplexed
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ssDNA [18]. However, it is unclear why the
same effect was not observed with the other
sample tested. It is possible that the magnitude
of the EtBr-induced structural changes is in-
fluenced by the nature of the mutation. Al-
though this pnCE system performed best among
those tested, it did not provide the level of
resolution needed to differentiate various mu-
tated DNA fragments from the wild-type se-
quence. This was particularly true for the 1363
sample; unlike previous pnCE analyses using
SSCP [17]. While there appears to be potential
for SSCP-CE analysis as described by others
[17], the CGE system described here is of limited
application for the rpoB system. Clearly, the
resolution achievable with CGE may be im-
proved by altering the parameters affecting the
secondary structure formation, namely the ionic
strength conditions, temperature and fragment
size [19] as well as the inclusion of various
intercalating agents. Additionally, resolution
may be increased to a functional level through
altering the concentration and/or type of poly-
mer utilized as a sieving matrix for the rpoB-
derived amplicon.

Dideoxy fingerprinting-CE has not been previ-
ously reported in the literature and, based on the
preliminary data described in this study, has
potential for application in clinical analysis of
amplified DNA fragments. The CE conditions
described clearly allow for the detection of a
single nucleotide base change. As with SSCP-
CE, the use of ddF-CE analysis may prove to be
advantageous for clinical screening of amplified
DNA for mutations. A clear benefit to the use of
the ddF analysis is that it is less influenced by the
same factors affecting SSCP; therefore, ddF-CE
may be the better choice for the post-amplifica-
tion analysis of some DNA fragments. From the
perspective of analysis time, ddF-CE analysis can
be accomplished in =25 min per sample. As a
result, 30 samples could be analyzed in 15 h in
comparison with 36 h by acrylamide gel electro-
phoresis. The development of a clinical ddF-CE
approach could include (1) the co-injection of
internal markers, which could be used to normal-
ize migration times and (2) the stream-lining of
sample preparation techniques to minimize sam-

ple handling. With the ddF-CE system described
here, this may be accomplished by using a
formamide- or urea-based sample buffer which
would allow for the ddF reaction products to be
mixed directly with sample buffer, boiled, snap-
cooled, and analyzed by CGE.

Finally, post-amplification sizing of DNA frag-
ments is a ready-made application for CE and
this is supported by the numerous reports in the
literature (e.g., Refs. [5,14]). PCR assays that
specifically amplify one DNA species, and re-
quire a sensitive post-amplification analysis are
especially suited to pnCE analysis. The results of
the present study illustrate that CE provides
qualitative and quantitative information about
the amplicon. CE not only affords a rapid
analysis time but the inclusion of an intercalator
in the buffer can increase the sensitivity dramati-
cally over Southern blot analysis. We are current-
ly conducting a prospective analysis to further
compare the routine agarose gel and Southern
blot analysis to the CE system described in this
study. There is little doubt that the automated
CE system will soon replace the currently used
agarose and blot system for those amplified
products that are specific for a template DNA.
Simply altering the format of the CE sample
loading tray to accept the 96 well format current-
ly used with some commercial thermocyclers,
will allow for tubes to be removed from the
thermocycler and placed directly on to the CE
for amplicon detection.

In summary, we envision many applications
for CE in the clinical setting, especially those
that involve the analysis of DNA. The attributes
of CE, namely speed and automation, only
encourage further investigations into clinical
applications. DNA is a ready made analyte,
whose potential as an agent in diagnostic evalua-
tion of a patient is being exploited daily. It is
clear that routine CE analysis of DNA in the
clinical setting is rapidly becoming a reality.
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Abstract

Reproducible migration times are required for accurate base-pair assignment of polymerase chain reaction
(PCR) products in capillary gel electrophoresis (CGE). However, migration times are influenced by injection plug
length and ionic strength of the sample. In this paper we introduce a new isotachophoresis (ITP)-CGE system
where the transition from ITP to CGE is achieved by the mobility shift of DNA from free solution (ITP) to sieving
gel buffer (CGE). With intrinsic isotachophoretic preconcentration in capillary gel electrophoresis (IICGE) large
volume injections (up to 700 nl) are possible with accurate migration times in CGE independent of injection plug

length or sample ionic strength.

1. Introduction

Although in capillary zone -electrophoresis
(CZE) only very small amounts of sample are
required, the rather high concentration detection
limits are a severe drawback. In order to be able
to detect low sample concentrations, large sam-
ple volumes have to be injected, and sample
analytes have to be concentrated to maintain a
high resolution. A popular solution can be sam-
ple stacking whereby analytes are introduced at a
very low ionic strength compared to that of the
background electrolyte (BGE) [1]. Due to the
relatively high local electric field, analytes mi-
grate very quickly out of the sample zone and
stack down in the BGE.

Field-amplified injection techniques for DNA
analyses in capillary gel electrophoresis (CGE)
have already been described. For example, a
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presample injection of a water plug creates a
large field strength at the beginning of the
capillary. This enhances the sample introduction
into the capillary [2,3].

Another method is the introduction of an
isotachophoretic (ITP) preconcentration step
followed by separation in zone electrophoresis.
In ITP-CZE the sample analytes are initially
stacked between leading and terminating elec-
trolytes. The concentration of the sample com-
ponents are adapted to the concentration of the
leading ion according to the Kohlrausch regula-
tion function [4]. After the preconcentration ITP
step the terminating ions pass the analyte ions
and the analysis changes into zone electropho-
resis. Several ITP-CZE combinations have been
described. One possibility is the column coupling
system described by Mikkers [5] and Everaerts et
al. [6]. However, column coupling systems re-
quire rather complicated equipment. On-line
versions of ITP-CZE can be performed in a

© 1995 Elsevier Science BV. All rights reserved
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single capillary on a commercial CE instrument.
Foret et al. [7] described the possibility of on-
column transient preconcentration in CZE.
Schwer and Lottspeich [8] presented presample
injections of high ionic strength buffer followed
by the sample plug. Recently, van der Schans et
al. [9] showed roughly the same method to be
applicable for the analysis of DNA restriction
fragments. However, migration times of equal-
sized DNA molecules are not constant because
the length of the gel decreases for increasing
injection plug lengths. Moreover, non-homoge-
neous electric field strength distribution induced
by sample stacking or ITP preconcentration steps
causes migration-time shifts. These shifts lead to
inaccurate base-pair assignment of polymerase
chain reaction (PCR) products. In this paper we
will discuss an ITP-CZE procedure whereby the
transition from ITP to CZE is achieved by the
mobility shift from free solution to gel buffer.
Constant reproducible migration times in the
CGE are obtained by creating a constant length
of the gel.

2. Experimental

All experiments were performed on a P/ACE
2200 from Beckman Instruments (Fullerton, CA,
USA). The instrument was modified to enable
pressure injections at 1.8 p.s.i. instead of the
instrument’s own 0.5 p.s.i. (3447 Pa). Detection
was performed by UV absorbance at 254 nm.

Running temperature was kept at 20°C. The
length of the polyacrylamide-coated capillary
was 47 cm. The effective length to the detector
was 40 cm. The voltage was 9.4 kV (200 V/cm)
applied in the reversed mode (cathode on injec-
tion side) for the zone electrophoresis experi-
ments. For the intrinsic isotachophoretic pre-
concentration in capillary gel electrophoresis
(IICGE) experiments a constant current of 18
HA was established.

2.1. Chemicals

Tris(hydroxymethyl)aminomethane (Tris),
acetic acid, boric acid, benzoic acid and hydro-

chloric acid were purchased from Merck (Darm-
stadt, Germany). Vinylmethoxysilane oligomer
was purchased from ABCR (Karlsruhe, Ger-
many). Butyric acid, propionic acid, acrylamide,
ammonium persulphate and N,N,N’,N’-tetra-
methylethylenediamine (TEMED) were pur-
chased from Sigma Chemicals (Bornem, Bel-
gium). ®X174/Haelll was purchased from Beck-
man as supplied in the Beckman dsDNA 1000
kit. The PCR product of 118 bp was kindly
donated by A.W.H.M. Kuypers (Nijmegen Aca-
demic Hospital, Nijmegen, Netherlands)

2.2. Coating procedure

Capillaries with an 1.D. of 100 pum from
Scientific Glass Engineering (Milton Keynes,
UK) were rinsed with 1 M KOH (3 h), water
(0.5 h) and methanol (0.5 h). The capillary was
rinsed for 2 h with a mixture of 4 ml methanol,
200 ul acetic acid and 200 w1 vinylmethoxysilox-
ane oligomer. During this treatment vinyl groups
were attached to the capillary surface, after
which the capillary was rinsed again with metha-
nol and water. Then the capillary was filled with
0.1 M Tris—borate buffer (pH 8.3) containing
5% acrylamide, 0.1% TEMED and 0.1% am-
monium persulphate. After 24 h the gel was
pushed out of the capillary with water using a
gas-tight syringe. The capillary was mounted in a
capillary cartridge and rinsed with buffer. This
procedure was based on the method described by
Hjertéen [10]. However, methoxyvinylsiloxane
oligomer was used instead of 3-methacryloyl-
propyltrimethoxysilane. The coating using 3-
methacryloylpropyltrimethoxysilane seems to be -
less stable because of the presence of the weak
ester bond [11]. Our experiences are that the
coating using methoxyvinylsiloxane oligomer is
more stable.

2.3. Gel buffer

Linear polyacrylamide gel buffers were pre-
pared by polymerisation of 8% acrylamide dis-
solved in 0.1 M Tris buffer containing 0.5%
TEMED and 0.08% ammonium persulphate for
48 h at 4°C [12]. The Tris buffer was adjusted to
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Fig. 1. Electropherogram of the separation of ®X174/

Haelll. Buffer: 3% polyacrylamide in 50 mM Tris—borate at
pH 8.3. Voltage: 9.4 kV. (A) 4-s pressure injection 100 pg
DNA/ml. (B) 80-s pressure injection 5 ug DNA/ml. (C)
80-s pressure injection S ug DNA/ml in 50 mM KCl, 10 mM
Tris—HCI, 1.5 mM MgCl,. Numbers refer to the number of
base pairs.

pH 8.3 with hydrochloric acid, boric acid or
benzoic acid. After polymerisation the gel was
diluted to 3% polyacrylamide with water and

buffer to achieve the appropriate concentration.
The use of replaceable gels avoids sample carry
over and sample-induced gel damage [13].

3. Results and discussion

3.1. DNA analysis in capillary zone
electrophoresis

In Fig. 1 the electropherograms are given for
the separations of the ®X174/Haelll digest
where the sample was introduced at different
injection times and different ionic strengths in a
3% polyacrylamide buffer (50 mM Tris—borate
at pH 8.3). The viscosity of the gel buffer was 23
cP. A 4-s pressure injection results in a plug
length of 2 mm and a 80-s injection in a plug
length of 27 mm. Plug lengths and viscosity were
determined according to formulas given by Bello
et al. [14]. Fig. 1A refers to the 4-s pressure
injection. Good resolution is achieved, where all
peaks are baseline resolved throughout the range
of 72 to 1353 base pairs. Fig. 1B refers to a 80-s
pressure injection of ®X174/Haelll. The sample
component concentration was 20 times lower
than in the electropherogram representing the
4-s injection. Good resolution is still achieved
due to the induced sample stacking conditions,
because the ionic strength of the sample is low

Table 1
Migration times in minutes of DNA fragments analysed in zone electrophoresis in 50 mM Tris—borate buffer at pH 8.3
Injection time (s) 4 80 80 160 160
DNA conc. (pg/ml) 100 5 5 2.5 2.5
Matrix Water Water Salt Water Salt
Basepairs
72 15.3 18.3 15.8 20.2 17.7
118 16.2 19.4 16.7 215 18.2
194 17.4 20.8 17.4 23.1 18.9
234 18.0 21.4 18.4 23.8 19.3
271 18.9 22.4 19.6 25.0 19.9
281 19.2 22.7 19.9 253 20.1
310 19.4 22.9 20.0 25.6 20.2
603 21.9 26.0 22.3 29.5 22.0
872 233 27.8 23.5 31.7 23.1
1078 23.6 28.2 23.7 323 233
1353 23.9 28.5 24.0 32.7 235
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and the voltage drop over the sample plug is
high. The field strength in the rest of the capil-
lary decreases, resulting in a lower velocity and
longer migration times. However, real DNA
samples do not have low ionic strengths. In
particular, PCR products are delivered in elec-
trolytes containing significant amounts of chlo-
ride [15]. Fig. 1C shows the result of 80-s
pressure injection of ®X174/Haelll dissolved in
63 mM chloride. A system peak appears between
234 and 271 base pairs when large amounts of
salt matrix are injected. Again the electrophero-
gram shows good resolution, but this is not
achieved by sample stacking. The high ionic
strength sample induces a low electric field in the
sample plug, but the excess of chloride acts as a
leading ion and creates temporary ITP condi-
tions resulting in rather sharp zones [16]. How-
ever, migration times of the small base-pair
strands (<600 bp) are shifted because the excess
of chloride must migrate away first. In Table 1
the migration times of the DNA fragments for
different injection times and ionic strengths are
given. It can be concluded that migration times
are strongly affected by gel length and sample
ionic strength.

3.2. Intrinsic isotachophoretic preconcentration
capillary gel electrophoresis

Migration times are influenced by the length of
the gel and field strength distribution. The solu-
tion to this problem therefore must be found in a
constant length of the gel and constant electric
field distribution during the DNA separation. A
new approach to this is the intrinsic iso-
tachophoretic preconcentration in capillary gel
electrophoresis (IICGE). The outline of such a
system is shown in Fig. 2. First the capillary is
filled with gel buffer. Then a plug of free
solution buffer with the same electrolyte compo-
sition (pre-sample injection) is injected, followed
by the sample. The outlet is placed in the leading
electrolyte, and the inlet is placed in a ter-
minating electrolyte. The total length of the
sample plug and free solution buffer is held
constant to maintain a constant length of the gel.
Since the polyacrylamide in the buffer is un-

ITP
free solution

Zone electrophoresis

sieving

DNA

80 mM Tris/Cl 80 mM Tris/Cl pH 8.3
sample

pH 8.3 3% polyacrylamide
80 mM Tris/Butyrate
pH 8.3

Fig. 2. Outline of the IICGE method. Preconcentration takes
place in free solution. Separation takes place in sieving part
of the capillary. For further information see text.

charged and the electric osmotic flow is sup-
pressed, the polyacrylamide stays in this posi-
tion. The pre-sample injection is necessary to
create an ITP section, where the sample analytes
are concentrated and separated from the excess
of chloride. DNA fragments are not separated
since they have equal mobility because of a
constant charge to mass ratio in free solution
[17]. If the ITP stack reaches the gel, the
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Fig. 3. Mobilities of different ions and DNA versus gel
concentration. Mobility of ions are measured in indirect UV
mode at 230 nm using a 10 mM Tris-benzoate buffer at pH
8.3. Symbols: + =chloride; A = acetate; O = propionate;
@ =butyrate; A=72 bp DNA; O0=603 bp DNA; B=
borate.
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mobility of the DNA strongly decreases because
it is size and gel-concentration dependent in gel
[18]. If a suitable terminating ion is chosen, the
DNA fragments migrate further in zone electro-
phoresis. A comparable system has already been
described by Ornstein [19] and Davis {20] for
proteins, where the transition from ITP to CZE
is also achieved by a pH shift (see also Hjertén et
al. [21]).

In order to choose a suitable terminating ion,
we measured the effective mobilities of several
ions in free solution and gel buffer. In Fig. 3 the
mobilities of different ions and dsDNA frag-
ments are given for different polyacrylamide
concentrations. The mobility could be calculated
using field strength, migration time and capillary
length. The ions were analysed in a gel buffer
using indirect UV detection at 230 nm. The
buffer contained 10 mM of Tris adjusted to pH
8.3 with benzoic acid. Sulphate ions from the
initiator ammonium persulphate were also pres-
ent in the sieving buffer. These co-ions can lead
to artifacts and system peaks in the eclectro-
pherogram when indirect UV detection is used
and make the electropherogram difficult to inter-

pret [22]. Therefore, the capillary was filled with
gel buffer containing Tris—benzoate, whereafter
the capillary ends were placed in free solution
buffer. A 10-kV voltage was applied for 7 min
allowing the sulphate ions to migrate out of the
capillary. Then the sample ions were injected
and analysed.

Ions like chloride, acetate and propionate are
only slightly retarded in gel because of their
small size. Chloride is always faster than DNA
and can act as leading ion. Acetate, propionate
and butyrate have lower mobility in free solution
but higher than DNA in a 3% polyacrylamide
gel. This means that in free solution these ions
will act as a terminator, but they will overtake
DNA as DNA will migrate further in a zone
electrophoretic way. It is clear that borate does
not fulfil this requirement. Borate has a lower
mobility than DNA in free solution. The mobili-
ty of borate in gel buffer will be lower than the
mobility of DNA, too. The injection of sample
between chloride and borate would result in a
isotachopherogram where no separation of the
DNA takes place at all, because DNA remains
stacked between chloride and borate (Fig. 4).

0.150

0.005

0.100

UV signal (AU)

0.050

|

—_——

0.000
0 5 ' 10

20
N __11s
112 s
=
(]
(2]
8
18 <
14
————— -
. —— g
15 20 25

Time (min)
Fig. 4. Electropherogram for the separation of ®X174/Haelll applying borate as terminator. Capillary and outlet vial: 3%
polyacrylamide in 80 mM Tris—HCI at pH 8.3. Inlet vial: 100 mM Tris—borate at pH 8.3. Pre-sample injection: 300 s by pressure
80 mM Tris—HCl at pH 8.3. Sample injection: 10 s by pressure, sample as in Fig. 1A. Current: 18 wA. Solid line = UV signal,

dashed line = voltage.
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Butyrate was chosen as terminator because of
the large difference in mobility between DNA
and butyrate in free solution. A large mobility
difference will have a more effective zone-shar-
pening effect.

3.3. DNA analysis using intrinsic
isotachophoretic preconcentration in CGE

Fig. 5 shows an electropherogram of X174/
Haelll using IICGE conditions. Tris—chloride
buffer was injected for 300 s followed by 100 s
injection of sample (sample plug length =52
mm; total ITP length =182 mm). The voltage
over the capillary is plotted on the right axis.
Butyrate ions enter the capillary and must have
the same velocity as the chloride ions to fulfil the
isotachophoretic condition. This means that the
voltage over the capillary increases during the
run because of the lower mobility of the ter-
minator. The field strength in the butyrate zone
will be constant and therefore also the velocity of
the DNA during the separation. The voltage
curve shows a smaller slope at the beginning.

0.005

The system regulates the concentration of the
chloride according to the Kohlrausch regulation
function. The chloride concentration in the sam-
ple was 63 mM, while the chloride concentration
in the buffer was 32 mM. (Dissociation degree of
Tris at pH 8.3 is 0.40. Total concentration Tris is
80 mM, so the concentration chloride is 32 mM.) .
The voltage becomes constant when the last
chloride ions leave the capillary and the capillary
is totally filled with butyrate. An extra peak is
observed when the last chloride ions pass the
detector. This peak is caused by impurities in the
butyrate electrolyte which are concentrated to
very sharp zones and are not retarded by the
sieving buffer. It acts as a nice reference peak for
the leading—terminator transition and can be
used to correct for the amount of chloride
introduced in the capillary by the sample. Fig. 6
shows the electropherogram of 50 pg/ml sample
injected for 12 s and a 5 ng/ml sample injected
for 100 s. With the longer injection time also a
long high ionic strength sample plug is intro-
duced, resulting in different migration times for
the equal-sized DNA fragments. However, the
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Fig. 5. Electropherogram for the separation of ®X174/Haelll applying butyrate as terminator. Capillary and outlet vial: 3%
polyacrylamide in 80 mM Tris—HCI at pH 8.3. Inlet vial: 100 mM Tris~butyrate at pH 8.3. Pre-sample injection: 300-s 80 mM
Tris—HCI at pH 8.3 by pressure. Sample injection: 100 s by pressure, sample as in Fig. 1C. Current: 18 pA. Solid line = UV

signal, dashed line = voltage.
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Fig. 6. Electropherograms for the separation of ®X174/
Haelll at different injection times. Upper electropherogram:
388-s pre-sample pressure injection of 80 mM Tris—HCl at
pH 8.3; 12-s pressure injection of sample 50 ug/ml ®X174/
Haelll. Lower electropherogram: 300-s pre-sample pressure
injection of 80 mM Tris-HCl at pH 8.3; 100 s pressure
injection as in Fig. 1C. Further conditions as in Fig. 5

reduced migration times are constant when the
two electropherograms are overlaid and the ITP
peaks are matched (Fig. 7). Table 2 shows the
results of the migration times at different sample
injection times. The migration times can be
corrected for chloride amount by subtracting the
time of the ITP peak from the DNA migration
times. The migration times referring to the 210-s
pressure injection in water matrix are an excep-
tion. A large part of the capillary was filled with
very low ionic strength sample, and the ITP
steady-state was never reached.

Fig. 8 shows the separation of an ®X174/
Haelll and a 118-bp PCR product in a Tris—
borate zone electrophoretic system. PCR prod-
uct and ®X174/Haelll were injected in different
runs for 100 s under pressure. Base-pair assign-
ment of the PCR product fails because of differ-
ing ionic strengths of the sample. The PCR
product has 118 base pairs but migrates like 200
bp compared with the standard. Fig. 9 shows the
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Fig. 7. Overlay of electropherograms with matched ITP
peaks. Further conditions as in Fig. 6

same analysis but under IICGE conditions.
When the ITP peaks are overlaid, it is clear that
the PCR peak of 118 bp migrates exactly like the
118-bp peak of the ®X174/Haelll.

4. Conclusion

Large sample volume injection in CGE leads
to inaccurate migration times for equal-sized
DNA molecules injected at different plug lengths
and ionic strength. Also, stacking and ITP pre-
concentration techniques induce heterogeneous
field strength distribution, resulting in different
migration times. IICGE is a method that makes
use of the mobility shift of DNA from free
solution to sieving buffer to achieve the transi-
tion from ITP to CZE. This can only be realised
by the choice of a correct terminator (in this case
butyrate), which must be slower than DNA in
free solution but faster in the sieving buffer. This
method enables the injection of a large sample
volume (up to 700 nl) in a capillary of 47 cm.
Constant reduced migration times are achieved
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Migration times and reduced migration times of DNA fragments as achieved in IICGE (reduced migration times are printed bold)

Injection time (s) 12 12 100 100 100 100 210 210 210 210
DNA conc. (ng/ml) 50 50 5 5 S S 2.5 2.5 2.5 2.5
Matrix Water Water Water Water Salt Salt Water Water Salt Salt
Basepairs )
ITP 14.6 0.00 13.3 0.00 17.0 0.00 14.2 0.00 19.0 0.00
72 16.0 1.47 14.8 1.46 18.5 1.50 15.7 1.54 20.6 1.54
118 16.8 2.21 15.6 2.23 19.3 2.25 16.5 2.32 21.4 2.29
194 17.8 3.29 16.6 3.31 20.3 3.32 17.7 3.47 22.4 3.37
234 18.4 3.81 17.2 3.85 20.9 3.84 18.2 4.00 23.0 3.90
271 19.2 4.60 18.0 4.64 21.6 4.61 19.1 4.83 23.8 4.69
281 19.3 4.76 18.1 4.80 21.8 4,77 19.2 5.00 23.9 4.84
310 19.6 5.04 18.4 5.08 221 5.05 19.5 5.30 24.2 5.12
603 22.1 7.55 209 7.62 248 7.56 22.2 7.97 26.7 7.63
872 23.4 8.85 22.3 8.95 25.9 8.85 23.6 9.39 28.0 8.95
1078 23.7 9.17 22.6 9.26 26.2 9.16 239 9.71 28.3 9.27
1353 24.0. 9.41 22.8 9.59 26.4 9.39 242 9.98 28.6 9.51

because the gel length is kept constant, and
migration-time shifts caused by different ionic
strengths can be easily corrected. This method

0.005
PCR 118 b
0.004 | P
system peaks
5 0.003 [
<
«©
c
o
[7]
>
2 0001
234
194
72 118
0.000 |
.0 001 1 1 ] i
15 16 17 18 19
Time (min)

Fig. 8. Base-pair assignment of PCR products fails in CGE
using Tris—borate buffer. Upper electropherogram: PCR 118
bp injected for 100 s. Lower electropherogram: sample as in

Fig. 1C injected for 100 s. Further conditions as in Fig. 1

0.005

0.004

0.003

UV signal (AU}

0.001

0.000

-0.001

makes CE more applicable for real sample
analysis with a minimum of sample preparation
for PCR products.

PCR 118 bp
.,‘,N/\I\VJ 281
271 310
234
194
118
72
1 4 ]
19 21 23 25
Time (min)

Fig. 9. Correct base-pair assignment of PCR product in
IICGE. Upper electropherogram: PCR 118 bp injected for
100 s. Lower electropherogram: sample as in Fig. 1C injected
for 100 s under pressure. Further conditions as in Fig. 5
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Abstract

The development of capillary zone electrophoresis (CZE) for routine screening of black reactive dyes and black
acid dyes, isolated from cotton and wool materials, is described. Detection was based on UV absorption. The
electrolyte solution used was 3-(cyclohexylamino)-1-propanesu}phonic acid buffer (pH 10.8), which was chosen to
maintain the current at a low level under high voltages. Pretreatment of the cotton and wool samples involved
extraction with NaOH or NH;, respectively. With the CZE technique the dyes were detected at very low
concentration levels. The dye components were identified by using a newly developed marker technique. The
marker components for the calculations were UV-absorbing phenylacetic acid, benzoic acid and meso-2,3-
diphenylsuccinic acid. The marker technique proved effective in determining the electrophoretic mobilities of the
analytes, since the relative standard deviations of the migration indices and the electrophoretic mobilities for the

analytes were below 0.6%.

1. Introduction

Recently, there have been numerous publi-
cations on the determination analysis of dyes and
other components in the dye-manufacturing and
dye-using industries [1-3]. The methods de-
scribed have mainly been applied to pure stan-
dard dye components.

The excellent separation efficiency of capillary
zone electrophoresis (CZE) has created possi-
bilities for the separation and determination of
many dyes and other components employed in
the dye industry [4-7]. The dyes must be isolated
from the matrix and be detectable by ultraviolet

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00369-X

(UV) or fluorescence (FL) detection with
routinely available instrumentation.

Acid (anionic) . dyes contain hydrophilic
groups. These dyes are mostly used for colouring
polyamide and wool fibres and are usually substi-
tuted by sulphonic acid groups. The dyes are
attached to the fibres with ionic interactions, Van
der Waals forces and in special cases with coordi-
nation bonds. Reactive dyes, which are also
anionic, form only covalent bonds with cotton
fibres. The most important groups of reactive
dyes are those which can form bonds with
cellulose fibres containing hydroxyl groups or
with protein fibres containing amines, sulphates
and thiols or with polyamide fibres [8].

Anionic dyes are rapidly separated by capillary

© 1995 Elsevier Science B.V. All rights reserved
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zone electrophoresis (CZE) [1]. This means that
in these systems electrolyte solutions which have
a high ionic strength and high pH must be used,
but the high ionic strength increases the current
and thus the Joule heating inside the capillary
increases. However, when organic buffers are
present the current remains low even when
electrolytes with high ionic strengths are used.

In this study, CZE was used for the separation
of black reactive dyes and black acid dyes
isolated from cotton and wool, respectively.
Dyeing industry laboratories often do not want
to give information about the dyes they used in
manufacturing processes and it is therefore
sometimes difficult to identify the colour mix-
tures used. However, in our work the marker
techniques developed in our laboratory [9,10]
improved the reliability of the migration values
of the dye components.

2. Experimental
2.1. Apparatus

In this study, two different capiliary electro-
phoresis instruments were applied for separation
of the dye components. One consisted of a
ChemStation 3D Capillary Electrophoresis
Model G 1600 AX (Hewlett-Packard, Avondale,
PA, USA), an HP Ergo Ultra VGA monitor, an
HP Vectra 486/66 XM workstation and an HP
Desklet 510 printer. The system was controlled
by Windows Soft, which was modified to the HP
system. Detection was performed by diode-array
detection (DAD), with collection of the spectra
of peaks in the electropherograms from 190 to
600 nm. The detection wavelengths were 195,
214, 225, 217 and 254 nm. Injection was per-
formed hydrostatically by pressure at 50 bar for
30 s. The voltage was 25 kV. The capillary
cassette was temperature controlled by air pres-
sure. The separation temperature was 22°C.

The other apparatus was a Model 2050 P/ACE
capillary electrophoresis system with UV-Vis
detection and a liquid cooling system for the
capillary (Beckman Instruments, Fullerton, CA,
USA). The detection wavelength was at 254 nm.

Injection was performed hydrodynamically by
pressure (0.500 p.s.i.) for 9 s. The voltage was 18
kV. The separation temperature was 22°C.

CZE runs were carried out in fused-silica
capillaries (50 pm I.D. and 360 um O.D.)
(Composite Metal Services, Worcester, UK, or
Hewlett-Packard). The lengths of the uncoated
capillaries were 58 or 68 cm (50 or 60 cm to the
detector).

All calculations were carried out with MAT-
LAB (Mathworks, Sherborn, MA, USA). The
algorithms were described earlier [10].

2.2. Materials

3-(Cyclohexylamino)-1-propanesulphonic acid
(CAPS) was obtained from Sigma (Poole, UK),
NaOH, ammonia solution (25%), methanol and
benzoic acid from Merck (Darmstadt, Germany)
and phenylacetic acid (99%) from Aldrich
(Steinheim, Germany). meso-2,3-Diphenylsuc-
cinic acid (TCI, Trade Mark, Japan) was a gift
from Toyohashi University (Toyohashi, Japan).

Distilled water was purified with a Water-I
apparatus (Gelman Sciences, Ann Arbor, MI,
USA) and was further purified by filtering
through 0.45-pum membranes (Millipore, Mols-
heim, France). All chemicals and solvents were
used as received.

Black cotton and wool materials and yarns
were obtained from the Crime Laboratory (Van-
taa, Finland) or were purchased from drapery
shops in Helsinki.

2.3. pH adjustment

The pH of the electrolyte used was adjusted
with a Model 3030 pH meter connected to an
electrode (Jenway, Felsted, UK) containing 4 M
KCI and saturated calomel. The pH meter was
calibrated with standard buffer solutions (pH
7.0 and 10.0) purchased from Radiometer
(Copenhagen, Denmark).

2.4. Electrolyte solutions

A 0.14 M electrolyte solution for CZE sepa-
rations was prepared from CAPS. The solution
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Cotton Fibres

1.5% NaOH (25 min, 100°C)

Reactive dyes

Fig. 1. Extraction of black dyes from cotton materials.

was prepared by adding 3.0982 g of CAPS
reagent to about 70 ml of Water-1 purified water,
adjusting the pH to 10.8 by adding about 5 ml of
0.1 M NaOH and diluting to 100 ml. The
solution was filtered through 0.45-um filters
(Millipore) and degassed before use.

2.5. Pretreatment of the samples

The samples were 0.25-5.5 cm® of black cloth
(cotton or wool) and 2.5 mm-1 cm thread
(wool). The samples were pretreated according
to Figs. 1 and 2. A 10% (v/v) concentration of
methanol was added to the samples to obtain a
better stacking effect by decreasing the ionic
strength in the sample for narrower component
zones. Most of the solvent was evaporated and
the precipitate was dissolved into 300 ul of
water—methanol (1:1, v/v).

Since the dyes were extracted into a very small

Wool Fibres

NHj;/ water (4:3)
(50 min, 100 °C)

Acidic dyes

Fig. 2. Extraction of black dyes from wool materials.

volume of solvent, the ionic strengths were too
high for direct injection of the sample into the
capillary electrophoretic system. Therefore, the
samples were always diluted with water (1:10) to
improve the zone shapes and electropherograms.
Before injection, each sample was filtered
through 0.45-um PTFE filters (Gelman Sciences,
Ann Arbor, MI, USA).

3. Results

Usually, pyridine is used as a solvent to extract
dyes. However, this study showed that it can be
changed to ammonia solution, which is a more
convenient solvent for routine work. For surface-
treated materials, pyridine can extract those dyes
which form salts when extracted with ammonia.
It is suggested that pyridine has a catalytic effect,
which ammonia does not have, because it only
forms ammine complexes with the coloured
components.

Figs. 3-5 show the electropherograms of dye
components extracted from black cotton and
wool fibres. Satisfactory separations were
achieved after base extraction from the materi-
als. When the sample sizes were large, the
electropherograms were easily screened. How-
ever, when the material was surface-treated, the
concentrations of the dye components were low,
which made the screening of the electrophero-
grams difficult.

The determination of dyes is usually very
stmple, but black dyes at low concentration
levels are difficult to extract and screen with
chromatographic separation techniques, since
they have different solubilities in water. A high
ionic strength was used to help the extraction.
However, the extraction had a negative effect on
the analysis using CZE. Therefore, the absolute
migration times of the components changed from
run to run, although the temperature was con-
trolled (Figs. 3-5). Further, even the relative
retention times calculated by dividing the abso-
lute migration time of the unknown component
by that of the reference component (benzoic
acid) changed. The main reason was the high
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Fig. 3. Electropherogram of the marker compounds obtained with the HP ChemStation 3D capillary electrophoresis Model G
1600 AX instrument. Conditions as described under Experimental.

ionic strength in the sample and therefore the
times of the separated component zones changed
during the separation processes. This made the
screening of the electropherograms very difficult,
especially when the components were present at
very low concentrations. For these reasons, two
different marker techniques were introduced.
The results showed that more reliable screening
for the dye components could then be achieved.
The technique was superior especially when two
component zones were overlapped.

The repeatability of the CZE technique was
tested by injecting the samples six times. Table 1
shows that the relative standard deviations of the
migration indices [10] for two components are

below 0.6% and for five components below
0.3%. Also, repeatabilities of electrophoretic
mobilities [9] for the analytes (K.S.D. mostly
below 0.3%) were superior to absolute migration
times (Table 2). These values show that by using
the two marker techniques the analyses are more
repeatable than when using only absolute migra-
tion times (average relative standard deviations
1-2%). In this study, the limits of screening
(wavelength 214 nm) were obtained by using 0.5
cm X 0.5 cm textile [signal-to-noise ratio (S/N) =
20] or 2.5 mm thread (S/N=9), so that all the
components present at high concentrations can
still be monitored reliably in the electrophero-
grams.
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Fig. 4. Electropherogram of a reactive dye from black cotton material (Switzerland) obtained with the Beckman Model 2050

P/ACE instrument.

4. Conclusion

A CZE method with UV detection for screen-
ing black dyes from cotton and wool materials
has been developed. The method is suitable for
the separation processes because of the excellent
separation efficiency of CZE. The advantages of
the CZE technique could be exploited when the
pH method stacking was used.

The recoveries of the black dyes were good
(the colour was totally transferred into the sol-
vent), although no reference materials from the
manufacturers could be obtained. The re-
peatabilities of the extraction processes, which
were detected for a reference with an UV-Vis

dual-beam spectrophotometer, were also very
good.

The calculated results were obtained by two
marker techniques using phenylacetic acid, ben-
zoic acid and meso-2,3-diphenylsuccinic acid as
the marker compounds. The use of these car-
boxylic acids increases the reliability of the
separation procedures. The migrations of the dye
components were repeatable within a day.
Therefore, the peaks in the electropherograms
could be easily identified according to the index
and the UV spectra taken from the two slopes
and the apex of the peaks. No systematic
changes in migration indices (Table 1) were
found, which confirms that the method is accur-
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Fig. 5. Electropherogram of an acid dye from black wool material (Finland) obtained with the Beckman Model 2050 P/ACE
instrument.

Table 1
Repeatability of the analysis in terms of absolute migration times and migration indices for dye components in black materials
Sample® Compound Absolute R.S.D. Migration R.S.D.
No. migration time (min) (%) index (%)
A 1 4.03 2.32 663.81 0.51
2 4.20 2.35 691.46 0.22
3 5.40 2.15 990.32 0.15
4 6.12 2.02 1060.68 0.24
5 7.00 0.78 1292.97 0.08
B 1 4.00 0.34 701.10 0.24
2 4.19 0.38 733.39 0.11
3 5.61 1.20 983.61 0.07
4 6.01 0.38 1053.19 0.47
5 6.73 0.71 1254.99 0.54
7 7.20 0.35 1342.20 0.14
8 9.76 0.46 1819.60 0.11

* Relative standard deviations within-day (six replicates). A, sample as in Fig. 5; B, sample as in Fig. 4.
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Table 2

Average values and standard deviations for absolute migration times and electrophoretic mobilities determined with the marker

technique using three aromatic carboxylic acids

Migration time (min)

Mobility” (10 ® m*> V™' s™")

‘I(.S.I).(Qb)

Compound® Ly ave S.D. R.S.D. (%) K (ave) S.D.

1 4.06 0.08 1.9 -1.1196 0.0552 0.321
2 4.23 0.06 1.5 -1.2726 0.0492 0.267
3 5.93 0.09 1.5 —1.9265 0.0108 0.258
4 6.10 0.10 1.4 —2.0276 0.0085 0.213
5 6.54 0.08 1.2 —2.3889 0.0072 0.202
6 7.05 0.08 1.1 —2.7296 0.0030 0.109
7 7.35 0.03 1.0 —2.9187 0.0265 0.091
8 9.93 0.07 0.78 —4.1461 0.0072 0.073

Sample as in Fig. 4.
* Data obtained with Beckman 2050 instrument.
® Calculations according to Ref. [9].

ate. However, good results were only obtained
when the samples were analysed fresh within one
day, to maintain the accuracy of the results.
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Abstract

Nine synthetic organic dyes, including seven azo compounds, used as colouring matter for textiles were separated
as anions by capillary zone electrophoresis. As most of the solutes are sulfonic acids, the separation could not be
effected by varying the pH of the buffer solution. Therefore, two methods were applied to adjust the
electrophoretic mobility in a specific way: complexation by bis-tris-propane and interaction with linear polymers
added to the buffer and acting as pseudo-phases. A buffer system containing polyethylene glycol and poly-
vinylpyrrolidone permits the separation of all analytes. Retention of the dyes caused by the polymeric additives was
related to the solute’s structure. It was demonstrated by cluster analysis that the relative decrease in the
electrophoretic mobility of the dyes correlates with the number of benzoaromatic rings in the solute molecules.

1. Introduction

After the first publication on azo compounds
by Griess in 1858, extensive research started. In
1870, Kekulé discovered the coupling reaction of
diazotized arylamines with phenols. Orange II
(introduced by Roussin in 1876) belonged to the
first acidic azo colorants, which dye wool directly
and cotton by means of mordants. Acid 88
(synthesized by Caro in 1877) represented pro-
gress because of its deeper colour due to an
additional aromatic ring [1].

Various techniques for the analysis of dyestutfs
have been described [2,3]. Whenever the ana-
lytical question is the identification of known
dyestuffs and not the structure elucidation of
new compounds, separation methods are
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superior to those based on spectrometry,
because most often the samples consist of blends
and/or mixtures with matrix material which
interfere with the analytical information. Paper
chromatography [4] and thin-layer chromatog-
raphy [5,6] were the most frequently used tech-
niques for the analysis of organic dyestuffs and
still have merits. However, in the meantime new
methods have been developed which have great
advantages, especially for the compounds of
interest. HPLC offers the possibility of applying
reproducible solvent gradients and coupling the
separation technique on-line with a diode-array
spectrophotometer [7]. For acidic dyes, reversed
phases (RP) are recommended. They provide
some kind of structure—retention relationship,
e.g., referring to the number of sulfuric acid
groups or to the size of the aromatic skeleton [7].

On the other hand, this method often involves
problems arising from the very small retention of

© 1995 Elsevier Science B.V. All rights reserved
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tri- and higher sulfonated compounds, which are
fairly common. In those cases ion-pair RP chro-
matography [8] or ion-exchange chromatography
[9] could be applied. However, these methods do
not allow one to derive easily structure—reten-
tion relationships, which are sometimes useful
when there is a lack of reference substances.

Capillary zone electrophoresis (CZE) should
be an efficient separation and identification
method for the ionic analytes under considera-
tion. In free solution the solutes are separated
according to their effective mobilities. For weak
acids or bases this property is most dominantly
influenced by the pH of the buffer, which en-
ables one to adjust the degree of dissociation of
the analytes. This strategy will not succeed,
however, for the analytes investigated in this
work, because they are mainly strong elec-
trolytes (sulfonic acids). In this case, other strate-
gies must be developed.

One method is commonly used for this pur-
pose: the application of micelles formed in the
background electrolyte. This technique, termed
micellar electrokinetic capillary chromatography
(MECC), has been applied in this context for the
separation of some synthetic dyes [10,11].
Another strategy was used in previous work for
the separation of diastereometric derivatives of
enantiomers [12-14] and also for the improve-
ment of the separation of cationic synthetic dyes
[15], namely the use of polymeric additives.
These polymers seem to be able to introduce
lipophilic interactions with the solutes, and are
thus also termed pseudo-stationary phases, in
analogy with RP chromatography. Polyethylene
glycol (PE) and polyvinylpyrrolidone (PVP)
were added to the buffer to adjust separation
selectivity in this work.

The impact of the additive on electrophoretic
migration was evaluated by cluster analysis [16—
18] in order to obtain a better understanding of
which analyte property is responsible for the
retention of the solute on addition of the poly-
mer. This chemometric method was applied in
previous work on capillary electrophoresis to
characterize the similarity of electrolyte systems
[19-21] and that of solutes [22,23].

2. Experimental
2.1. Chemicals and reagents

The chemicals used for the preparation of the
buffer were of analytical-reagent grade (Merck,
Darmstadt, Germany). PVP (25; M, ~ 25000,
Serva, Heidelberg, Germany) and PEG (M, 2-
10°, Serva) were added to the buffer solution
without further purification. Water was doubly
distilled before use. The buffer solution was
filtered through a membrane filter of 0.2-um
pore size. The dyes and 1,3-bis[tris(hydroxy-
methyl)methylamino]propane [bis-tris-propane
(BTP), 99%+ purity] were purchased from
Aldrich (Steinheim, Germany). The dyes were
dissolved in water at a concentration of 40 ppm.

2.2. Apparatus

CZE was carried out with a P/ACE System
2100 (Beckman, Palo Alto, CA, USA) equipped
with a UV absorbance detector with fixed wave-
length (214 nm). The separation capillary was
made from fused silica (75 um 1.D., total length
0.269 m, effective length 0.202 m; Supelco,
Bellefonte, CA, USA). The temperature was
held constant at 25°C. Polyacrylamide-coated
capillaries were prepared according to the pro-
cedure described by Kilar and Hjerten [24] and
modified by Schiitzner et al. [12]. The conditions
of the analysis are described in Table 1.

3. Results and discussion

3.1. Influence of a counter ion with complexing
ability

The dyes under discussion (see Fig. 1) can
form anions under the appropriate pH condi-
tions. When the pH is not too low, the amino
groups on the aromatic ring in compounds D35
and D9 will not be protonated, because the pK,
of such substituted anilines is about 5. In con-
trast to acidic conditions, at neutral pH the
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Acid Red 88

D9
Methyl Red, Acid Red 2

Fig. 1. Structural formulae, abbreviations and trivial names of the organic dyes investigated.
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Buffers, additives and separation conditions for the electrophoresis of the organic dyes shown in Fig. 1

System Buffer Additive pH Voltage Capillary
1 5 mmol/1 NaH,PO,-NaOH None 7.0 =20 Coated
II 5 mmol/l NaH,PO,-NaOH 0.5% PVP 7.0 -10 Coated
11 5 mmol/l NaH,PO,~NaOH 1.0% PVP 7.0 -10 Coated
v 10 mmol/1 BTP-HCI None 6.5 -20 Coated
\'% 10 mmol/1 BTP-HCI 0.25% PEG 6.5 -10 Coated
VI 10 mmol/1 BTP-HCl1 0.5% PEG 6.5 -10 Coated
VII 10 mmol/1 BTP-HCl 1.0% PEG 6.5 -10 Coated
VIII 10 mmol/l HCl-Ethanolamine None 10.0 +20 Uncoated
IX 10 mmol/l HCl-Ethanolamine 0.1% PEG 10.0 +10 Uncoated
X 10 mmol/l HCl-ethanolamine 0.25% PEG 10.0 +10 Uncoated
XI 10 mmol/1 BTP-HCl 0.5% PEG +0.01% PVP 6.5 -10 Coated
XI1 10 mmol/1 BTP-HCI 0.5% PEG +0.05% PVP 6.5 -10 Coated
X111 10 mmol/I BTP-HCI1 0.1% PVP 6.5 -10 Coated

BTP, bis-tris-propane.

compounds will not form zwitterions, but will
migrate electrophoretically as anions owing to
the dissociation of the strongly acidic sulfonic
(dyes D1-D8) or the weakly acidic carboxylic
(dye D9) groups.

However, it can be seen from Fig. 2 that a
usual buffer with a neutral pH does not exhibit a
sufficiently high selectivity for full separation. A
separation according to a difference in pK values
would not be efficient for the case of sulfonic
acids (they have negative pK values). Some
compounds have phenolic groups with pK, val-
ues around 10, but it will be shown below that at
high pH co-migration of most solutes is ob-
served. Hence it must be assumed that varying
the pH will not improve resolution.

For the oligosulfonic acids, the selectivity can
probably be enhanced by using a counter ion
with complexing ability, e.g., a higher charged
metal cation (Ca, Mg, Cu, Al) or a bivalent
organic base such as BTP. This complexing
compound has recently been applied to resolve
inositol phosphates by capillary isotachophoresis
[25,26]. Separation in such a buffer is shown in
Fig. 3. In -comparison with phosphate buffer
(with sodium as counter ion, Fig. 2), a significant
improvement in the separation is observed, but
also in this case some compounds are not sepa-
rated and co-migrate. It can also be seen that in

this system Acid Red 88 (D8) is separated into
two different components (indicated as D8A and
D8B).

D2+D3
D5+D6+D7
0.008 |-
£ 0.006
c D8 DS
) l /
0.004 |-
D1+D4

0.002 |- /

Absorbance

0.000

.

-0.002 L 1 L L L )
0.0 0.5 1.0 15 2.0 25 3.0

time [min]

Fig. 2. Electropherogram of the dyes in a coated capillary at
pH 7.0 without additive. Numbers as in Fig. 1; separation
system I from Table 1 with sodium phosphate as buffer.
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Fig. 3. Electropherogram of the dyes in a coated capillary at
pH 6.5 with BTP as counter ion with complexing ability.
Numbers as in Fig. 1; separation system IV in Table 1.

3.2. Effect of linear polymers added as pseudo-
phases

It was pointed out above that variation of the
pH will not affect the separability of most of the
analytes under consideration. For this reason,
another approach was selected to enhance the
selectivity, namely the use of linear polymers
added as pseudo-phases to the background buff-
er. PVP and PEG were chosen as polymers. In
Fig. 4, the influence of the concentration of PVP
added to the phosphate buffer on the effective
mobilities of the separands is depicted. It is
apparent that PVP is a very efficient pseudo-
phase for the dyes, because even 0.5% of the
polymer reduces the effective mobilities by at
least a factor of two and, moreover, it changes
the migration sequence in a number of cases.
The strongest affinity of PVP was found for Acid
Red 88 (D8); 0.5% of PVP decreased the
effective mobility of this compound to less than

effective mobility [10%cm's)

00 02 04 06 08 10
PVP [%wi]

Fig. 4. Influence of the concentration of PVP on the effective
mobility of the dyes in sodium phosphate buffer at pH 7.0.
The mobilities of dyes D6 and D7 are less than 5-107° cm’
V™' s at 1% PVP and are therefore not indicated in the
plot at this concentration. This is also the case for the dye D§
at a PVP concentration of 0.5% and higher. Numbers as in
Fig. 1; separation systems I, II and III in Table 1.

5-10 % cm® V™' 57! (this limiting value is given
by the time of measurement, which was chosen
as 20 min maximum). Such a low mobility was
also found for Orange II and Crocein Orange G
(D6 and D7) at a PVP concentration of 1%.

PEG was found to have less influence than
PVP on the selectivity. The effect of the addition
of PEG on the effective mobilities was investi-
gated in buffers based on BTP, because it was
expected that with the complexing counter ion
even smaller changes in selectivities caused by
the polymer would suffice to enhance the sepa-
ration. The result of this investigation is depicted
in Fig. 5. It can be seen that all mobilities
decrease slightly with increasing concentration of
PEG, and also some changes in the migration
order are found. In Fig. 6 only a partial improve-
ment of the separation is visible compared with
the buffer without PEG (Fig. 3).

The influence of addition of PEG to the buffer
on the mobilities of the dyes was investigated
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Fig. 5. Effect of the concentration of PEG on the effective
mobilities of the dyes at pH 6.5 with BTP as complexing

counter ion. Number as in Fig. 1; separation systems IV, V, VI
and VII in Table 1.
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Fig. 6. Electropherogram of the dyes in a coated capillary at
pH 6.5 with BTP as complexing counter ion and PEG as
stationary pseudo-phase. Numbers as in Fig. 1; concentration
of PEG, 0.5% (w/v) (separation system VI in Table 1).
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Fig. 7. Influence of PEG on the effective mobility of the dyes

at pH 10. Numbers as in Fig. 1; separation systems VIII, IX
and X in Table 1.

also at high pH (10.0), as mentioned above. The
result of this investigation is shown in Fig. 7. It
can be seen that for a number of solutes the
measured effective mobilities increase slightly
with increasing PEG concentration, an unex-
pected effect, which can be possibly related to
inconstancy of the temperature inside the capil-
lary. Nevertheless, it can be concluded that a
concentration of even 0.1% leads to a significant
improvement in the separation. In Figs. 8 and 9
two systems are shown for comparison, one
without PEG and the other with 0.1% of PEG.
It can be seen that D1-D4 and D2-D3 become
fully separated on addition of PEG, and also
D6-D7 show baseline separation. However,
three dyes (D5, D8 and D9) still co-migrate,
because the selectivity is not sufficient using only
PEG as a pseudo-phase.

For further optimization of the separation, the
selective reduction of the effective mobility of
dyes D3 and D5 by PVP was utilized. For this
reason the migration behaviour of the solutes in
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Fig. 8. Electropherogram of the dyes in an uncoated capil-
lary at pH 10.0. Numbers as in Fig. 1; separation system VIII
in Table 1.
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Fig. 9. Electropherogram of the dyes at pH 10.0 in the
presence of PEG (0.1%, w/v). Numbers as in Fig. 1;
separation system IX in Table 1.

the buffer based on BTP with 0.5% of PEG was
influenced by PVP added at very low concen-
tration.

The results of this investigation are depicted in
Fig. 10. The addition of 0.05% of PVP led to the
separation of all compounds. Even such a low
concentration of PVP leads to baseline drift,
which was not observed in the buffer without
PVP. This baseline drift was, on the other hand,
well reproducible and could be compensated for
easily by the use of the computer software by
subtraction of the signal from the blank run
(injection of water).

An electropherogram after such a subtraction
is shown in Fig. 11. All compounds were sepa-
rated in this mixed system. It should be men-
tioned, however, that Acid Red 88 (D8) mi-
grates with an effective mobility of less than
5-10° cm® V™' s™', which leads not only to a
long analysis time but also causes several prob-
lems with detection in this system, because the
peak of this component is very broad under
these conditions and can hardly be distinguished

—o-Dl —o-@ —A-08
-v—D —O-06 —0Q-06
—v—07 —A—[8 —O-D9

effective mobility [10°cmPvis)

000 001 002 003 004 005
PVP [%wh]

Fig. 10. Effect of the concentration of PVP on the effective
mobility of the dyes in the separation system at pH 6.5
(BTP-HCl, 0.5% PEG). Numbers as in Fig. 1; separation
systems VI, XI and XII in Table 1.
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Fig. 11. Optimized electropherogram of the dyes in a coated
capillary with a buffer at pH 6.5 with BTP as counter ion,
0.5% (w/v) PEG and 0.05% (w/v) PVP. Electropherogram
of a blank run was subtracted. Numbers as in Fig. 1;
separation system XII in Table 1.

from the noisy baseline, especially at low con-
centrations. If this component must be identified
in the sample, the use of another separation
system, IV in Table I, is therefore recom-
mended, which allows the determination of Acid
Red 88 in a much shorter time, within less than 4
min (see Fig. 3).

Table 2
Effect of the polymer network on the retention of the solutes

3.3. Relationship between solute structure and
retention caused by the polymeric additive

The number of solutes studied is too small to
allow a full interpretation of the relationship
between the structure of the separands and the
extent of interaction with the polymer. Some
conclusions can be drawn, however, when the
retarding effect of the polymer (PVP is consid-
ered because of its much stronger effect com-
pared with PEG) on the dyes is expressed as the
relative change in the solute mobility, as given in
Table 2. It seems that within given buffer sys-
tems the relative retardation follows the number
of benzoaromatic rings in the dye molecules. The
solutes with two benzoaromatic rings exhibit the
smallest retardation effect. Within this group,
dye D9 is affected only to a minor extent by the
polymer. Interestingly, D9 is the only compo-
nent with a carboxylic function, in contrast to the
other eight solutes, which are sulfonic acids. The
dyes with four benzoaromatic rings, on the other
hand, show the most pronounced retardation of
all the compounds under consideration.

For better visualization, the azo-sulfonates are
grouped by a sequential, hierarchical cluster
analysis based on the average linkage algorithm,
taking the solutes as the taxonomic units, and
the relative mobility data from Table 2 as the
features for constructing the corresponding simi-

Dye No. of My _ , an I _ (I av) _ (X1 V1) _ (XQ) (VD) _  (XID)
substance  benzoaro- 100 100 o100 S 100 o100
matric rings

D1 2 49 65 17 1.9 6.2

D2 2 59 75 21 2.9 10.2

D5 2 46 62 21 2.7 8.2

D9 2 15 25 4 3 1

D4 3 73 82 36 4.9 20

D6 3 62 >82 36 5 16

D7 3 64 >82 36 5.9 17

D3 4 82 87 48 7 32

D8 4 >80 >80 >69 28 57

The relative retention (%) is given by the difference between the effective mobility, u, of the solute in buffer without polymer to
that with polymer, related to the former. Numbers of dye substances as in Fig. 1; buffers (indices of the mobilities) as in Table 1.
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Fig. 12. Dendrogram as the result of the cluster analysis,
demonstrating the relationship between the retarding in-
fluence of the polymeric additives and the structure of the
dyes. Numbers of dyes as in Fig. 1. Numbers of ben-
zoaromatic rings are given in the parentheses. A=
normalized Euclidian distance.

larity matrix. The measure of (dis)similarity is
the Euclidian distance between the taxonomic
units in the five-dimensional vector space (five is
the number of electrolyte systems).

The resulting dendrogram is shown in Fig. 12.
The solutes with the same number of ben-
zoaromatic rings are grouped in the subclusters
formed. This result supports the assumption that
the lipophilic interaction between the solutes and
the polymeric additive is responsible for retarda-
tion.

4. Conclusions

It is possible to identify the dyes under discus-
sion by CZE using different linear polymers as
pseudo-phases to enhance the separation selec-
tivity. The mobility of the solutes is not related
to the viscosity, which is not surprising because
Walden’s rule (which states that the product of
ionic conductivity and viscosity coefficient is a
constant for different solvent systems) is not
obeyed in many cases. This phenomenon can be
related to the fact that the viscosity is a measure
of the bulk phase, which clearly will be in-
fluenced when linear polymers are present in the
solution. The charged dye molecules, on the

other hand, moving through the solvent encoun-
ter the local viscosity of the environment, which
may be affected by the polymer to a much
smaller extent; the latter, not the former, de-
termines the electrophoretic migration properties
of the analyte. The extent of interaction of the
dye with the polymer and thus its retardation
increase with increasing number of benzo-
aromatic rings in the solute molecule.

From the practical point of view, it can be
concluded that the identification of synthetic
dyes used as textile colorants is possible using a
system with BTP as a buffering and complexing
ion at pH 6.5, with 0.5% of PEG and 0.01% of
PVP. For better detectibility of Acid Red 88 and
to avoid too long run times, the identification of
this single analyte can be performed in the same
buffer without a polymeric additive in less than 4
min.
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Abstract

A mixture of phenylenediamine, aminophenol and phenol derivatives was studied with capillary zone electro-
phoresis (CZE) at different pHs. The use of acidic or alkaline pH did not give separations with a good resolution.
Next, separation was performed using micellar electrokinetic capillary chromatography (MEKC), first with the
anionic surfactant sodium dodecyl sulfate (SDS) and second with the cationic surfactant cetyl trimethylammon-
iumchloride (CTACI). In both cases, a study of pH, surfactant concentration and ionic strength of the electrolyte
as function of the capacity factor allowed for the determination of the optimum conditions.

Since separation was obtained with both surfactants, we studied the distribution coefficient to determine the
affinities of the solutes for the aqueous medium and the different surfactants.

1. Introduction

Capillary electrophoresis (CE) is a modern
analytical technique in rapid development. The
high efficiencies and high resolution achieved
allow for separations similar to those obtained
with high-performance liquid chromatography
(HPLC). CE has a large field of applications,
e.g. the separation of ionizable solutes by capil-
lary zone electrophoresis (CZE) [1] and the
separation of neutral compounds by micellar
electrokinetic capillary chromatography
(MEKC), developed by Terabe et al. [2]. Most
reports on MEKC use sodium dodecylsulphate
(SDS) at concentrations higher than its critical

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00551-X

micellar concentration (CMC). Analytes are
dissolved in the aqueous phase (moving at the
electroosmotic flow velocity) and the pseudo-
stationary phase (moving in the opposite direc-
tion as the electroosmotic flow of the negatively-
charged micelles). Thus, the distribution of sol-
utes over these two phases induces a difference
in the migration velocities of the analytes which
allows their resolution. One of the major advan-
tages of capillary electrophoresis is the ability to
resolve in the same run a mixture of anions,
cations and neutral compounds.

Oxidative hair colorants are permanent hair
colourers usually composed of a dye precursor
and coupler in an alkaline medium and hydrogen
peroxide. Hydrogen peroxide reacts with a pri-
mary intermediate (precursor, e.g. 1,4-
diaminobenzene or 4-aminophenol) to produce
an imine, which in its turn reacts rapidly with a

© 1995 Elsevier Science B.V. All rights reserved



168 C. Sainthorant et al. | J. Chromatogr. A 717 (1995) 167-179

second intermediate (coupler, e.g. 3-amino-
phenol or resorcinol) to produce the dyes [3-5].
The groups which are responsible for the attrac-
tive forces of the oxidative dyes are the amino
and hydroxy groups, the attractive behaviour
also being dependent on the positions of these
groups. As precursors phenylenediamines,
diaminophenols and aminophenols are used
which have their amino or hydroxy groups in
ortho or para positions. The meta-diamines, the
meta-aminophenols and the polyphenols are used
as couplers. For a good colour quality, the
composition of the dye has to be carefully
controlled. Several selective analytical methods
have been proposed for the identification and
determination of this class of compounds, e.g.
thin-layer chromatography [6], gas chromatog-
raphy [7], mass spectrometry [8], high-perform-
ance liquid chromatography [9,10] and more
recently capillary electrophoresis (isotachophor-
esis) [11]. Nowadays, the analysis of oxidative
dyes is achieved by HPLC.

Our aim was to determine the ability of
capillary electrophoresis to resolve such aromatic
solutes by CZE, and next by MEKC using
anionic (SDS) and cationic [cetyl trimethyl-
ammoniumchloride (CTACI)] surfactants. To
this end we selected the fourteen aromatic sol-
utes (diamines, aminophenols, toluenediamines
and phenols with different substituents) shown in
Fig. 1.

2. Experimental
2.1. Apparatus

Part of the experiments were performed on a
Spectraphoresis 2000 CE instrument (TSP, San
José, CA, USA) equipped with a variable-wave-
length UV-Vis absorbance detector, an auto-
matic injector and an autosampler. It consists of
a thermostated cartridge containing a silica capil-
lary tube with an internal diameter of 50 um, a
total length of 70 cm (or 44 cm) and a injector—
detector length of 63 cm (or 37 cm), respectively.

The other experiments were performed on a

Beckman P/ACE 2100 (Beckman Instruments,
Fullerton, CA, USA). The part of the capillary
used for separation was kept at a constant
temperature by immersion in a cooling circula-
tion in the cartridge. The detection window was
100 x 800 pm. Fused-silica capillaries of 50 pm
I.D. and 47 cm length (40.cm to the detector)
were used. The UV detector was equipped with
wavelength filters (190, 214, 254, 280 nm). In our
experiments, the separation was carried out at
214 nm, using an applied voltage of + 20 kV. A
temperature of 25°C was selected to avoid dye
oxidation. The pH of each electrolyte was
checked using a Beckman pH meter (Model
¢10, Beckman).

The capillaries were daily conditioned by rins-
ing first with 1 M sodium hydroxide (10 min) at
60°C, water (10 min) at 60°C, then 0.1 M sodium
hydroxide (10 min) at 40°C, water (10 min) at
40°C, and finally the running electrolyte (30 min)
at 25°C. The same washing procedure was used
in MEKC, except for the last step where we used
the electrolyte containing the surfactant (15 min)
at 25°C. Between two analyses, the capillary
tubes were flushed at 25°C with electrolyte (5
min) for CZE and with water (3 min) and
electrolyte (5 min) at 25°C for MEKC, in order
to improve reproducibility of the electroosmotic
flow and migration times of the analytes.

2.2. Chemicals

All chemicals were of analytical reagent grade.
Sodium dihydrogenphosphate (Fluka, Buchs,
Switzerland), boric acid (Fluka), phosphoric acid
(Carlo Erba, Milan, Italy), 1 M sodium hy-
droxide (Aldrich, Milwaukee, WI, USA), 0.1 M
sodium hydroxide (Aldrich), sodium dodecylsul-
phate (SDS) (Fluka) and cetyl trimethylammon-
iumchloride (CTACI) (Aldrich) were used with-
out further purification. Water used for dilutions
or as electrolyte solution was of HPLC grade
(Fison, Farmitalia, Milan, Italy).

Methanol and anthracene were used to de-
termine the migration times of a neutral unre-
tained solute and of micelle tracer, respectively.
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OH (6]
14

OCH,CH,0H

NH,

NH

3
2-(2,4-diaminophenoxy) ethanol

2

OCH,

NH,

NH,
6

4-methoxy-1,3benzene-
diamine

NH,

NH
9

1,4-benzenediamine

2

OH
NH

12
2-aminophenol

169

13 |
2-methyl-1,3-benzenediol 3,4-dihydro-2H-1,4-benzoxazin-6-ol
Fig. 1. Structures of the compounds analysed.
Authentic samples of oxidative dyes were a 3. Results and discussion

gift from Oreal (Aulnay-sous-Bois, France). The
dye mixture was obtained by dissolving these 3.1. Capillary zone electrophoresis
solutes (50 mg/l) in the running buffer (pH
3)-methanol mixture (90:10, v/v). Finally, sodi- Capillary zone electrophoresis (CZE) allows
um sulphite (0.2%) was added to each sample to the separation of ionized molecules, which move

slow oxidation of the dyes. according to their electrophoretic mobility [12]:
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where m,, is the electrophoretic mobility of the
solute, V the applied voltage, L, the injector—
detector capillary length, L, the total capillary
length, ¢ the migration time of solute and ¢, the
migration time of neutral marker.

Neutral molecules would migrate at the elec-
troosmotic flow (EOF) velocity, and the electro-
osmotic flow mobility (m.,) is given by

L1
eo 1% tO

The oxidative dyes contain amino groups (pK,
3-5.5) or hydroxy groups (pK, 9-11); the vari-
ation of their electrophoretic mobility with
changes in running buffer pH is reported in Fig.
2.

The amino groups are ionized when the buffer
pH is less than their pK, values; in that case, the

m

@

€0
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positive electrophoretic mobility of these organic
cations is in the same direction as the electro-
osmotic flow. 3-Aminophenol (compound 1) has
a positive m,, at pH 4; when the buffer pH
increases, its electrophoretic mobility decreases
due to deprotonation of the amino group. At pH
6 the solute is neutral. When the pH is increased
to the latter pK,, the molecule moves with the
electroosmotic flow. The hydroxy groups are
ionized when the pH is higher than their pK,
values (pK, 9-11), thus these anionic solutes
have negative electrophoretic mobilities and mi-
grate with the EOF. In contrast to the amino
groups, the m,, increases when the pH increases
(because the solute gets more ionized hydroxy
groups). For the aromatic solutes, the ionization
constants of their amino and hydroxy groups
may be determined by CZE. Figs. 3 and 4 show
the results of the analysis of a mixture of the
aromatic solutes using CZE. Under acidic pH
the separation is better than at alkaline pH: pH

clectrophoretic mobility (x10%.cm?*/V.s)

-20

-30

A 1]
\\‘[3]

(2]

pH

Fig. 2. Plot of electrophoretic mobility versus pH. Electrolyte, 25 mM phosphate—borate; capillary, 44 cm X 50 pm I.D.; UV
detection, 214 nm; hydrodynamic injection, 2 s; voltage, 20 kV; temperature, 25°C. Compounds: [1] (A) 3-aminophenol (pK,
4.3-9.4); {2] (O) 1,3-benzenediol (pK, 9.1-11); [3] (©) 2-(2,4-diaminophenoxy)ethanol (pK, 3.2-5.4).
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25 4.62 5.00 5.37 575

Fig. 3. Separation of oxidative dye mixture under acidic conditions (CZE). Electrolyte, 25 mM phosphate—borate, pH 5.5;
capillary, 47 ¢cm X 50 pm L.D.; UV detection, 214 nm; hydrodynamic injection 2 s; voltage, 20 kV; temperature, 25°C;

concentration, 50 mM. For peak identification see Fig. 1.

increase causes deterioration of the resolution.
The difficulties in realizing a separation with high
resolution are caused by the pK, of the mole-
cules. Since these are small for the amino
groups, the separation should be performed at
low pH. In that case, the EOF is small and the
neutral molecules (phenol) in the mixture will
migrate only slowly. On the other hand, the pK,
of phenols are high and thus the pH must be
increased to ionize those compounds (com-
pounds 12, 13). However, reproducibility is
rather low at alkaline pH due to increased
dissolution of silica. At pH 5.5, the first peak
corresponds with the aromatic diamines (di-cat-
ionic molecules). The diamine compounds (7, 9)
are more ionized than the others, and thus their
electrophoretic mobilities are higher. CZE sepa-
ration depends on the ionic charge and the
molecular mass of the analyte. Solute 7 migrates
slower than solute 9 due to its higher molecular
mass. This is also true for solutes 6 and 3. The

compounds 1, 10 and 12 are isomers, the pK, of
their amino groups being 4.3, 5.5 and 4.6,
respectively. When the separation is performed
at pH 5.5, compound 10 is more ionized than
compounds 1 and 12. Their order of migration is
10, 12, 1. The elution order follows the decreas-
ing pK, order. These solutes have the same
molecular mass, so they migrate in order of their
ionization. The benzenediols migrate slowest due
to their neutral character at pH 5.5, which
results in migration with the electroosmotic flow.
At pH 9.5, the solutes having two amino groups
migrate at a velocity equal to the electroosmotic
flow and are not resolved (compounds 9, 7, 6 and
3). On the other hand, when the buffer pH is not
alkaline enough to ionize all phenol groups, we
will not see the normal migration order
diamines, aminophenols, phenols. For example,
compound 2 is more ionized than its isomer 8
(only one group ionized) and thus solute 8
comigrates with the aminophenols.
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Fig. 4. Separation of oxidative dye mixture under alkaline conditions (CZE). Electrolyte, 25 mM phosphate-borate, pH 9.5;
capillary, 47 cm X 50 um I.D.; UV detection, 214 nm; hydrodynamic injection, 2 s; voltage, 20 kV; temperature, 25°C;

concentration, 50 mM. For peak identification see Fig. 1.

3.2. Micellar electrokinetic chromatography

After the CZE experiments a more elaborate
study was done using MEKC, first with SDS as
surfactant, which is often used [13]. To deter-
mine the optimum conditions we do not calculate
the m,,, as in CZE, but instead we use the
capacity factor, which takes the electrophoretic
medium and the micelle interaction into consid-
eration. The principle of separation in MEKC is
based on the differential partition of the solute
between the ionic micelles and the surrounding
aqueous phase. In MEKC, the capacity factor of
a neutral solute is given by [13]:

’ tr _ tO
K= td-n/r) )
where ¢, ¢, and ¢, are the migration times for
the solute, the neutral marker (methanol) and
the micelle tracer (anthracene). Thus, the capaci-
ty factor of a neutral compound in first approxi-

mation is linearly related to the micelle con-
centration through

k' = Kv(C,;— CMC) 4)

where K is the partition coefficient of the solute
into the micelles, v the partial molar volume of
the micelle, C, the total surfactant concentration
and CMC the critical micellar concentration of
the surfactant.

The migration behaviour of an anionic (or

‘cationic) solute involves its own negative (or

positive) electrophoretic mobility in the aqueous
phase. Thus, in MEKC, the mobility of such an
ionized solute is the weighted average of the
mobility in the micellar phase and its mobility in
the aqueous phase. Khaledi et al. [14] have
derived the following equation:

A/_A_ 5
k= tr'(l - tr/tmc) ( )
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where ¢, ¢t and ¢__ are the migration times of
the solute in MEKC, CZE and of the micelle
tracer in MEKC. Several assumptions have been
made in deriving this equation: firstly, the
mobility of the micelles is assumed to be un-
changed when analytes are dissolved in them,
and secondly, the EOF is the same with or
without micelles. The latter means that changes
in the zeta potential and the buffer viscosity
caused by adding micelles to the electrolyte are
negligible.

k'corr
o
-]

0.6

/_

0.4

0.2 +

173

Our study started at pH 7, because below this
pH the electroosmotic flow decreases rapidly and
the separation shows broadening of the peaks. A
variation of the buffer pH from 7 to 10 (Fig. 5)
allowed to determine the optimum resolution
(pH 7). In contrast to the experiment performed
at pH 8.5, the compounds 5, 6, 7 and 8 are well
separated while the others comigrate. At pH 10,
only compound 6 is resolved. The ionization of
hydroxy groups increases in going towards al-
kaline pH values. The appearance of negative

—4

~

3.5 4

k'corr

as
pH

b
3
25+
2L/
T

10

—

50

100

150

SDS concentration (mM)

Fig. 5. (a) Influence of electrolyte pH in MEKC. Conditions: 75 mM SDS; capillary, 44 cm X 50 um 1.D. (b) Influence of SDS
concentration in MEKC. Conditions: pH 7; capillary, 70 cm X 50 pm LI.D. For (a) and (b): electrolyte, 25 mM phosphate—borate;
UV detection, 214 nm; hydrodynamic injection, 2 s; voltage, 20 kV; temperature, 25°C.
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charge on the compound decreases the micelle—
compound interactions (as they are of similar
sign), and thus resolution decreases. The same
conclusion has been drawn by Takeda et al. [15]
for the separation of aniline derivatives by
MEKC. The capacity factor decreased signifi-
cantly with increasing pH for p-anisidine and
N-methylaniline due to a weaker protonation of
amino groups; at alkaline pH the compounds
interacted less with the micelles.

Next, the influence of the SDS concentration
has been investigated. An increase of micelle

0.006

volume improves the separation. However, it
should be noted that the values of the capacity
factors are rather low (under 3.5) even with an
SDS concentration of 150 mM, in spite of a
marked widening of the migration window.
Comparing our results with those of Takeda et
al. [15], we observed that the k’-values, which
increase with the surfactant concentration, are
always smaller than those reported for aniline
derivatives. The aromatic solutes have pK, val-
ues around 4-5 and consequently are partially
ionized at pH 6.2. We cannot work below pH 7

0.004

0.002

absorbance

-0.002
5.00 7.08 .17

13.33 16.42 17.50

time (min}

0.004

0.003

0.002

ahsorbance

0.001

-0.001
5.00 847 11.94

15.42 18.89 22.36 25.83

time (min)

Fig. 6. Influence of ionic strength of electrolyte. (a) Electrolyte, 25 mM phosphate-borate, 150 mM SDS, pH 7. (b)' Electrolyte,
75 mM phosphate-borate, 150 mM SDS, pH 7. Capillary, 70 cm X 50 um I.D.; UV detection, 214 nm; hydrodynamic injection, 2
s; voltage, 20 kV; temperature, 25°C; concentration, 50 mM. For peak identification see Fig. 1.
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with the oxidative dyes because the compounds
have pK, values smaller than those of the aniline
derivatives. We can remark that diphenylamine
and chloroaniline are more hydrophobic than
aminophenol or phenylenediamine. Moreover,
the mixture contains phenols which are neutral
at this pH (compounds not present in the mix-
ture of Takeda et al.).

For the mixture of oxidative dyes, improve-
ment of the separation is obtained by increasing
the electrolyte ionic strength. So the third pa-
rameter which has been changed, is the elec-
trolyte ionic strength (Fig. 6). An increase of the
buffer ionic strength induces a more hydrophilic
aqueous medium, so a hydrophobic solute pref-
erentially dissolves into the micelles. This fast
mass transfer causes better peak efficiencies. The

14

13

12

10

I

migration time has doubled, so the solutes are
better separated: compounds 7 and 6 are re-
solved with 75 mM but not with 25 mM of
electrolyte. Compound 2 is better resolved from
compounds 3, 6 and 7, and has a better ef-
ficiency. However, compound 3 is not complete-
ly resolved, because the increase in ionic
strength has incited a decrease of the electro-
phoretic mobility which is smaller than that for
solute 1. Upon further increase of the ionic
strength, compound 3 elutes before compound 1.

This study allowed us to determine the op-
timum conditions to realize the analysis of the
fourteen oxidative dyes (Fig. 7). Among the
fourteen solutes resolved in 27 min, two com-
pounds (compounds 2 and 9) are not well re-
solved. If we compare the electropherogram with

I

time (min)

Fig. 7. MEKC separation with SDS surfactant under optimized conditions. Electrolyte, 75 mM phosphate—borate, 150 mM SDS,
pH 7; capillary, 70 cm X 50 um [.D.; UV detection, 214 nm; hydrodynamic injection, 2 s; voltage, 20 kV; temperature, 25°C;

concentration, 50 mM. For peak identification see Fig. 1.
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the HPLC chromatogram, the analysis time is
similar but the MEKC resolution is better.

A similar study is realized using MEKC with
the CTACI cationic surfactant. We selected
CTACI because of its low Kraft temperature
compared with CTABr. In the case of a cationic
surfactant, ionic interactions exist between the
ionized silanols and the CTA" cations. So, when
the CTACI concentration increases, we note an
evolution of the electroosmotic flow, which
translates the modifications created at the silica
capillary surface. At a given applied field
strength and buffer system, the magnitude and
the direction of the EOF is controlled solely by
the capillary wall surface charge density. At pH
9.5, the ionization of Si—OH groups is very large
at the wall surface. The addition of CTACI to
the solution produces an EOF decrease, because
the CTA™ cations progressively cover the capil-
lary surface due to attractive interactions with

k'

negative silanol groups. Then, a bilayer of
CTACI molecules (hemimicelle) is formed at the
capillary wall with a positive charge directed
towards the centre of the capillary. So the
direction of EOF is reversed [16-18].

In SDS-MEKC, few hydrophobic interactions
exist between the aromatic molecules and the
SDS micelles. So, we work at pH 9.5 to promote
the ionization of hydroxy groups. Therefore, we
will have hydrophobic interactions (same as
SDS) and hydrophilic interactions [15].

Next, the variation in k&’ of each compound
has been studied versus CTACI concentration.
By increasing the CTACI concentration, the
separation is improved (Fig. 8). To obtain a
chromatogram of the mixture, we have chosen a
CTACI concentration of 60 mAM, since better
separation will be obtained at higher concen-
trations. However, a high CTACI concentration
produces a large current (100 wA) and results in

——K1
——Kk2
—X—K'3
—o—x4
—¥—K'5
—O0—K'6
——K7
k'
—o—K'10
—&—k'11
—X—k'12
——Kk13
—B-Kk'14

CTAC! concentration (mM)

Fig. 8. Influence of CTACI concentration in MEKC. Electrolyte, 25 mM phosphate—borate, pH 9.5; capillary, 47 cm X 50 um
I.D.; UV detection, 214 nm; hydrodynamic injection, 2 s; voltage, 20 kV; temperature, 25°C.
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a widening of peak 8 (and thus in loss of
efficiency). A solution of phosphate—borate 30
mM, CTACI 60 mM, allows separation of the
mixture with a good resolution; 14 peaks were
obtained, which is better than the results ob-
tained with HPLC, but less than obtained using
MEKC with SDS. In MEKC, the analysis time
using SDS is half of that found with CTACI, and
thus separation could be improved. In the case
of CTACI, the first migrating compounds are the
phenylenediamines, which are neutral at pH 9.5
and have only hydrophobic interactions with the
micelles. They are followed by the negative
aminophenols (only one ionized group), having
hydrophilic interactions with the positive Stern
layer of the micelles. Lastly, we observe the
migration of phenols (with two ionized groups),
due to hydrophilic interactions with CTA"
monomers (Fig. 9).

According to Kaneta et al. [19], we can
calculate distribution coefficient of a compound
between the aqueous medium and the micelles
from Eq. 4. By plotting the variation of k’-values
versus the surfactant concentration, we can
graphically determine the CMC value (from the
x-intercept) and K (from the slope Kv), as
indicated in Fig. 10. The distribution coefficients
for three solutes are reported in Table 1. The
partial specific volumes given in the literature
[20] are 0.977 ml/g for CTACI and 0.862 ml/g
for SDS. The distribution coefficients are de-
termined at pH 10, where hydroxy groups are
ionized and amino groups are neutral. Finally,
distribution coefficients are compared with the
ionization degree of these three compounds. For
the CTACI surfactant, decreasing order of the
distribution coefficients is 1,3-benzenediol > 3-
aminophenol > 2-(2,4-diaminophenoxy)ethanol,

0.014
0.012

0.01
10

0.008 W

0.006

absorbance

0.002
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1213

W

-0.002

time (min)

Fig. 9. MEKC separation with CTACI surfactant under optimized conditions. Electrolyte, 25 mM phosphate—borate, 60 mM
CTACI, pH 9.5; capillary, 47 cm X 50 um [.D.; UV detection, 214 nm; hydrodynamic injection, 2 s; voltage, 20 kV; temperature,
25°C; concentration, 50 mM. Asterisk indicates the peak of Na,S,0,. For peak identification see Fig. 1.
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Fig. 10. Variation of corrected capacity factor versus CTACI surfactant concentration. Electrolyte, 25 mM phosphate—borate, pH
10; capillary, 47 cm x 50 pm 1.D.; UV detection, 214 nm; hydrodynamic imjection, 2 s; voltage, 20 kV; temperature, 25°C.
Surfactant: [1] CTACI, [2] SDS. Compound: (a) 3-aminophenol, (b) 1,3-benzenediol, (c) 2-(2,4-diaminophenoxy)ethanol.

which is related with the decreasing interactions
with the micelles. At pH 10, the neutral diamine
group has a higher affinity for the aqueous phase
than for the micellar phase. For hydroxy groups,
the increase in K-value means an increase in the
affinity with the micelles. Benzenediol has two
groups ionized, and therefore it has a higher
affinity for the micelle than aminophenol, which
has only one hydroxy group.

For the SDS surfactant all K-values are small,

because these compounds have less affinity for
the micellar medium. The differences between
K-values for anionic and neutral solutes are
small.

4. Conclusion

The separation of oxidative dyes is realized by
MEKC using two kinds of surfactant (SDS and
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Table 1
Distribution coefficients of solutes for two surfactants

179

CTACI surfactant

Solute SDS surfactant
Structure Pk, K CMC r K CMC r
(mM) (mM)
OH
43 17.3 11.6 0.9812 45.1 1.13 0.9993
94
NH,
OH
9.1 10.2 9.1 0.9962 112.3 3.16 0.9880
11
OH
OCH,CH,0H
NH, 3.2 17.3 8.4 0.9954 13.1 1.39 0.9918
5.4
NH,

Electrolyte, 25 mM phosphate—borate, pH 10; capillary, 47 cm X 50 um 1.D.; UV detection, 214 nm; hydrodynamic injection, 2

s; voltage, 20 kV; temperature, 25°C.

CTAC1). The separation of fourteen dyes has
been satisfactorily achieved using 150 mM SDS
at pH 7 or using 60 mM CTACI at pH 9.5. Thus
with the method described here good resolution
of the fourteen compounds was achieved. How-
ever, the analysis time differs from 30 min using
SDS to 12 min using CTACIL.
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Abstract

Enantiomer separation was studied for a set of 57 chiral drugs. With y-cyclodextrin as chiral solvating agent in
capillary zone electrophoresis, seven enantiomeric pairs could be separated without recoursing to an optimization
procedure. Possible interaction mechanisms between selector and selectand molecules are briefly discussed.

1. Introduction

The separation of enantiomers of chiral drugs
deserves particular attention in view of the
recent changes in regulation, by Japanese, Chi-
nese, European and American institutions (e.g.,
Food and Drug Administration) [1]. Thus, in
order to bring a new drug to the market, the
main activity and possible side effects of both
enantiomers of the drug must be established.
This requires both preparative and analytical
methods for the separation of enantiomers.

Due to its high resolution power, easy sample
preparation and short analysis times, capiliary
electrophoresis has turned out as a favourable
method in this field, in addition to high-perform-
ance liquid chromatography (HPLC) and gas
chromatography (GC). As recorded in our molec-
ular graphical database Chirbase/CE, different
separation principles have been successfully ap-
plied. These include complexation by crown ethers

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00556-0

[2,3], micellar electrokinetic chromatography
(MEKC) with bile salts [4-6] and amino acid
derivatives [7,8], ligand exchange [9,10], and af-
finity interaction with proteins [11-13]. By far the
most convenient approach, however, involves the
addition of cyclodextrins and derivatives thereof,
respectively, as complexing agents to the running
buffer [14,15]; this method was applied in 120 out
of 247 papers quoted in our database. Whereas
most experiments quoted in the literature were
performed with B-cyclodextrins, y-cyclodextrin
(Fig. 1) was less frequently used, basically because
of its higher price. In this paper we report first
results of an extensive screening of chiral drugs
with regard to separability with cyclodextrins in
CE under different conditions, starting with native
y-cyclodextrin.

2. Experimental

All experiments were carried out on a Bio-
Focus 3000 automatic capillary electrophoresis

© 1995 Elsevier Science B.V. All rights reserved
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Fig. 1. y-Cyclodextrin: structure, shape, properties.

system (Bio-Rad Laboratories, Hercules, CA,
USA) equipped with a variable-wavelength de-
tector operated at 200 nm and an acrylamide-
coated capillary from the same manufacturer.
v-Cyclodextrin was obtained from Wacker
Chemie (Munich, Germany). Analytical samples
of the chiral drugs were supplied by different
pharmaceutical companies (3M Medica, Anker-
pharm, Astra Chemicals, Arzneimittelwerk
Dresden, Bayer, Boehringer Mannheim, Ciba,
Durachemie, Go6decke, Hexal, Jenapharm,
Klinge, Knoll, Krewel, Mann, Medice, Merck,
Pfizer, ROhm Pharma, Rhoéne-Poulenc Rorer,
Roche). All other chemicals were analytical
grade.

The run buffer was prepared from a 0.1 M
solution of sodium dihydrogenphosphate
(NaH,PO,) and adjusted to pH 2.5 with phos-
phoric acid (H,PO,). As a chiral solvating agent
(CSA), y-cyclodextrin was dissolved in the plain
phosphate buffer, to give a 15 mmol/l solution.

Stock solutions of the bulk drug samples (1
mg/ml) were prepared in deionized and distilled
water. These were diluted ten-fold with a 1:1
mixture of purified water and the run buifer to
give the sample solutions, which were trans-
ferred to the capillary by electrokinetic injection.
The injection was carried out by applying a
voltage of 8 kV for 6 s.

3. Results

Under standard conditions, kept as constant as
possible throughout this study, seven enantio-
meric pairs could be separated without recours-
ing to a time-consuming optimization procedure.
In Table 1, these analytes are listed in alphabeti-
cal order of their names. All drug names used
are international nonproprietary names of the
pharmaceuticals assigned by the World Health
Organization (WHO). The migration times in
plain phosphate buffer were compared to the
migration times in cyclodextrin-containing phos-
phate buffer. For all of the analytes separated,
migration times were remarkably prolonged by
the addition of y-cyclodextrin to the running
buffer, indicating a significant interaction be-
tween analyte and selector molecules.

The ratio of the migration times of the en-
antiomers, tm,/tm,, was taken as a measure of
separation selectivity since no endoosmotic flow
was observed [16]. The separation factors ob-
tained range from 1.046 to 1.009. The enantio-
mers of oxomemazine, with a separation factor
of 1.046, were completely resolved, as shown in
Fig. 2. As demonstrated for tetryzoline in Fig. 3,
a separation factor of 1.028 was still almost
sufficient for baseline separation. Tropicamide
with a separation factor of 1.009 was only par-
tially resolved. This and other separations may
be optimized further by adjusting both CSA
concentration and pH individually for each ana-
lyte.

Table 2 compiles 50 racemates, in alphabetical
order of their names, which failed to separate
under standard conditions. Again, the molecular
structures of all analytes are listed, along with
their migration times in the CSA-containing
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Table 1
Compounds successfully separated into the enantiomers, under standard conditions

Compound Pharmaceutical tm * tm, © tm, * tm,/tm, ©
structure name ' (min) (min) (min)
OH
O O Clidinium bromide 10.05 11.98 12.23 1.021
§ )
N _
I Br
T
NN )
Isothipendyl 3.83 11.17 11.33 1.014
AN

{ Orphenadrine 12.05 13.60 13.80 1.015

s
@NID Oxomemazine 8.98 11.95 12.50 1.046

T

\/ Promethazine 8.73 12.19 12.44 1.028
/N\
@ Tetryzoline 7.57 8.35 8.58 1.028
HN"SN
./

N7
[ Ao
N Tropicamide 8.60 10.46 10.55 1.009
3

* Migration time in plain phosphate buffer.

® Migration times in cyclodextrin containing phosphate buffer; first and second detected enantiomer, respectively.

¢ Separation factor of the enantiomers.

Conditions: instrument, Bio-Rad Bio-Focus 3000; capillary, fused-silica, coated, 44.5 cm X 50 pm; sample concentration, 0.1
mg/ml; buffer, phosphate, 100 mmol/l, pH 2.5; CSA, y-cyclodextrin, 15 mmol/l; injection, 6 s, 8 kV; run, 14 kV +— —;
detection, 200 nm/0.005 AUFS; capillary temperature, 30°C.

buffer. Although most analytes showed pro- cases, the limits of long-term reproducibility of
longed migration times as compared to plain the absolute migration times did not permit a
buffer, some were not clearly retarded. In these quantitative treatment.
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Oxomemazine L

0\\ ,'O

<ol

N

I ]
11.2 13.6 min

Fig. 2. Electropherogram of oxomemazine enantiomers.
Conditions as quoted in Table 1. Detection at 200 nm, 0.005
AUFS.

4. Discussion

As illustrated in Fig. 1, the vy-cyclodextrin
molecule has a cavity of a diameter of 0.75-0.83
nm [17]. In a- and B-cyclodextrin, the diameter
is approximately 0.30 and 0.15 nm smaller,
respectively. Although the cavity in y-cyclodex-
trin was occasionally considered too large for a
significant enantiomer discrimination, there was
a definite lack of experimental proof for this
view. Indeed, an open mind might expect even
improved recognition properties for the -
cyclodextrin selector at least for large, bulky
selectands. It should be mentioned that there are
biological receptors with active sites larger than
80 nm, apt to include guests as large as a steroid
molecule [18].

- Tetryzoline

1'0 min

Fig. 3. Electropherogram of tetryzoline enantiomers. Con-
ditions as quoted in Table 1. Detection at 200 nm, 0.005
AUFS.

From these considerations, we expected to
find several of the large tricyclic antihistaminic
drugs among the seven at least partially sepa-
rated analytes, as listed in Table 1. On the other
hand, bicyclic and monocyclic sub-structures are
also present among the molecules separated. Still
these molecular structures are dominated by an
extended, flat region. It may be assumed that
these regions form an alignment with the upper
rim of the cyclodextrin. The two enantiomers
then differ significantly in their ability to stick
their basic tail into the partially acidic cyclodex-
trin cavity. This model takes into consideration
that possible interaction mechanisms do not only
involve internal inclusion complex formation,
but also external association [19]. An alternative
model suggests to include the aromatic and
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Compound
structure

Pharmaceutical
name

tm
(min)

Alimemazine

Alprenolol

Atenolol

Atropine

Baclofen

Bamethan

Benserazide

Biperiden

Bisoprolol

Bupivacaine

Bupranolol

14.49

11.52

9.61

11.59

8.31

9.14

7.89

14.04

10.90

8.75

13.97

(Continued on p. 186)
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Table 2 (continued)
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Compound Pharmaceutical tm*
structure name (min)
O~ Butetamate 9.96
o
O e
o Carazolol 10.77
NH
OH
HN._ NH NH
\ﬂ/ J@/K/ ]< Carbuterol 9.55
®Ho
o/Y\NH—\,o
® on Carvedilol 14.13
NH O
o
o o A n Celiprolol 11.48
/\N’U\NH
cl N
I
N
Cloroquine 5.79
HN\(\/\
cl
Chlorphenamine 5.85
N
T
N
Q/Xk/ Clobutinol 8.54
HO
cl
NO NH, Y
S Disopyramide 8.80
OH
HO NH ]/\/©/ Dobutamine 11.12
Ho@/\/
o
©Fa0 NH Flecainide 9.99
0/\

(Continued on p. 188)
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Compound Pharmaceutical tm
structure name (min)
_N
/‘ \ oM Homatropine 8.54
o
E)\@
N
/N. Br
oH Ipratropium bromide 10.97
o
o
o OH
NHW/ Isoprenaline 8.50
HO
cl
o)
Ketamine 10.01
NH
Mefloquine 10.10
Mequitazine 14.49
Metipranolol 10.35
© Naftidrofuryl 14.12
0\/\N/\
SehR
/
N
O j Nefopam 9.38
o
\N/\l o
Low T Ofloxacin 9.04
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Table 2 (continued)
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Compound Pharmaceutical tm *
structure name (min)
OH
HO NH
r Orciprenaline 9.45
OH
OH
©:°\)\/"”]/ Oxprenolol 9.09
0 NF
NJ\/O Phenoxybenzamine 11.17
SACA®
NH_ Pholedrine 7.45
T
= OH .
HN{ \ o \)\/Niﬁ/ Pindolol 9.28
OH
N NH " Pirbuterol 6.74
HOT N7
SCass
HO
NH Prilocaine 8.70
NH N
o
o
Propafenone 13.54
o
H/\NH’\/
OH
OH
O 0\)\/NH1/ Propranolol 10.75
OH
NH
Ho/j:))\/ *l< Salbutamol 9.01
HO
OH
O Q)\/NH]/ » Sotalol 9.29
O
OH
NH_
HO Synephrine 7.57
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Table 2 (continued)

Compound Pharmaceutical tm
structure name (min)
OH
‘ HO\Q/K/NHK Terbutaline 9.63
OH
NH, Tocainide 8.53
NH TH\
o
on Trihexyphenidyl 12.79
0
Trimipramine 20.13
N
H/\N/
|
0 . 0
- \ V\C[ ~ Verapamil 13.76
o W o”
A
b
SN N Zopiclone 10.04
o

 Migration time in CSA containing buffer.
Conditions as quoted in Table 1.

heterocyclic portions, respectively, leaving the
amino groups to external association. One may
favour the first over the second model in view of
the small retention increase of tetryzoline, bear-
ing a bulky imidazoline side-chain, as compared
to oxomemazine, promethazine and iso-
thipendyl, each having an open chain side-chain
(all structures are depicted in Table 1). On this
basis, it may be readily explained why the even
more bulky structure of mequitazine was not
separated at all (see Table 2); however, the lack
of separation of alimemazine (see Table 2), with
a close similarity to both oxomemazine and
promethazine (found in Table 1), appears rather

puzzling on first glance. This indicates clearly
that further experimental evidence is required to
decide on this question.

Moreover, not only the spatial conformation
of the selectands should be considered, but also
other properties, such as polarity and hydrogen-
bonding capability. It will be one of our future
aims to gather independent information on these
questions by physicochemical studies of well-
defined host—guest complexes of this type.

Throughout the study, the experimental con-
ditions had been kept as constant as possible
within the limits of this methodology. The given
pair of CSA concentration and buffer pH is a
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priori not optimal in this survey, because differ-
ent complex formation constants and pK, values
of different selectands are expected to cause
significant variations in the individual optimum
separation conditions.

Such an individual optimization of the sepa-
ration conditions for each analyte will certainly
yield further progress in peak resolution, at least
for the analytes listed in Table 1. The method
development will also include the evaluation of
reproducibility and detection limits. Last but not
least, due to the higher solubility of y-cyclodex-
trin compared to B-cyclodextrin, there is still a
chance to find separation conditions for up to
now unresolved enantiomeric pairs by choosing
higher concentrations of y-cyclodextrin as chiral
solvating agent.
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Abstract

Suramin is an important anti-tumor and anti-viral chemotherapeutic agent. We have previously presented a
capillary electrophoresis (CE) method for its quantitative analysis, where its quantitation was linear over three
orders of magnitude, with good precision (1.8%) and accuracy. The constantly varying electroosmotic properties of
the capillary due to various causes such as analyte adsorption to the inner wall, affect the migration times of
analytes during consecutive electrophoresis runs. This results in progressive changes in analyte peak areas, causing
less desirable or unacceptable CE assay precision. This paper illustrates a strategy to overcome the problem of
assay reproducibility by using an internal standard whose migration time is short and close to that of the analyte so
that the relative change of migration time is minimized. Assay precisions as good as 0.3% were observed in these
experiments. These results are in agreement with the theoretical basis of experimental capillary electrophoresis.

1. Introduction

Peak-area reproducibility is the most impor-
tant criterion that leads to good precision in a
separation-based assay. Usually, in high-per-
formance liquid chromatography (HPLC), where
the technique is very well understood and estab-
lished, precisions of <1% are routinely
achieved. Although capillary electrophoresis
(CE) is much more efficient than HPLC, some
obvious limitations tend to cause CE precisions
to exceed 1%. One of these limitations is the
sample loading size. CE is an inherent micro-
analytical technique, requiring the use of nar-
row-bore capillaries. The inner diameters of the

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00581-1

capillaries are between 25 and 75 pm [1] for
optimum resolutions. Thus, total capillary vol-
umes are in the microliter range, and sample
loading volumes are usuaily at nanoliters or sub-
nanoliters [1-3], whereas in HPLC, the sample
volumes are in -the microliter range. Together
with the short detection path of 25 to 75 um, CE
peak areas usually have lower signal-to-noise
ratios than those of HPLC. Thus, minute vari-
ation in sample loading, voltage, temperature,
electrolyte, and capillary can cause considerable
variation in the peak-area measurements. With
the exception of the capillary, these variations
can be eliminated with automation and internal
standards. During electrophoresis, analyte mole-
cules can adsorb to the capillary inner wall and
affect the zeta potential, thereby changing the
electroosmosis. This results in changes in migra-

© 1995 Elsevier Science BV. All rights reserved
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tion time from run to run and affects the repro-
ducibility of the peak areas [4-6]. In order to
minimize analyte adsorption, many coating tech-
nologies have been developed [7-11]. In our
previous presentation on CE assays of quinobene
and suramin [6] we discussed the effect of
analyte adsorption on electroosmosis. Even with
the use of an internal standard, the assay preci-
sion was 1.8%. Although this is an acceptable
value for CE assays, we believe that it can be
further improved.

Suramin, the hexasodium salt of 8,8’-
[carbonylbis[imino - 3,1 - phenylenecarbonylim-

Na0,$ N’HCO—Q'
NaO, s~ i ‘

ino(4-methyl-3,1-phenylene)carbonylimino]]bis-
1,3,5-naphthalenetrisulfonic acid (SU, Fig. 1) is
an interesting and useful pharmaceutical. It has a
wide range of therapeutic applications [12]. Its
original synthesis dates back to 1916 and it was
intended for the treatment of parasitic diseases.
Later, as the literature reveals, suramin has been
widely tested and used, including as an anti-
tumor [12,13] and an anti-viral [14-17] drug.
Many HPLC procedures for the analysis of
suramin have been reported [18-26]. In the work
reported by Klecker and Collins [18] on human
plasma and Stolzer et al. [19] on human plasma

—f; :>—corm SO;Na

co SO,Na
50,Na 50,Na
NHCON’H
Suramin
OH
SO,;Na N
=
HO =N ,
v A D S
—_—
P N
a SO;Na SO;Na
50,Na Quinobene
so,n
NE,

Sulfanilic acid

Fig. 1. Molecular structures of suramin, quinobene, and sulfanilic acid.
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and urine, gradient and isocratic ion-pair HPLC
assay methods were described, respectively.
These authors have observed good linearities
and recoveries in their work. Supko and Mal-
speis {20], Tong et al. [21], Tjaden et al. [22],
and De Bruijn et al. [23] also describe ion-pair
HPLC procedures using different types of col-
umns. Fornstedt [24] described peak-distortion
effects of suramin due to large system peaks in
bioanalysis using ion-pair chromatography. Gar-
cia and Shihabi [25] reported a rapid HPLC
procedure for suramin by injecting diluted serum
samples directly onto the column.

However, with respect to CE, only two reports
appear in the literature on suramin analysis.
Garcia and Shihabi [26] reported a rapid CE
assay to measure suramin levels in serum using
3-isobutyl-1-methylxanthine as an internal stan-
dard. In that work, they have observed a good
linearity of peak area versus concentration with a
recovery of 93%. However, the precision of the
assay was not reported. Hettiarachchi and
Cheung [6] reported an internal standard CE
assay with a precision of 1.8%. Due to the
importance of suramin and the simplicity and
separation efficiency of CE, it is beneficial to
develop a more precise CE assay that is compar-
able to HPLC assays.

Our previous study [6] indicated that precision
(R.S.D.) of the area of an analyte peak is about
2-3 times that of the migration time, which is
inversely proportional to mobility (u). Mobility
of a chemical is a combination of its electro-
phoretic mobility (u,,) and the electroosmosis
(m.,) of the capillary, and can be represented by

B= Byt e @)

Since ., is an inherent property of the chemical,
w will remain constant if u,, is unchanged during
the experiment. Irreversible adsorption of ana-
lyte molecules to the capillary wall, which results
in u,., variation (Ap,,), is not expected with the
use of capillaries covalently coated with neutral
organic polymers. However, experimental data
indicated the opposite {6]. The adsorption was
probably caused by the hydrophobic interaction

of the non-polar part of the analyte with the
organic coating. Our efforts to desorb the ad-
sorbed analyte molecules by washing the capil-
lary in between electrophoresis with water and
organic solvents were impractical or unsuccessful
[273.

For analyte A and internal standard 1.S., Eq.
1 can be written as:

l‘l’A = I‘Lep,A + /“Leo (2)
l‘LI.S. = I‘Lep,I4S4 + I“Leo (3)
/‘LA/MLS. = (/J’ep,A + l“(’eo)/(/"’ep,l.s. + I“Leo) (4)

Since irreversible adsorption of analytes to the
capillary affects only u,,, Eq. 4 suggests that the
ratio p, /¢ is constant if (i) Aw,, << ., , and
:u'ep,I;S. or (ll) l‘Lep.A :/J'ep,l.s,‘ Since Al“l’eo is ﬁnite’
condition (i) can be met if u., o and ., ;s are
large. Therefore, by choosing a CE condition
and an internal standard that maximizes the
mobilities of A and I.S. and minimizes the
difference in their mobilities, reproducible peak-
area ratio and hence good assay results can be
achieved with CE. This paper demonstrates such
an approach in the CE assay of suramin (SU),
using quinobene, the tetrasodium salt of 4,4'-
bis(8-hydroxy-5-sulfo-7-quinoline-azo)-stilbene-
2,2'-disulfonic acid (QB) and sulfanilic acid (SA)
as potential internal standards (Fig. 1).

2. Experimental
2.1. Reagents

Suramin and quinobene were received from
the US National Cancer Institute. Sulfanilic acid
was purchased from Eastman Organic Chemicals
(Rochester, NY, USA). Sample solutions of 0.1
mg/ml were prepared with distilled water.

Tris(hydroxymethyl)aminomethane (Tris) and
boric acid were purchased from Mallinkrodt
(Paris, KY, USA). Ethylenediaminetetraacetic
acid, disodium salt dihydrate (EDTA) was pur-
chased from Aldrich (Milwaukee, WI, USA).
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Polyethylene glycols (PEG) 6K, 12K, 20K, and
35K were from Fluka (Ronokonkoma, NY,
USA). These chemicals were of reagent grade.

2,2. Electrolytes

Electrolytes were prepared by dissolving in 0.3
M Tris-boric acid-0.002 M EDTA (pH 8.6)
buffer (TBE) (a) 4% each of 6K, 12K, 20K, and
36K PEG for a total of 16% PEG, (b) 0.5% each
of 6K, 12K, 20K, and 36K PEG for a total of 2%
PEG, (c) 0.25% each of 6K, 12K, 20K, and 36K

&
<«
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PEG for a total of 1% PEG. The TBE buffer
was prepared with distilled water.

2.3. Equipment

CE was performed on a BioFocus 3000 elec-
trophoresis system using 36 cm X 50 um or 24
cm X 50 um coated fused-silica capillary car-
tridges. All were purchased from BIO-RAD
(Hercules, CA, USA). Electrophoresis was per-
formed with pressure loading, 68.95-413.40 X
10° Pa (10-60 p.s.i.) per 1s, and at 12-18 kV
and with UV detection at 254 nm.

=)
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= o
g <
5 [}
£
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3
<
17.0%
€
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3
o a
0
3 2
o
:g )
8 &
15.36 o 3
= o
i 3
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«
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0.00 3.00 6.00 9.90 . Time( in) K

Fig. 2. Electropherogram of a mixture of suramin, quinobene, and sulfanilic acid. Conditions: 16% PEG electrolyte, 24 cm % 50
pm capillary, run voltage 15 kV, pressure injection, 2.67 - 10° Pa s (30 p.s.i. s), and detection at 254 nm.
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3. Results and discussion
3.1. Reproducibility

To test the hypothesis that precision of an
internal-standard CE assay can be improved by
increasing mobility x and decreasing the mobili-
ty difference between the analyte and the inter-
nal standard, we studied the electrophoresis data
from a mixture of sulfanilic acid (SA),
quinobene (QB), and suramin (SU). Multiple
electrophoreses were performed with 24- and
36-cm coated capillaries and with electrolytes of
different viscosity to create different mobilities
for the analytes. Fig. 2 is a typical electrophero-
gram of a mixture of SA, QB, and SU.

Table 1
Electrophoretic data from a 36-cm capillary

Consistent with our earlier observation [6}], the
mobilities of SA, QB, and SU decrease with
each use of the capillary. Table 1 presents the
mobility and peak-area data from 21 sequential
electrophoreses of the mixture. For this experi-
ment, the run voltage was set at 15 kV and
loading was by pressure, 50 p.s.i. s. Using a
36-cm capillary and the most viscous electrolyte
(16% PEG), the precisions (R.S.D.) of the
peak-area ratios for all 21 runs are 2-4%. When
they are calculated as seven run blocks, the
R.S.D. of the first seven runs improved slightly,
to 1-3%. Table 2 summarizes data obtained
from a 24-cm capillary and the 16% PEG elec-
trolyte. The run voltage was 15 kV and loading
was by pressure at 30 p.s.i. s. In these CE

Mobility (10* cm® V™'s™")

Peak-area ratio

Run no. Migration time (min)
SA QB SuU SA QB SU SU-QB QB-SA SU-SA
1 11.62 23.93 33.00 1.08 0.52 0.38 3.42 0.90 3.08
2 11.58 23.85 32.90 1.08 0.53 0.38 3.50 0.93 3.26
3 11.63 23.98 33.12 1.08 0.52 0.38 3.51 0.89 3.13
4 11.70 24.17 33.36 1.07 0.52 0.38 3.52 0.94 3.30
5 11.76 24.31 33.61 1.07 0.52 0.37 3.48 0.91 3.18
6 11.82 24.47 33.85 1.06 0.51 0.37 3.54 0.92 3.26
7 11.97 24.78 34.24 1.05 0.51 0.37 3.42 0.89 3.06
8 12.00 24.91 34.45 1.05 0.50 0.36 3.52 0.93 3.27
9 12.04 25.03 34.66 1.04 0.50 0.36 3.45 0.84 2.89
10 12.08 25.17 34.84 1.04 0.50 0.36 3.52 0.93 3.27
11 12.11 25.27 34.99 1.04 0.50 0.36 3.36 0.91 3.06
12 12.17 25.43 35.26 1.03 0.49 0.36 3.54 0.93 3.29
13 12.37 25.76 35.67 1.02 0.49 0.35 3.50 0.93 3.26
14 12.39 25.86 35.83 1.01 0.49 0.35 3.54 0.94 3.32
15 12.42 25.90 35.90 1.01 0.48 0.35 3.55 0.90 3.21
16 12.42 25.97 36.01 1.01 0.48 0.35 3.57 0.99 3.53
17 12.44 26.04 36.14 1.01 0.48 0.35 3.30 0.98 3.25
18 12.44 26.04 36.16 1.01 0.48 0.35 3.55 0.90 3.19
19 12.47 26.03 36.11 1.01 0.48 0.35 3.40 0.98 3.33
20 12.42 25.96 36.05 1.01 0.48 0.35 3.52 0.92 3.23
21 12.46 26.05 36.19 1.01 0.48 0.35 3.46 0.93 3.92
R.S.D. (%): All 21 runs 2.6 31 33 2.0 3.6 3.9
Run 1-7 1.1 1.3 1.4 1.3 1.8 2.8
Run 8-14 1.2 1.3 1.4 1.7 35 4.6
Run 15-21 0.2 0.2 0.3 2.7 4.0 3.5

For conditions, see Experimental.



196 K. Hettiarachchi, A.P. Cheung | J. Chromatogr. A 717 (1995) 191-202

Table 2
Electrophoretic data from a 24-cm capillary

Run no. Migration time (min) Mobility (10* em®> V™'s™") Peak-area ratio
SA QB SU SA QB SU SU-QB QB-SA SU-SA

1 3.69 7.06 9.81 1.40 0.73 0.53 1.88 0.73 1.38

2 3.55 6.80 9.52 1.46 0.76 0.54 1.91 0.73 1.39

3 3.50 6.70 9.39 1.48 0.77 0.55 1.91 0.74 1.42

4 3.57 - 6.80 9.51 1.45 0.76 0.54 1.92 0.74 1.42

5 3.52 6.74 9.46 1.47 0.77 0.55 1.93 0.74 1.44

6 3.50 6.72 9.44 1.48 0.77 0.55 1.90 0.75 1.42

7 3.50 6.69 9.40 1.48 0.77 0.55 1.91 0.76 1.44
R.S.D. (%): All 7 runs 1.8 1.8 1.4 0.7 1.2 1.6

For conditions, see Experimental.

systems, migration of the analytes, from negative
to positive electrode, ran counter to electroos-
mosis ... Mobility data in Table 2 are about
30-40% faster than those in Table 1, due to

reduction in u,, in the shorter capillary. The’

R.S.D.s of the peak-area ratios from the 24-cm
capillary were improved to 0.7-1.6%, about half
of the result observed for the 36-cm capillary.

Improvements in the peak-area ratio precision
are predictable and reproducible. Table 3 shows
the summary of electrophoretic data from ex-
periments performed on separate days and with
24-cm capillaries. Three electrolytes containing
16%, 2%, and 1% PEG in TBE buffer were
used to create differences in mobility. As the
viscosity of the electrolyte decreased from 16%
to 1% PEG, an increase in the mobilities of the
chemicals was observed. This is consistent with
Stoke’s law that electrophoretic mobility is in-
versely proportional to the viscosity of the elec-
trolyte.

While by increasing the mobility of the analyte
and internal standard the improvement of the
precision of the CE assay has been demonstra-
ted, decreasing the mobility difference between
the analyte and the internal standard is equally
effective in improving assay precision. Examine
the peak-area ratio R.S.D. data versus normal-
ized delta mobility, which is defined as the
difference in mobility of the pair over its average

in Table 3. The peak-area ratio R.S.D. of the
SU-QB pair, which has the least normalized
delta mobility of 0.3, is significantly better than
those of the other two pairs, even though SU
and QB are the slower migrating ones. The
normalized delta mobilities of the other two
pairs, QB-SA and SU-SA, were respectively
0.6 and 0.9. Table 3 confirms that the R.S.D. of
the peak-area ratio decreases with the normal-
ized delta mobility. Thus, by choosing an inter-
nal standard (QB) which gives a small normal-
ized delta mobility with the analyte, a CE assay
of 0.6% R.S.D. can be routinely achieved for
suramin.

3.2. Specificity

Using a 24-cm capillary, separation of suramin
(SU) from the chosen internal standard (QB)
was comparable for all three electrolytes dis-
cussed earlier (Fig. 3). When the 1% PEG
electrolyte was used, the I.S. migrated closely
with a significant decomposition product of SU
(Fig. 4). While both 16% and 2% PEG elec-
trolytes gave good separation for the I.S. and its
decomposition products, the 2% PEG gave
larger mobility for the analytes than the 16%
PEG electrolyte and thus was chosen for the
assay.
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3.3. Linearity trolyte, 15 kV, pressure loading at 15 p.s.i. s, and
QB (0.25 mg/ml water) as the internal standard.

Table 4 presents the linearity data on the In an analyte solution concentration range of 0.1
improved CE assay of suramin. The assay used a pg/ml to 1.0 mg/ml in L.S., the peak area-ratio

24 cm X 50 um coated capillary, 2% PEG elec- of SU-QB (y) was linearly proportional to the
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Fig. 3. Electropherograms of suramin and quinobene in (a) 16% PEG electrolyte, (b) 4% PEG electrolyte, and (c) 1% PEG
electrolyte; other conditions: 24 cm X 50 um capillary, run voltage 15 kV, pressure injection, 2.67- 10° Pa s (30 p.s.i. s), and

detection at 254 nm.

Table 4 analyte concentration (x) according to the linear
Linearity data equation y =30.791x +0.245 with an r* of
0.9996.
Run no. SU Peak-area ratio
(mg/mi L.S.) SU-QB

1 0.00013 0.00726 4. Conclusion

2 0.00126 0.04279

i 0.01256 2-42698 Over the past few years, CE techniques have
5 8;;?28 7'3222 shown a tremendous growth in terms of ef-
6 0.29080 9.41390 ﬁciepcy, quantitati(?n, .an.d a'utomation. By over-
7 0.45430 14.48543 coming the systemic limitations and drawbacks,
8 0.48380 15.37550 CE researchers are now achieving much better
4 0.61700 19.43455 precisions. When the ease of operation and
10 0.68580 21.64488 . : :
1 0.88350 5732580 efficiency are considered, CE stands out in
12 0.94500 29.25027 f:omparison to HPLC. Environmentally. speak-
13 1.09500 33.56189 ing, CE generates minute solvent waste in com-

parison to HPLC. Although many researchers

Slope 30.7913 [6,28-36] have shown that quantitation precision
S‘?-te"or of slope gggg approaching that of HPLC was achievable, wide-
y-Intercept . : : _
Std. error of y est. 0.2403 spread use of CE assay in pharmaceutical analy

sis has not appeared yet. Due to a lack of full
understanding of the quantitation limitation of a
For conditions, see Experimental. CE assay, many hesitate to use it as a routine

r’ 0.9996
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quantitative technique. In our previous paper [6]
and here, we have discussed the quantitative
limitations of CE and strategies to overcome
them. In this paper, we demonstrated that by
proper choice of an internal standard and the
mobility of the analytes, an accurate and rugged

CE assay with precision equal to that of HPLC
can be routinely achieved. With these and other
demonstrations, the authors hope that CE assays
will eventually be accepted as a routine assay,
complementary to HPLC assay, by the pharma-
ceutical establishment.
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Fig. 4. Electropherograms of a mixture of thermally decomposed suramin and quinobene in (a) 16% PEG electrolyte, (b) 4%
PEG electrolyte, and (c) 1% PEG electrolyte; other conditions: 24 cm X 50 wm capillary, run voltage 15 kV, pressure injection,
2.67-10° Pa s (30 p.s.i. s), and detection at 254 nm. Asterisks denote decomposition peaks of suramin.
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Abstract

A capillary electrophoretic method for the enantiomeric purity determination of either enantiomer of
propranolol was developed using cyclodextrins as chiral additives and uncoated fused-silica capillaries thermostated
at 15°C. The effect of the type and concentration of cyclodextrin added to a triethanolamine—phosphate buffer (pH
3.0) on chiral resolution and migration times was studied. The propranolol enantiomers could be separated with all
cyclodextrins tested (B-cyclodextrin and seven of its derivatives), except dimethyl-B-cyclodextrin. A particularly
high resolution value of 4.4 was obtained for propranolol enantiomers with a buffer containing 10 mM
carboxymethyl-8-cyclodextrin. This buffer was selected for testing the enantiomeric purity of propranolol, making
it possible to reach detection limits of less than 0.1% for the minor enantiomer. The R enantiomer of propranolol
(second migrating) could be quantified at the 0.5% level with good precision (intra-day R.S.D. = 1.7%) in samples
of the S enantiomer (first migrating), while the limit of quantification of the latter, when present as an impurity in
the R enantiomer, was 0.1%. The method also gave good results in terms of linearity and accuracy.

useful in chiral analysis, owing to its high sepa-
ration efficiency and enantioselectivity [4-6].
However, only few papers have considered so far

1. Introduction

Most often the enantiomers of chiral drugs

have different pharmacological and toxicological
properties and therefore the quantitative enan-
tiomeric composition of these drugs should be
determined [1-3]. The separation and determi-
nation of enantiomers are required for enantio-
meric purity testing, chiral stability testing of
pharmaceutical formulations (absence of racemi-
zation of drug enantiomers) and in pharmaco-
kinetic and clinical studies.

Capillary electrophoresis (CE) using cyclodex-
trins as chiral selectors has proved to be very

* Corresponding author.

0021-9673/95/8$09.50
SSDI 0021-9673(95)00503-X

quantitative aspects of chiral CE [7-9].
Propranolol (cf., Fig. 1) is a B-adrenergic
blocking agent, i.e., a competitive inhibitor of
the effects of catechclamines at B-adrenergic
receptor sites. It is widely used in therapeutics
for its antihypertensive, antiangorous and antiar-
rhythmic properties. Pharmacological studies

: . CH;
@ O—CH,—CH—CH,—NH—CH_
I CH,

OH

Fig. 1. Structure of propranolol.

© 1995 Elsevier Science B.V. All rights reserved
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have shown that the S-(—) enantiomer of pro-
pranolol is about 100 times more active than the
R-(+) enantiomer [10].

Native and derivatized cyclodextrins [11-17]
have often been used in free solution capillary
zone electrophoresis (CZE) for the enantiosepa-
ration of propranolol. The resolution of propran-
olol enantiomers could be obtained by adding
B-cyclodextrin or one of its derivatives to phos-
phate buffers of low pH (2.4-3.1) [11-16]. With
carboxymethyl-B-cyclodextrin, ionizable at high-
er pH, chiral resolution for propranolol was
improved by increasing the buffer pH up to 5.8
[14]. Propranolol was also enantioseparated by
CZE by use of a running buffer containing
hydroxypropyl-B-cyclodextrin, an uncharged de-
rivative, and a hydrophilic polymeric additive at
pH 7.0 [17].

In addition to cyclodextrins, cellulase was
found to be a good chiral selector for the CZE
enantiomeric separation of B-blockers, including
propranolol [18]. Micellar electrokinetic capillary
chromatography (MEKC) was also recently ap-
plied to the resolution of propranolol enantio-
mers, using either sodium dodecyl sulfate with
cyclodextrins {19] or a chiral surfactant, such as
N-dodecoxycarbonylvaline [20].

In this work, a CZE method for the enantio-
meric purity determination of propranolol was
developed. B-Cyclodextrin and seven of its de-
rivatives were tested as chiral additives. The
effect of the type and concentration of cyclodex-
trin on the resolution and migration behaviour of
propranolol enantiomers was studied, using a
triethanolamine phosphate buffer (pH 3.0) and
uncoated fused-silica capillaries thermostated at
15°C. Optimum conditions with respect to chiral
resolution were selected for testing the enantio-
meric purity of propranolol. This enantioselec-
tive CE method has been validated and the
results of this validation are given.

2. Experimental

2.1. Apparatus

All experiments were performed on a Model
*°CE system (Hewlett-Packard, Palo Alto, CA,

USA) equipped with a diode-array detector, an
automatic injector, an autosampler and a tem-
perature control system (15-60°C,+0.1°C). An
HP Vectra 486/66XM computer was used for
instrument control and data handling. The pH of
the buffers was adjusted by means of a Delta 345
pH meter (Mettler, Halstead, UK).

2.2. Chemicals and reagents

Phosphoric acid (85%) and triethanolamine
were of analytical-reagent grade from Merck
(Darmstadt, Germany). Water was of Milli-Q
quality (Millipore, Bedford, MA, USA). B-
Cyclodextrin (8CD) and heptakis(2,3,6-tri-O-
methyl)-B-cyclodextrin (TMCD) were purchased
from Sigma (St. Louis, MO, USA), heptakis
(2,6-di-O-methyl)-B-cyclodextrin (DMCD) and
hydroxypropyl-B-cyclodextrin (HPCD) from
Janssen  Chimica (Geel, Belgium) and
carboxymethyl-B-cyclodextrin (CMCD), carbo-
xyethyl-B-cyclodextrin  (CECD), succinyl-8-
cyclodextrin (SCD) and methyl-B-cyclodextrin
(MCD) from Cyclolab (Budapest, Hungary).
Propranolol hydrochloride racemate was kindly
supplied by SMB (Brussels, Belgium). (R)-(+)
and (S)-(—)-propranolol hydrochlorides were
purchased from Sigma. All compounds were
used without further purification.

2.3. Electrophoretic technique

Separations were carried out with uncoated
fused-silica capillaries (48.5 cm X 50 um 1.D., 40
cm to the detector). Before use, the capillary was
washed successively with basic solutions (i.e., 1
M NaOH followed by 0.1 M NaOH), water and
separation buffer. The latter consisted of 0.1 M
phosphoric acid adjusted to pH 3 with tri-
ethanolamine. At the beginning of each working
day, the capillary was washed with separation
buffer for 10 min, and after each sample injec-
tion the capillary was washed with water for 2
min and with buffer for 3 min.

The applied voltage was 25 kV and UV detec-
tion was performed at 210 nm. Injections were
made using the hydrodynamic mode (injection
pressure 5 kPa) for 2 s (resolution studies) or 30's
(enantiomeric purity testing). The capillary was
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thermostated at 15°C. The standard solutions
were prepared by dissolving salts of racemic
propranolol at a concentration of 50 pg/ml and
salts of pure enantiomers at a concentration of
25 pg/ml.

The resolution (R,) was calculated according
to the standard expression based on peak width
at half-height [21].

3. Results and discussion
3.1. Buffer composition

All enantiomeric separations reported were
performed with buffers made of 100 mM phos-
phoric acid adjusted to pH 3.0 with tri-
ethanolamine and containing B-cyclodextrin or
one of its derivatives [15]. Under these con-
ditions, analyte interactions with the capillary
wall were minimized and the electroosmotic flow
was reversed, with a low, fairly constant mobility
value of —4-107° cm® V™' 5™, which gave rise
to highly reproducible migration times. The use
of triethanolamine, a co-ion of low mobility, also
resulted in good peak symmetry for cationic
analytes such as propranolol, low currents (40—
60 pA) and high efficiency (ca. 100000 theoret-
ical plates per capillary in the low concentration
range). At the pH used, propranolol was fully

Table 1

ionized whilst all cyclodextrins tested were
principally in uncharged form.

3.2. Influence of the type and concentration of
cyclodextrin

B-Cyclodextrin (3CD) and seven of its deriva-
tives, methyl-B-cyclodextrin (MCD), heptakis-
(2,6-di-O-methyl)-B-cyclodextrin (DMCD), hep-
takis (2,3,6-tri-O-methyl)-B-cyclodextrin
(TMCD), hydroxypropyl-B-cyclodextrin
(HPCD), carboxymethyl-B-cyclodextrin
(CMCD), carboxyethyl-B-cyclodextrin (CECD)
and succinyl-B-cyclodextrin (SCD), were tested
as chiral selectors for the enantiomeric sepa-
ration of propranolol, injected as racemate.

Table 1 shows the influence of the nature and
the concentration of the eight cyclodextrins on
the enantioseparation of propranolol. A dash
indicates that no resolution was observed be-
tween the enantiomers (R, <0.5) and a resolu-
tion value lower than 0.7 means that the enantio-
mers were partially resolved but not sufficiently
to permit a precise determination of R,.

Table 1 clearly shows that large differences in
chiral resolution are generally obtained with the
different cyclodextrins at a given concentration.
The propranolol enantiomers can be completely
resolved with all B-cyclodextrin derivatives ex-

Effect of cyclodextrin type and concentration on resolution of propranolol enantiomers

CD Cyclodextrin concentration (mM)

1 2 5 10 15 20 30 50
DMCD - - - - - - - -
HPCD 0.8 1.5 2.2 2.4 2.3 2.0 1.8 1.4
TMCD - - 0.7 1.3 1.6 1.8 2.0 2.1
BCD - <0.7 1.0 1.1 1.0 A / /
CMCD 1.0 1.6 3.0 4.4 / / / /
CECD <0.7 1.0 1.4 1.4 1.6 1.5 1.3 /
MCD 0.9 1.4 1.9 1.5 14 1.2 0.9 /
SCD <0.7 0.7 1.3 1.4 1.5 1.5 1.2 /

Buffer, 100 mM phosphoric acid adjusted to pH 3 with triethanolamine containing B-cyclodextrin or one of its derivatives.
Injection mode, hydrodynamic, 5 kPa, 2 s. Other conditions as described under Experimental.

* — No detectable resolution.
® /, Not determined (migration times longer than 50 min.).
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cept DMCD, which gives no resolution in the
concentration range studied. With the native 8-
CD, only partial resolution was obtained.

Table 2 shows the influence of the type and
concentration of cyclodextrin on the migration
times of propranolol. When chiral resolution is
obtained, the migration times, given in Table 2,
are those of the first enantiomer of propranolol.
An increase in migration time with increasing
cyclodextrin concentration was observed in all
cases, even when the increase in buffer viscosity
was taken into account, indicating that the pro-
pranolol enantiomers have a more or less pro-
nounced tendency to interact with all cyclodex-
trins, including DMCD.

As can be seen from Table 1, for each
cyclodextrin there is an optimum concentration
at which chiral resolution reaches a maximum
value [12,15]. Three of the B-cyclodextrin de-
rivatives (TMCD, HPCD and CMCD) were
found to be particularly suitable, since they gave
resolution values higher than 2. A maximum
resolution value of 4.4 was obtained for propran-
olol enantiomers with a buffer containing 10 mM
CMCD. A typical electropherogram obtained
under these conditions is presented in Fig. 2.
The buffer giving the highest resolution was
selected for testing the enantiomeric purity of
propranolol.

Table 2

3.3. Validation of the method developed for the
enantiomeric purity testing of propranolol

Several performance criteria were studied,
including selectivity, linearity of detector re-
sponse, limits of detection and quantification for
the minor enantiomer, accuracy and reproduci-
bility of peak area measurements.

Selectivity

The homogeneity of the peaks of propranolol
enantiomers (absence of interferences from the
sample matrix) was tested by use of the diode-
array detector. Each enantiomer was then in-
jected alone and no trace of the other enantio-
mer was detectable, which demonstrated the
enantiomeric purity of the propranolol enantio-
mers tested. The first migrating peak was iden-
tified as the S enantiomer of propranolol (the
more active enantiomer) and the second mi-
grating peak as the R enantiomer (the less
active).

Linearity

Two calibration graphs were constructed in
order to demonstrate the linearity of the detector
response (cf., Table 3): the first in the range
0.1-10% of the S enantiomer and the second in
the range 0.5-10% of the R enantiomer in

Effect of cyclodextrin type and concentration on migration times of propranolol enantiomers

CD Cyclodextrin concentration (mM)
1 2 5 20 30 50

DMCD 9.6 10.7 13.1 16.0 18.2 19.5 22.0 29.9
HPCD 11.1 12.5 15.4 19.0 21.4 23.2 26.1 31.2
TMCD 9.1 9.4 9.9 10.5 11.4 12.4 14.3 17.7
BCD 9.9 10.6 12.9 15.5 17.3 /? / /
CMCD 10.9 13.1 17.3 21.3 / / / /
CECD 9.9 12.5 15.6 19.1 25.7 28.9 34.2 /
MCD 10.9 11.6 14.7 18.3 18.7 19.8 2.2 /
SCD 9.1 9.9 11.8 14.4 16.6 18.1 21.9 /

Buffer, 100 mM phosphoric acid adjusted to pH 3 with triethanolamine containing B-cyclodextrin or one of its derivatives.
Injection mode, hydrodynamic, 5 kPa, 2 s. Other conditions as described under Experimental.

“ Not determined (migration times longer than 50 min).
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Fig. 2. CE separation of propranolol enantiomers. Buffer: 10 mM carboxymethyl-8-cyclodextrin in 100 mM phosphoric acid
adjusted to pH 3 with triethanolamine. Hydrodynamic injection: 5 kPa, 2 s. Samples: 50 wg/ml solution of racemic propranolol in

diluted buffer. Other conditions as under Experimental.

samples of their stereoisomer, each calibration
point (n =5) being injected in triplicate. Linear
regression analysis, plotting the analyte peak
area (y) versus the percentage of impurity (x),
gave the following equations:

S enantiomer: y =9.25x + 0.44 (+0.86)
R enantiomer: y = 7.61x — 0.05 (+0.39)

The adequate linearity of the calibration
graphs is demonstrated by the determination

coefficients (r>>0.999) obtained for the regres-
sion lines.

Limits of detection and quantification

Limits of detection (LOD) and quantification
(LOQ), corresponding to signal-to-noise ratios
of 3 and 10, respectively, were calculated from
linear regression analysis made by plotting the
analyte peak height versus the percentage of
impurity.

LODs of 0.03% and 0.06% and LOQs of
0.10% and 0.22% were obtained for the § and R
enantiomers, respectively (cf., Table 3). These
limits are particularly low for the S enantiomer,
which migrates first. Typical electropherograms
of propranolol enantiomers containing low levels
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Table 3
Linearity, limits of detection and quantification

Table 4
Reproducibility of peak areas

Parameter S enantiomer R enantiomer
Calibration range (%) 0.1-10 0.5-10
Calibration points 5 5
Slope = S.D. 9.25+0.06 7.62+0.03
Intercept + S.D. 0.44 +0.30 —-0.05+0.14
S.D. of residuals 0.86 0.39
Coefficient of

determination (r°) 0.9995 0.9998
Comparison of the intercept to

zero (Student’s test):

t calculated 1.46 0.36

t from the table 2.16 2.16
Existence of a significant slope

(Fisher’s test):

F, calculated 25604 77678

F, from the table 4.67 4.67
Limit of detection (%) 0.03 0.06
Limit of quantification (%) 0.10 0.22

of their stereoisomers are presented in Fig. 3.
Limits of detection and quantification for the R
enantiomer could probably be improved by the
injection of smaller volumes of more concen-
trated samples.

Accuracy
The accuracy of the method at the 0.1% and
0.5% levels for the S and R enantiomers, respec-
tively, in samples of their stereoisomers were
2 mAU

2.704
2.65)
2604

2.55]

DOJBTONT D>

A Ay 5

18 19 20 21 22 23 24 25 26 27
min
Migration times

Spiking level of the n
minor enantiomer (%)

R.S.D. (%)

S enantiomer R enantiomer

Intra-day precision

10 6 05 1.5
1 6 2.8 1.9
0.5 6 ND?* 1.7
0.1 6 34 -°

Inter-day precision

10 3 09 1.8
1 3 32 52
0.5 3 ND*® 8.5
0.1 3 204 ~°

* Not determined.
® Below to the limit of quantification.

also determined in terms of recovery. The fol-
lowing results were obtained: S enantiomer,
96.77 £8.13%; and R enantiomer, 97.77 +
3.74%. As the theoretical value of 100% was
included in the confidence interval, the test
procedure could be considered accurate over the
range studied.

Reproducibility

The relative standard deviations (R.S.D.s) for
peak area measurements are given in Table 4.

b) mAU

0030 00T >
o

29|
e o
R,
2¢]
271 MM,
8 % 20 21 22 23 24 25.

Migration times

Fig. 3. Typical electropherograms of propranolol enantiomers containing low levels of their stereoisomers. (a) 0.1% of §
enantiomer in R enantiomer; (b) 0.5% of R enantiomer in S enantiomer. Hydrodynamic injection: 5 kPa, 30 s. Samples: 25
pg/ml solutions of propranolol enantiomers in diluted buffer. Other conditions as in Fig. 2.
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The intra-day precision was evaluated at three
percentages for each enantiomer. The inter-day
precision was studied on four different days. The
intra-day R.S.D.s are 1.7% for 0.5% of the R
enantiomer and 3.4% for 0.1% of the § enantio-
mer in samples of their stereoisomers. The inter-
day R.S.D.s at the LOQ are relatively high but
still acceptable for such low levels of the minor
enantiomer.

Stability of sample solution

Solutions of both enantiomers were stored for
3 months at 22°C and analysed again by the
chirally selective CE method. No racemization of
the enantiomers had occurred, indicating a sam-
ple solution shelf-life of at least 3 months.
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Abstract

Ton-pair chromatography (IPC) and micellar electrokinetic capillary chromatography (MECC) were used for the
separation and determination of parent B-blockers from human biological fluids. In both these techniques,
N-cetyl-N,N,N-trimethylammonium bromide (CTAB) was used as a buffer additive. In IPC, CTAB was an
ion-pair former, and in MECC it was a micelle-forming surfactant. The effectiveness of the IPC method using
methanol-gradient elution and that of MECC were compared for drug-spiked serum and urine samples. Detection
was performed with a diode-array detector in the IPC method and with a 214-nm filter in the MECC technique. In
both methods a phosphate buffer (pH 7.0) was used. In MECC the buffer solution contained 10 mM CTAB, while
in IPC the CTAB concentration was decreased from 7 to 4 mM during the separation when a methanol gradient
was used. The study showed that the IPC technique performed better for bioanalyses than the high-performance
MECC technique, since in MECC UV detection presented a problem because of the low sample concentration.
However, in MECC sample preparation was less time-consuming, using hydrolyzation and protein precipitation

and, unlike the IPC technique, it did not require any liquid-liquid extraction step.

1. Introduction

Reversed-phase high-performance liquid chro-
matographic (RP-HPLC) separations and identi-
fications of B-blockers after isolation from bio-
logical matrices have been developed in many
laboratories as methods alternative to the de-
rivatization of the drugs and their analysis by gas
chromatography (GC). Time-consuming pre-
treatment steps of the biological fluids are
needed for GC separations. However, the main
advantage of the latter over other separation
techniques is the simultaneous analysis of several

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00488-3

B-blockers, which may be difficult with RP-
HPLC [1]. Drawbacks in RP-HPLC include the
resolution efficiency and intensity problems at
UV wavelengths, which have been surmounted
in ion-pair chromatographic (IPC) separations
[2]-

Recently, many techniques for faster and
easier sample pretreatment and analysis of B-
blockers with HPLC have been developed [3,4].
On-line and off-line GC techniques [5-7] have
also proved to be very practical, especially when
automation of the procedure is not required or
when only a few samples have to be analyzed.
Among the latest analysis techniques for the
components discussed here are the capillary

© 1995 Elsevier Science B.V. All rights reserved
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electrophoretic (CE) methods developed by
Lukkari et al. [8~11]. These methods can easily
be automated. Another advantage is that, espe-
cially in urine matrix, no further clean-up steps
other than filtration are needed. However, the
CE techniques are not transferable to clinical
bioanalyses without extra concentration steps
due to the small sample amount in the capil-
laries, which reduces the response in UV detec-
tion.

Some HPLC studies have reported the
simultaneous separation of more than two parent
B-blockers [12]. The authors have mainly dem-
onstrated the selectivity of the method used. In
bioanalysis, a considerable amount of work has
been done using RP-HPLC to screen one B-
blocker. A different B-blocker was used as an
internal standard [13]: it was assumed that the
two B-blockers are unlikely to appear simul-
taneously in the same sample. However, in
MECC all B-blockers available on the Finnish
market can easily be analyzed within one electro-
phoretic run [8,9]. In MECC the separation of
the analytes is based on the equilibrium parti-
tioning between the micelles and the surrounding
solution. This is possible when the electrolyte
solution contains surfactant above the critical
micelle-formation concentration (CMC), which
is dependent on the concentrations of all the
additives in the electrolyte used. Therefore, e.g.
MECC with a cationic surfactant (CTAB) is
highly effective for the analysis of drugs and
their metabolites in body fluids [8-11,14,15].
Furthermore, when the analytes are ionized,
their electrophoretic mobilities also affect the
separations. In MECC the micelles form their
own zone, which is the main difference between
MECC and IPC. In IPC the ion-pair former
(reversed-phase) is partly adsorbed onto a non-
polar stationary phase in the chromatographic
column, is partly free in the eluent and partly
forms uncharged ion-pairs with the analytes by
Coulombic forces.

With the IPC method described in this paper,
we studied the simultaneous separation of six
parent  B-blockers (acebutolol, alprenolol,
atenolol, metoprolol, oxprenolol and proprano-
lol) and their mixture spiked in serum and in

urine. The method was based on reversed-phase
ion-pair (RP-IP) formation. The ion-pair former
was CTAB (N-cetyl-N,N,N-trimethylammonium
bromide), the concentration of which varied
during the gradient elution. With the MECC
method described in this paper, we studied the
simultaneous separation of ten parent 8-blockers
(acebutolol, alprenolol, atenolol, labetalol,
metoprolol, nadolol, oxprenolol, pindolol, pro-
pranolol and timolol), spiked in serum and in
urine, with an inside uncoated silica capillary
using phosphate buffer (pH 7.0) containing
CTAB as the surfactant. In both IPC and
MECC, the only pretreatment for urine samples
was filtration. The serum samples were hydro-
lyzed and proteins precipitated, after which the
supernatant was solid-phase extracted (SPE).
The studies demonstrate the suitability of IPC
and MECC for the separation of B-blockers from
biological matrices: IPC with diode-array detec-
tion (DAD) can be used for pretreated samples,
but MECC with UV detection can reliably be
used only when the analytes are concentrated
before introducing them into the system.

2. Experimental

Capacity factors (k') were not -calculated
because in MECC the values are biased by
uncertainties in the true ionic electrophoretic
mobility [16]. In addition, it was difficult to find
a reliable and detectable marker for the micelle
mobility, i.e. one which is totally partitioned into
the micelle under the MECC conditions used. In
both IPC and MECC the resolution values (Eq.
1) and the effective theoretical plates per meter

(Eq. 2),

R — tr,2 - tr,l (1)
Wi T Wino
tl \?
N=5.545< ‘ ) ()
Wi

were calculated by the general half-width (w,,,)
method to compare these two methods more
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accurately. The t,-values were determined by
methanol in IPC and MECC.

2.1. Instrumentation

The liquid chromatograph was a Hewlett-Pac-
kard Model 1090 instrument equipped with an
HP 1040A diode-array detector and an HP85B
single-channel personal computer. An HP 9121
disc drive unit, a DPU multichannel integrator,
an HP 3392A integrator and an HP 7470A
plotter were used for data storage and reporting
(Hewlett-Packard, Avondale, PA, USA). The
column system used was an HP C,; guard
column (10 X 4.6 mm 1.D., 5 wm) connected to a
C8P-50 separation column (Asahipak, Japan,
150 X 4.6 mm 1.D., 5 pum). Detection was per-
formed at wavelengths 220, 230, 260 and 280 nm.
The sample loop volume was 20 pl. The experi-
ments were carried out at ambient temperature
(23-25°C). Methanol-gradient elution was used
in modifying the phosphate buffer (pH 7.0)
containing 10 mM CTAB.

MECC was performed in 680 X 0.050 mm 1.D.
and 560 % 0.050 mm L.D. fused-silica capillary
tubes (Polymicro Technologies, White As-
sociates, Pittsburgh, PA, USA) with 600 mm and
480 mm, respectively, as the effective lengths for
separation. A Waters Quanta 4000 capillary
electrophoresis system (Millipore Corporation,
Waters Chromatography Division, Milford, MA,
USA) was employed. A wavelength of 214 nm
was used for detection. All experiments were
carried out at ambient temperature (ca. 25°C).
Samples were injected hydrostatically for 30 s,
and the running voltage was —26 kV. The current
during the separations was 97 pA. The data
(peak height) were collected with an HP 3392A
integrator.

The pHs of the buffers used were adjusted
with a Jenway 3030 pH meter connected to a
Jenway electrode (Jenway, Felsted, UK) con-
taining 4 M KCl and saturated calomel. Cali-
bration of the electrode system was made with
potassium hydrogen phthalate (0.05 M, pH 4.00)
and sodium tetraborate (0.01 M, pH 9.81) solu-
tions.

The urine samples were filtered through Sar-

torius Minisart NML sterile filter units (0.45 pwm;
Sartorius, Gottingen, Germany) or Millex filters
(0.5 wm; Nihon Millipore, Kogyo K.K.
Yonezawa, Japan).

All eluents in IPC and electrolyte solutions in
MECC were filtered through Millipore filters
(0.45 pm; Millipore, Molsheim, France) and
degassed before use by ultrasonication.

2.2. Materials

The B-blocking agents used in these experi-
ments were acebutolol hydrochloride, alprenolol
hydrochloride, atenolol, labetalol hydrochloride,
( = )-metoprolol  ( + )-tartrate, nadolol, 0x-
prenolol hydrochloride, pindolol, S-(—)-pro-
pranolol hydrochloride and timolol maleate, all
from Sigma (Sigma Chemical, St. Louis, MO,
USA). 2,6-Dimethylphenol (internal standard)
in MECC, biphenylamine (internal standard) in
IPC, sodium dihydrogenphosphate monohy-
drate, disodium hydrogenphosphate dihydrate
and N-cetyl-N,N,N-trimethylammonium  bro-
mide (CTAB) were from Merck (E. Merck,
Darmstadt, Germany). Other reagents used in
the method development were of analytical
grade. All the reagents were used without fur-
ther purification. Distilled water was ion-ex-
changed through a Water-I system from Gelman
Sciences (Ann Arbor, MI, USA).

2.3. Preparation of standards

Standard stock solutions were prepared separ-
ately for each drug (1 mg/ml for IPC and 4
mg/ml for MECC) in methanol and in a mixture
of methanol and water. Calibration reference
solutions for biological fluids were prepared by
spiking the urine blank or serum blank with each
standard stock solution.

2.4. Sample preparation

For IPC the samples were prepared by adding
500 1 of each stock solution to 900 ul of serum
(taken from human volunteers into Venoject
tubes, Leuven, Belgium, VT-050 PZX, silicone
initial coating, sizes 5 and 10 ml) or 900 ul of
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drug-free urine (pooled). The urine samples
were filtered before injection, but the serum
samples were hydrolyzed with B-glucuronidase
(EC 3.2.1.31) type H-1 from Helix Pomatia
(416 800 units/g) enzyme at 60°C for 1 h before
further clean-up steps [2,9]. After that, proteins
were precipitated by adding methanol, cen-
trifuged at 2000 g and the supernatant was
cleaned up [2] with Supelclean LC-18 SPE tubes
(3 ml; Supelco, Bellefonte, USA) before filtra-
tion and introduction onto the HPLC system.

For MECC a human urine pool taken from
volunteers who were coffee or tea drinkers, but
not drug users, was diluted with water (1:2, v:v).
The mixture was spiked with a stock solution
containing a known amount of each g8-blocker.
The urine samples were filtered using 0.5-um
pore-size¢ membranes and then analyzed by
MECC. The serum samples were hydrolyzed
with type H-1 enzyme as in the IPC samples in a
sonification bath for 30 min. After this the
samples were cleaned up with Supelclean LC-18
SPE tubes (3 ml) (Supelco).

2.5. Preparation of buffers

The buffers (pH 7.0) were made up of 0.1 M
and 0.08 M sodium dihydrogen phosphate and
0.1 M and 0.08 M disodium hydrogen phosphate
solutions. After mixing the two phosphate solu-
tions to give pH of 7.0, 10 mM CTAB was
added.

2.6. Instrumental procedures

In IPC, the preconditioning and the condition-
ing before each run were done by 0.1 M phos-
phate buffer containing 7.0 mM CTAB for 10
min. The drugs were eluted with methanol
gradient in phosphate buffer. The methanol
content was maintained at 30% for 4 min and
was then increased to 45% at a rate of 5%/2
min, to 50% at 5% /2 min and finally to 60% at
10%/2 min. The CTAB concentration was de-
creased as follows: 7.0, 5.5, 5.0 and 4.0 mM
during the four steps, respectively.

In MECC the conditioning procedure was
much simpler than in IPC. The capillary was

only purged for 2 min with the phosphate buffer
solution before each injection.

3. Results and discussion

In the IPC system an analytical method was
developed to separate six B-blockers and the
internal standard (biphenylamine, ISTD), all of
which were spiked into biological fluids (serum
and urine) in a single run after sample pretreat-
ment before injection. The separated B-blockers
in order of elution were: 1. atenolol, 2.
acebutolol, 3. metoprolol, 4. oxprenolol, 5.
alprenolol and 6. propranolol (Figs. 1 and 2). By
using MECC, ten B-blockers were separated
from urine, and their elution order was as
follows: 1. acebutolol, 2. nadolol, 3. timolol, 4.
atenolol, 5. metoprolol, 6. 2,6-dinitrophenol
(ISTD), 7. oxprenolol, 8. pindolol, 9. alprenolol,
10. labetalol and 11. propranolol (Figs. 3 and 4).
However, the MECC analyses of serum samples
were performed without ISTD, because neither
of the compounds (2,6-dinitrophenol, bi-
phenylamine) was suitable for MECC. Because

6
20
Py 4
=) 3
E ! 5
A
@
9 2
g 7
-E k)\w’L
]
2
<
0 5 10 15
Time (min)

Fig. 1. Ion-pair chromatogram of human serum spiked with
670 ng of 1= atenolol, 2 = acebutolol, 3 = metoprolol, 4=
oxprenolol, 5= alprenolol, 6 = propranolol. Peak number 7
is the ion-pair former, CTAB. Separation conditions as
described in the Experimental section. Detection at wave-
length 280 nm.
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Fig. 2. Ion-pair chromatogram of human urine spiked with
250 ng of 1=atenolol, 2= acebutolol, 3= metoprolol, 4=
oxprenolol, 5 = alprenolol, 6 = propranolol. Peak numbers 7
and 8 are the jon-pair former CTAB and caffeine, respective-
ly. Separation conditions as described in the Experimental
section. Detection at 260 nm.

the 2,6-dinitrophenol peak was split in serum
samples, it was not suitable as an ISTD. Bi-
phenylamine did not absorb intensively enough
at 214 nm.

From Table 1 it can be seen that the resolution
of the separated B-blockers in the IPC system is
more effective when the drugs are isolated from
serum than from urine. The reason for this is
that some endogenic compounds (e.g. uric acid,

0.03
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12 Time (min)

Fig. 3. Electropherogram of human serum spiked with 400
mg/ml of 1=acebutolol, 2=nadolol, 3 =timolol, 4=
atenolol, 5 = metoprolol, 6 = oxprenolol, 7= pindolol, 8=
alprenolol, 9 =labetalol, 10 = propranolol. Migration con-
ditions as described in the Experimental section. Capillary 56
cm X 50 pm I.D.

0.04
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Fig. 4. Electropherogram of human urine spiked with 75
pg/ml (except timolol and 2,6-dimethylphenol 150 p g/ml) of
1 = acebutolol, 2= nadolol, 3 =timolol, 4= atenolol, 5=
metoprolol, 6 =2 6-dimethylphenol (internal standard), 7=
oxprenolol, 8 = pindolol, 9= alprenolol, 10 = labetalol, 11 =
propranolol. Migration conditions as described in the Ex-
perimental section. Capillary 68 cm X 50 pm 1.D.

Table 1

The IPC method. The resolution (R) and the number of
effective theoretical plates (N) with standard deviations for
B-blockers spiked in serum and urine

Compound/ R N
matrices (1/m) x 100
la® 6.2+0.3 242
b* 31x0.1 49+1
2a 0.7+x0.2 476
b 0.5+0.1 69 =10
3a 7.0x0.7 527
b 3604 626
4a 7.7+04 67 =10
b 3.5+0.3 678
S5a 6.8x0.9 289 =16
b 3.4+x04 378 +41
6a 4.8+0.6 448 £33
b 2.6+0.4 409 + 47
ISTD a 700 £ 75
ISTD b 654 + 54

2 4 is serum and b is urine. Number of replicates is 6 for both
a and b.

Wavelength, 260 nm. Column, Asahipak C8P-50. Com-

pounds: 1= atenolol, 2 = acebutolol, 3 = metoprolol, 4=

oxprenolol, 5 = alprenolol and 6 = propranolol.
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glucose conjugates) and exogenic compounds
(e.g. caffeine and its metabolites) in urine may
interfere with the screening of B-blockers, espe-
cially when the drugs are present at low con-
centrations (e.g. below 0.1 wg/ml); thus IPC
(see R-values in Table 1) is less reliable in urine
than in serum, where the concentrations of the
interfering compounds are lower. In MECC the
reverse applies, with the difference in separation
efficiencies in the two matrices being much
smaller (Table 2). However, in the MECC
system the resolution of the fifth compound
(metoprolol) from oxprenolol is better in serum
than in urine, because serum samples were
analyzed without an internal standard [as the
internal standard (2,6-dimethyl phenol) migrates

Table 2

The MECC method. The resolution (R) and the number of
effective theoretical plates (V) with standard deviations for
B-blockers spiked in serum and urine

Compound/ R N
matrices (1/m) x 100
1a® 1.83+0.18 196 +43.3
b® 2.50 £0.02 263 +7.60
2a 1.10+0.10 178 =41.0
b 1.22+0.06 216 £2.65
3a 1.32+0.11 217 £50.1
b 2.00£0.08 304 + 66.0
4a 0.96+0.10 260 + 47.6
b 1.26 = 0.04 295+4.11
S5a 5.84+0.41 326 +58.6
b 3.76 £0.24 417+18.2
6a ISTD - -
b 2.49+0.18 172 +6.79
7a 1.08+0.12 324 +£46.8
b 1.35+0.02 388+15.8°
8a 3.16 £0.32 408 £43.8
b 4.27+0.12 446 +3.29
9a 2.95+0.58 366 £ 61.7
b 2.56 +0.17 531+27.1
10a 1.02x0.22 285+19.0
b 1.94£0.06 147 +6.73
11a 322+82.8
b 542 +8.35

*a is extract from human serum and b is filtrate of human

urine. Number of replicates for a is 6 and for b, 5.
Wavelength, 214 nm. Compounds: 1=acebutolol, 2=
nadolol, 3= timolol, 4 = atenolol, 5= metoprolol, 6=2,6-
dinitrophenol (ISTD), 7= oxprenolol, 8= pindolol, 9=
alprenolol, 10 = labetalol and 11 = propranolol.

poorly]. In contrast to resolution values, in the
IPC system the effective theoretical plate num-
bers are higher in urine than in serum samples.
Exceptions were oxprenolol and propranolol
(Table 1). From Table 2 the same phenomenon
is seen in the MECC system. The only exception
is labetalol, which gives N-values larger in serum
than in urine matrix due to the improved re-
covery after the clean-up steps. According to
Table 2, the hydrolyzation and the solid-phase
extraction caused greater variation in the N-
values calculated with labetalol than in those
calculated with the other B-blockers. Further-
more, labetalol showed an exceptional behaviour
for a B-blocker in our MECC studies with
organic buffer modifiers [11].

By employing gradient elution in the IPC
system, the interaction of other normally used
B-blockers such as sotalol, nadolol, timolol,
pindolol and labetalol could also be studied. The
results showed that sotalol interfered with the
analysis of atenolol (substantial co-elution).
Nadolol was eluted together with caffeine,
timolol with acebutolol, pindolol with oxprenolol
and labetalol with ISTD. These compounds were
then excluded from the IPC studies. In the
MECC methods described here, neither of these
parent compounds nor caffeine interfered with
each other during the analyses, because the
endogenic compounds and caffeine migrated
before t,. Though the resolution values in IPC
are larger than in MECC, all of these ten S-
blockers could be separated in a single MECC
run. Comparison between N-values obtained by
IPC and MECC methods shows that in MECC
early migrating B-blockers have approximately
ten times more theoretical plates than in IPC.
However, in IPC and in MECC slower-eluting
compounds have equal N-values because of the
gradient step in IPC. The Asahipak column used
in this study has also been reported to give high
effective plate numbers [17].

4. Conclusions

In capillary zone electrophoresis (CZE), the
number of plates for drug analytes is typically at
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Jeast 1.5 orders of magnitude greater than in
isocratic HPLC [18]. In this study with MECC,
we had approximately one order of magnitude
more effective plates than in IPC for the -
blockers studied. In many applications the CZE
or MECC system with higher resolution can be
competitive with HPLC even after a great deal
of efficiency is lost. This is particularly true in
terms of instrumentation: CZE is simpler and
easier to apply, and the basic instrument can be
very inexpensive. In addition, there is a great
difference in the cost of analyses, e.g. the vol-
umes of solvents, buffers and samples. Further-
more, the clean-up steps of column materials
after each IPC run in HPLC are time-consuming.

The resolution of the ten B-blockers was not
good enough for simultaneous routine screening
of the compounds in a single IPC run. However,
using the MECC in this study, the ten 8 -blockers
can be completely separated in a single run.

The main advantage of IPC over MECC noted
in this study is that the detection by diode-array
detector can be done at the desired wavelength,
which also makes it possible to eliminate the
absorbance of the background. Furthermore,
[PC is more sensitive than MECC in analyzing
B-blockers under the conditions described: in
IPC the detection limits varied from 100 to 670
ng/ml in serum [2], and in MECC from 10 to 20
pg/ml in urea [8] and 1 to 50 ug/ml in serum
[9]. Of the two methods, only IPC can be used
for clinical bioanalyses of B-blockers, when par-
ent compounds must be determined. The detec-
tor response in MECC is too low when unconce-
ntrated samples are analyzed. However, when
the real samples are concentrated about eight-
fold, the native B-blockers in biological matrices
may be detected with the UV technique.

The effectiveness of MECC can be seen in
Tables 1 and 2. All ten drug compounds can be
separated from each other in a single run in
MECC, and the pretreatment steps of the bio-
logical samples (serum) are easier and simpler
than those in [IPC measurements. The diminutive
sample preparation requirements present an at-
tractive advantage. In addition, being able to

omit the extraction step results in greater accura-
cy. The main drawbacks with CZE involve peak
identification and occasional difficulties with bio-
logical matrices. These disadvantages were sur-
mounted by using MECC.
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Abstract

The chiral separation of amphetamines is of great importance in clinical and forensic analysis, because it is well
known that enantiomers do not have identical pharmacological activity; for example, d-amphetamine is 3—4 times
more effective in central nervous system stimulation than the [-isomer, whereas the latter is slightly more potent in
its cardiovascular action. This paper describes the method development for the chiral separation of a mixture of
amphetamine analogues by cyclodextrin-modified capillary zone electrophoresis. The use of different cyclodextrin
types as chiral selectors and the influence of experimental parameters such as the temperature, the voltage applied,
the buffer concentration and the capillary length are investigated. The ability to determine the enantiomers in urine

samples is also discussed.

1. Introduction

Amphetamine and its analogues are sub-
stances which have a potent central nervous
system (CNS) stimulating effect. Some amphet-
amines have been accepted for their medical
usage for years, whereas others have never been
medically accepted and are purely drugs of abuse
[1}. The amphetamine analogues most commonly
consumed illegally in Europe are amphetamine
(A) itself, methamphetamine (MA), methyl-
enedioxyamphetamine (MDA), methyl-
enedioxymethamphetamine (MDMA or Ecstasy)
and more recently methylenedioxyethylam-
phetamine (MDE or Eve). All of these com-
pounds possess a chiral centre and it is well
known that the d- and /-enantiomers have differ-
ent pharmacological activities. For example, d-
methamphetamine is a more effective CNS

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00483-1

stimulant than its /-enantiomer [2]. Hence it is
necessary to develop an analytical procedure
which can separate the enantiomers in biological
matrices such as urine, serum, plasma or whole
blood. Further, enantiomer separation can be
useful for forensic analyses in order to identify
the synthetic pathways of clandestine amphet-
amine samples [3].

The enantiomeric separation of amphetamine
analogues can be carried out by numerous tech-
niques. However, chromatographic methods
such as gas chromatography (GC) [4-7] and
high-performance liquid chromatography
(HPLC) [8-12], in direct or indirect mode, are
the most convenient. In the case of biological
matrices, amphetamine concentrations have to
be detected in the range 0.01-10 pg/ml [1] and
often a prederivatization step is necessary in
order to reach these limits of detection with both
techniques. In the last few years, high-perform-
ance capillary electrophoresis (CE) has become

© 1995 Elsevier Science BV. All rights reserved
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a complementary analytical tool to the classical
GC and HPLC techniques for the separation of
drugs in biological matrices; the advantages of
CE include small injection volumes, high sepa-
ration efficiency, high resolution, low consump-
tion of polluting solvents and rapid and inexpen-
sive analyses.

Many recent publications have reviewed the
applications of CE in enantiomeric separations
[13-22] and numerous possibilities are available
for the separation of drugs such as amphetamine
analogues. As for chromatography, it is possible
to separate enantiomers directly or after a pre-
derivatization step. In the separation of amphet-
amine analogues, Lurie [23] used 2,3,4,6-tetra-
O-acetyl-B-p-glucopyranosyl isothiocyanate
(GITC) as a derivatization reagent and sepa-
rated the diastereomers by micellar elec-
trokinetic chromatography (MEKC). The chiral
separation of amphetamine, methamphetamine,
ephedrine, pseudoephedrine, norephedrine and
norpseudoephedrine is carried out with UV
detection. However, most applications are con-
ducted by CE with B-cyclodextrin as chiral
selector in the buffer mobile phase. Different
B-cyclodextrin derivatives have been used with
success in order to separate ephedrine and analo-
gous compounds [24-31]. Nevertheless, few pub-
lications have dealt with the analysis of biological
matrices and, to our knowledge, no enantiomeric
separation of MDA, MDMA and MDE has been
reported. This paper describes the enantiomeric
separation of these compounds by capillary elec-
trophoresis with (2-hydroxy)propyl-8-cyclodex-
trin as a chiral selector. Different parameters

were optimized and the method was successfully.’

applied to urine samples.

2. Experimental
2.1. Instrumentation

The experiments were carried out on a
HP’°CE system (Hewlett-Packard, Waldbronn,
Germany). This system consists of a capillary
electrophoresis unit equipped with a diode-array
detector, an autosampler and a high-velocity air-

cooled capillary cartridge. The HP*’CE Chem-
Station software was used for instrument control,
data acquisition and data analysis. Hewlett-Pac-
kard capillaries of 50 um I.D. (375 um O.D.)
and 64.5 cm total length (56 cm from inlet to the
detector window) were used for all experiments
unless stated otherwise. These capillaries were
made of fused silica and equipped with an
extended path-length detection window of 150
pm LD. (“bubble cells”). New capillaries were
flushed for 3 min with 1 M NaOH, then for 5
min with 0.1 M NaOH and finally for 10 min
with water. Between each run, the capillaries
were flushed for 5 min with phosphate buffer.
When analysing biological samples, the capil-
laries were first flushed for 2 min with 0.1 M
phosphoric acid and then for 5 min with phos-
phate buffer.

2.2. Chemicals

All the cyclodextrins were purchased from
Cyclolab (Budapest, Hungary), except a- and
B-cyclodextrin, which were from Sigma (St.
Louis, MO, USA). Amphetamine, 3,4-methyl-
enedioxyamphetamine (MDA) and 3,4-methyl-
enedioxymethamphetamine (MDMA) were pur-
chased as racemic mixtures from Sigma and the
optically pure enantiomers (99%) of amphet-
amine and methamphetamine and racemic 3,4-
methylenedioxyethylamphetamine (MDE) were
purchased as standard solutions in methanol
from Alltech (Deerfield, IL, USA). Phenylethyl-
amine from Fluka (Buchs, Switzerland) was used
as an internal standard. Individual stock solu-
tions (100 ng/ml) of each racemic amphetamine
were prepared in 0.1 M hydrochloric acid and
were kept at 4°C. All the other reagents and
solvents were of analytical-reagent grade and
obtained from Fluka, except for methanol, which
was supplied by SDS (Peypin, France). Ultra-
pure water was provided by a Milli-Q RG unit
from Millipore (Bedford, MA, USA).

2.3. Electrophoretic conditions

Samples (5 nl) were injected by pressure (50
mbar for 4 s) and electrophoresis was performed



E. Varesio, J.L. Veuthey | J. Chromatogr. A 717 (1995) 219-228 221

at a constant voltage of 25 kV (388 V/cm) after a
1-min ramp step. This ramp of voltage is used to
ensure there is no loss of sample on injection,
which could lead to some problems in quantifica-
tion [32]. All runs were carried out at 15°C
unless stated otherwise. Detection was per-
formed using a diode-array detector scanning the
wavelengths from 190 to 600 nm; the electro-
pherograms were monitored at 200 nm with a
band width of 10 nm and a reference signal at
350 nm (band width of 80 nm).

2.4. Buffer preparation

For 100 ml of 200 mM phosphate buffer
(buffer A), we dissolved 1.153 g of 85% phos-
phoric acid and 1.212 g of 99% anhydrous
NaH,PO, in water in a 100-ml volumetric flask.
The pH was adjusted to 2.5 with 1 M NaOH and
the mixture was diluted to 100 ml with water.
The buffer solution was filtered through a 0.45-
pm nylon syringe filter.

In order to obtain a 20 mM (2-hydroxy)-
propyl-B-cyclodextrin buffer solution, we dis-
solved 0.300 g of chiral selector in 10 ml of
phosphate buffer. After the addition of the chiral
selector, the buffer was filtered through a
0.2-um nylon syringe filter prior to use.

The phosphate buffer used for solid-phase
extraction experiments was 100 mM phosphate
buffer prepared by dissolving 1.212 g of 99%
anhydrous NaH,PO, in water in a 100-ml volu-
metric flask. The pH was adjusted to 6.0 with 1
M sodium hydroxide afid the mixture was diluted
to 100 ml with water.

2.5. Preparation of urine samples

One part of a urine sample (blank) was spiked
with 1 ug/ml each of racemic amphetamines
(amphetamine, methamphetamine, MDA,
MDMA, MDE and phenylethylamine as an
internal standard), and was either pretreated
using one of the following procedures, or not
pretreated and directly injected. The same pro-
cedures were applied to the unspiked urine
sample.

Ultrafiltration

We used a MicroSpin 24S centrifuge from
Sorvall Instruments (DuPont, Wilmington, DE,
USA) and MicroCon 10 filters units with a
molecular mass cut-off 10000 from Amicon
(Beverly, MA, USA). For centrifugation, 500 ul
of urine sample were transferred into the ultrafil-
tration device and were centrifuged at ca. 12 500
g for 20 min, then the filtrate was injected.

Solid-phase extraction (SPE)

Bond Elut Certify cartridges (Varian, San
Fernando, CA, USA) were used on a Visiprep
SPE vacuum manifold unit from Supelco (Belle-
fonte, PA, USA). The extraction procedure was
carried out according to Gan et al. [33]. A 2-ml
volume of urine was transferred into 15-ml
plastic conical-bottomed tubes, to which were
added 2 ml of 0.1 M phosphate buffer (pH 6.0).
The tubes were vortexed mixed for 15 s. Initial-
ly, the Bond Elut Certify cartridges were con-
ditioned with 2 ml of methanol and 2 ml of 0.1 M
phosphate buffer (pH 6.0). Volumes of 2 ml of
urine samples were introduced and slowly drawn
through the columns under low vacuum. The
columns were then rinsed with 1 ml of 1 M acetic
acid, then dried under vacuum for 5 min. The
columns were rinsed with 6 ml of methanol, and
then dried again under vacuum for 2 min. The
analytes were eluted with 5 ml of 2% ammonia
solution in ethyl acetate (freshly prepared). The
eluate was evaporated to dryness under a slow
stream of nitrogen at room temperature. Two
drops of acetic acid were added to the eluate to
prevent losses of the volatile amphetamines
during the evaporation step [34]. Finally, 1 ml of
0.1 M hydrochloric acid was added to solubilize
the analytes before injection.

Liquid—liquid extraction

We followed the procedure described by Kin-
berger [35]. To 500 ul of urine were added 100
wl of 1 M sodium hydroxide. After vortex
mixing for 30 s, 1 ml of diethyl ether was added
and the tube was vortex mixed again for 1 min.
After centrifugation (5 min at ca. 12500 g), the
organic layer was transferred into another tube,
then S0 ul of 0.1 M hydrochloric acid were
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Fig. 1. Structures of the amphetamines tested. (A) Amphet-
amine; (B) methamphetamine; (C) 3,4-methylenedioxyam-
phetamine (MDA); (D) 3,4-methylenedioxymetham-
phetamine (MDMA, Adam or Ecstasy); (E) 3,4-methyl-

enedioxyethylamphetamine (MDE or Eve); (I) phenylethyl-
amine (internal standard).

added and the tube was vortex mixed for 1 min
and centrifuged for 2 min. The diethyl ether
layer was aspirated off and discarded. The acidic
phase was injected without any further treat-
ment. ‘

3. Results and discussion

All the method development steps were car-
ried out on a racemic amphetamine sample in
order to determine the influence of some ex-
perimental factors on the resolution of the sepa-
ration. Once the method had been optimized, we
analysed a mixture of five racemic amphetamines
(Fig. 1) with an internal standard for further
quantification. Unless stated otherwise, all the

Table 1
Resolution obtained with different kinds of chiral selectors

samples used in this study were injected three
times each.

3.1. Choice of the chiral selector and its
concentration

In capillary zone electrophoresis (CZE), many
types of chiral selectors, such as cyclodextrins,
crown ethers, oligosaccharides and macrocyclic
antibiotics, may be applied for enantiomeric
separations. However, cyclodextrins (CDs) are
by far the most commonly used. CDs are cyclic,
non-reducing oligosaccharides with a truncated
cylindrical molecular shape. They are produced
from the decomposition of starch by the bacterial
enzyme cyclodextrin glycosyltransferase. Many
cyclodextrin derivatives have been developed in
order to increase their solubility in water and to
modify their cavity shape [36-38].

As mentioned by Terabe et al. [20], the
enantiorecognition mechanism is based on the
formation of an inclusion complex between the
chiral selector and the analyte. The enantiomeric
separation by cyclodextrin-modified CZE is
based on the difference in the stability constants
of a pair of enantiomers with the chiral selector.

In our study, we tested different kinds of a-
and B-CDs as the y-CDs are not suitable for the
size of the tested amphetamines because their
cavities are too large. As shown in Table 1, no
resolution of the enantiomers occurs when using
a-CDs. This is explained by the fact that, in

Chiral selector MT? (min) Resolution
[-Form d-Form
20 mM «-CD 11.9 11.9 0.0
17 mM (2-hydroxy)propyl-a-CD 12.3 12.3 0.0
20 mM dimethyl-3-CD 20.9 21.1 0.8
20 mM methyl-8-CD 16.8 17.0 0.9
22 mM B-CD in 1 M urea 19.6 19.9 2.1
20 mM (2-hydroxy)propyl-8-CD 15.7 16.0 22

Buffer A with a chiral selector. Other conditions: injection at 200 mbar s (pressure); E =388 V/cm (1-min voltage ramp);
T = 15°C; detection wavelength = 200 nm; bandwidth = 10 nm. Sample: d,/-amphetamine (15 pg/ml) in 0.1 M HCI.

* Migration time.
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contrast to y-CDs, the size of the cavity is too
small for the inclusion of the amphetamine.

However, we obtained good resolution values
with the B-CDs. This resolution seems to be
dependent on the polarity and on the steric
hindrance of the substituents. Good resolution
was achieved with the native 8-CD and also with
(2-hydroxy)propyl-B-CD. It is important to note
that urea has to be added to the native 8-CD in
order to increase its solubility in the buffer
solution. Without urea or some other co-solvents
such as acids or bases, the solubility of the 8-CD
is limited to 16 mM [39-41]. We chose to work
further with (2-hydroxy)propyl-8-CD because it
offers many advantages over native B-CD: a
slightly better resolution, a shorter analysis time
and a more stable baseline with UV detection at
200 nm. We also varied the concentration of the
chiral selector from 10 to 40 mM in the phos-
phate buffer (Fig. 2). The resolution is improved
with an increase in the chiral selector concen-
tration, but at the expense of the analysis time.
We chose a concentration of 20 mM of (2-hy-
droxy)propyl-8-CD in the buffer because the
resolution was sufficient with a shorter analysis
time. We also chose this concentration for econ-
omic reasons, because CD derivatives are fairly
expensive.

3.2. Effect of temperature

The temperature of the capillary has to be
very carefully controlled as it can modify the
viscosity of the buffer used for the separation
and thus influence the electroosmotic flow ve-
locity. This could lead to variations in the migra-
tion times (MT), and therefore to unsatisfactory
run-to-run or day-to-day reproducibility.

On increasing the temperature, higher diffu-
sion occurs which enhances the band broadening
of the peaks and decreases the efficiency. As can
be seen in Fig. 3, the resolution between the
enantiomers decreases with increase in tempera-
ture. We chose 15°C, which is the lowest tem-
perature for the instrument when working at
ambient temperature (25°C).

Wren and Rowe [29,42] proposed a mathe-
matical model to explain the chiral separation of

Resolution

2.7§

2.50

2.25

200 1

L75 T

1.50 , RN ey
10 20 30 40

Chiral selector concentration [mM]
Fig. 2. Effect of chiral selector concentration on resolution.
Buffer A with (2-hydroxy)propyl-8-CD as a chiral selector.
Sample: d,/l-amphetamine (15 pg/ml) in 0.1 M HCl. For
other experimental conditions, see Table 1.

a pair of enantiomers in capillary zone electro-
phoresis. In their model, the resolution between
two enantiomers depends on several parameters,
including the equilibrium constants of the inclu-
sion complexes [42,43]. Varying the temperature
affects the thermodynamics of complex forma-
tion and therefore modifies the resolution be-
tween enantiomers.

3.3. Effect of applied voltage

The applied voltage influences mainly the
electroosmotic flow velocity, the Joule heating
and also the peak efficiency. We found that on
increasing the voltage, the migration time de-

Resolution

250
225

200

150
15 20 25 30 35 40

Temperature [°C]

Fig. 3. Effect of temperature on resolution. Buffer A with 20
mM (2-hydroxy)propyl-8-CD. Sample: d,l-amphetamine (30
wg/ml) in 0.1 M HCL. For other experimental conditions, see
Table 1.
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Fig. 4. Effect of applied voltage on resolution. Buffer A with
20 mM (2-hydroxy)propyl-B-CD. Sample: d,l-amphetamine
(30 pg/ml) in 0.1 M HCL. For other experimental conditions,
see Table 1.

creases and the resolution increases (Fig. 4). We
chose to work at 25 kV (388 V/cm), as the gain
in resolution at 30 kV (465 V/cm) is too low in
comparison with the amount of heat generated
by the Joule effect. We also noticed that at 25 kV
(388 V/cm) we were no longer in the linear
range of Ohm’s law. Working at a high voltage
leads to higher efficiencies and a faster analysis
time as long as there are no bubbles in the
capillary to cause disturbances in the analysis.

3.4. Effect of buffer concentration and capillary
length .

When working at a high buffer concentration,
which means at high ionic strength, the zeta
potential of the double layer is decreased, and
this results in a decrease in the electroosmotic
flow [44-46]. A buffer of high ionic strength
gives significantly higher efficiencies and en-
hances the resolution, since the analytes remain
longer in the capillary (Fig. 5). Buffers of high
ionic strength also prevent analyte—analyte or
analyte—wall adsorption in the capillary, and
thus lead to better quantification and reproduci-
bility [45]. A major drawback to working at high
buffer concentrations is the generation of a high
current through the capillary, owing to an en-
hanced conductivity of the buffer. This phenom-
enon therefore limits the usable buffer concen-
tration, since a higher temperature could cause
disturbances in the separation, as seen before.

Resolution
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72.0 cm/ 80.5 cm (totul length)
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Buffer concentration [mM]

Fig. 5. Effects of buffer concentration and capillary length
on resolution. Buffer A at different concentrations with 20
mM (2-hydroxy)propyl-8-CD. Sample: d,l-amphetamine (30
wng/ml) in 0.1 M HCI. For other experimental conditions, see
Table 1.

We also noted that the resolution is better with
an 80.5-cm capillary (total length) than a 64.5-cm
capillary, but leads to a longer analysis time. By
using the shorter capillary, we were able to
analyse five racemic amphetamines in less than
30 min.

3.5. Injection volume

As mentioned by Shihabi and Garcia [47], a
rule of thumb restricts the sample volume to less
than 1% of the total capillary volume in order to
avoid overloading of the capillary and distortion
of the peaks. We varied the injection volume of a
racemic amphetamine sample in order to opti-
mize this parameter. We injected 2.4-35.7 nl,
which represents 0.2-2.8% of the total capillary
volume (1.27 ul). As shown in Fig. 6, the
relationship between the injection volume and
the height of the peaks is linear for the whole
range tested. Nevertheless, we chose to use a
sample volume of 14.3 nl (600 mbar s), because
the resolution between the peaks decreases with
larger sample volumes injected.

3.6. Electrophoretic analysis

Once the method had been optimized, we
injected a mixture of five racemic amphetamines
(amphetamine,  methamphetamine, @ MDA,
MDMA and MDE) (Fig. 7). We achieved their
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Height [mAU} Resolution

3.50 2.50

3.00 .
T T 2.00

2.50

1.50

200 l-amphetamine

30 100
d-amphetamine
100
0.50

0.50

0.00 0.00
0 5 10 15 20 25 30 35 40

Sample volume injected [nl]
Fig. 6. Linearity of the injection volume. Buffer A with 20
mM (2-hydroxy)propyl-8-CD. Sample: d,/-amphetamine (1
wpg/ml)in 0.1 M HCIL. For other experimental conditions, see
Table 1.

enantiomeric separation in less than 30 min and
always with baseline resolution. We then tested
the repeatability of the method (12 injections
intra-day) with a standard mixture containing 1
pg/ml of each racemic amphetamine and 1 ng/
ml of the internal standard (phenylethylamine)
(Table 2). For the migration times we obtained
R.S.D. values between 0.3 and 0.4%. However,
for the peak areas the R.S.D. values were
between 4.3 and 9.1%, as shown in Table 2.
These poor values are due to the low concen-
tration of the amphetamine sample, as men-

MDMA

MDA

Phenylethylamine (1.S.)
MDE

Amphetamine
Methamphetamine

10 12 4 16 8 20 22 2 26 28 min

Fig. 7. Separation of a sample containing the five racemic am-
phetamines (1 pwg/ml). Buffer A with 20 mM (2-hydroxy)-
propyl-8-CD each. Other conditions: injection at 600 mbar s
(pressure); E =388 V/cm (1-min voltage ramp); T = 15°C;
detection wavelength = 200 nm; bandwidth = 10 nm.

tioned by Silverman and Shaw [49]. It should be
mentioned that the peak areas of the enantio-
mers were corrected by their respective migra-
tion times in order to take into account the
difference in mobilities between the analytes
[48].

Preliminary results showed good linearity of
the method in the concentration range 500-—
10 000 ng/ml with standard aqueous samples (r >
0.999 for all enantiomers tested). Nevertheless,
the linearity, the repeatability and the limits of
detection and quantification of the method will
be determined further directly for the determi-
nation of the amphetamines in real urine samples
and illicit tablets.

3.7. Application of the method to urine samples

We tested four modes of pretreatment for the
urine samples before the capillary electropho-
retic analysis. A blank urine sample was spiked
with 1 pg/ml of each racemic amphetamine
(amphetamine,  methamphetamine, = MDA,
MDMA, MDE) and with 1 pg/ml of phenyl-
ethylamine as internal standard. A fraction of
this sample was injected directly without any
pretreatment, a fraction was purified by ultrafil-
tration and the two last fractions were purified
by liquid-liquid extraction (LLE) and by solid-
phase extraction (SPE). The same blank urine
sample, but this time unspiked, was treated as
described above.

All the analyses were carried out under the
conditions described in Fig. 7 and each sample
was injected three times. As shown in Fig. 7, all
the amphetamines (racemic mixtures) and the
phenylethylamine were resolved in less than 30
min for a standard aqueous solution. Without
any pretreatment, the unspiked and the spiked
samples gave a complex electropherogram (re-
sults not shown). Neither quantitative nor quali-
tative results were obtained even if it was pos-
sible to assign some amphetamines. The samples
purified by ultrafiltration also gave very complex
electropherograms which cannot be used for
analytical purposes. In view of these results, it
appears that, in order to purify the sample
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Table 2
Repeatability of the method
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Compound MT? R.S.D. Area®/MT R.S.D. Relative R.S.D.
(min) (MT) (mAU) (area/MT) area‘ (rel. area)
(%) (%) (%)

Internal standard 12.43 0.3 0.735 5.5 - -
I-Amphetamine 15.71 0.4 0.369 6.8 0.50 6.2
d-Amphetamine 16.00 0.4 0.385 7.0 0.52 7.0
I-MA 16.53 0.3 0.326 7.6 0.45 9.1
d-MA 17.00 0.4 0.309 5.5 0.42 6.8
MDA-1 21.80 0.4 0.762 2.8 1.04 4.3
MDA-2 22.34 0.4 0.763 2.9 1.04 4.6
MDMA-1 22.94 0.4 0.950 5.3 1.30 6.1
MDMA-2 23.70 0.4 0.900 4.9 1.23 4.9
MDE-1 25.46 0.4 0.722 4.8 0.98 4.7
MDE-2 26.17 0.4 0.696 4.5 0.95 4.7

For experimental conditions, see Fig. 7. Sample: mixture of five racemic amphetamines (1 pg/ml each) in 0.1 M HCL

* Migration time.

® The corrected areas (area divided by migration time) are preferably used for the calculations rather than the simple areas, as has

been shown by Altria [48].

¢ The relative area is the corrected area of one enantiomer divided by the corrected area of the internal standard.

before the analysis, an extraction step is neces-
sary.

As shown in Figs. 8A and 9A, the SPE
procedure gives a cleaner extract than LLE for
the same blank urine sample. With the former

ine (L.5,)

iyl
MDA
MDMA

MDE

Amphetamine
Methamphetamine

B)

I
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b ‘MWMW"‘W

-

3 75 10 125 15 175 20 225 25 275  min

Fig. 8. Separation of a sample containing the five racemic
amphetamines after SPE pretreatment. (A) Blank urine
sample (unspiked); (B) spiked urine sample (1 wg/ml of
each racemic amphetamine and 1 pg/ml of internal stan-
dard). For experimental conditions, see Fig. 7. Sensitivity: 2
mAUFS.

method, no or few interference peaks appear in
the time window expected for the amphet-
amines. Figs. 8B and 9B also show the electro-
pherograms of the spiked urine samples after the
SPE and LLE pretreatments and indicate that,
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Fig. 9. Separation of a sample containing the five racemic
amphetamines after LLE pretreatment. (A) Blank urine
sample (unspiked); (B) spiked urine sample (1 pg/ml of
each racemic amphetamines and 1 wg/ml of internal stan-
dard). For experimental conditions, see Fig. 7. Sensitivity: 20
mAUFS.
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with the SPE procedure, qualitative and quan-
titative analyses can be easily carried out. The
LLE procedure can also be used, but with more
interfering peaks which might induce some er-
rors during quantitative analysis; nevertheless,
this procedure is faster than SPE.

These preliminary results show that, before
undertaking a capillary electrophoretic analysis
of urine samples, an extraction procedure is
necessary. Work is in progress in order to de-
termine statistically the recoveries of the SPE
and LLE procedures for all the enantiomers and
to validate the entire analytical method.

4. Conclusions

Because of its high efficiency, high-perform-
ance capillary electrophoresis has been shown to
be a useful additional tool to the analytical
techniques available for the resolution of en-
antiomers. We have demonstrated that five
racemic amphetamines can be separated in less
than 30 min with a very good resolution.

After having optimized certain parameters, we
concluded that the most significant one is the
nature of the chiral selector. The mechanisms of
enantiorecognition with the substituted CDs are
not yet well defined, and their study is under
investigation in order to determine what kind of
selector has to be used for the separation of a
class of pharmaceuticals. Some experimental
work is in progress for complete validation of the
method for the determination of amphetamines
in biological fluids such as urine, serum and
saliva.
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Abstract

Chiral separation-methods development is usually very time-consuming, due to the diversity in chemical
structures of pharmaceutical drug substances as well as the suitable separation conditions and the problem to
choose the appropriate chiral selector. This paper shows an ultra-fast, capillary electrophoresis based screening
procedure which was developed for chiral separation of several basic pharmaceuticals using dimethyl-8-cyclodex-
trin as chiral selector. Complete enantiomeric separations of basic drugs (metaproterenol and isoproterenol) were
achieved as fast as in 40-50 s, with an R.S.D. for the absolute migration time reproducibility of less than 0.75%.
The peak efficiency of the separations was usually over one million theoretical plates per meter, which correspond

to an efficiency generation rate above 30 000 plates/m s.

1. Introduction

A large number of pharmaceutical drugs con-
tain one or more chiral centers and may exist in
two or more enantiomeric forms [1]. In most
instances, only one of the enantiomeric forms is
active therapeutically [2] while the other enantio-
mer is either much less active, inactive, or
sometimes even toxic. The drug regulatory agen-
cies in many countries have expressed an interest
in investigations of the stereoisomeric composi-
tion of the drugs and their associated therapeutic
and toxicological consequences. In general, only
highly biologically active enantiomers are used in
the production of drugs [1,3]. Hence, there is a
real necessity to develop rapid and sensitive
chiral separation methods required in the in-
vestigation of drug enantiomers composition.

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00538-2

Chiral gas and liquid chromatography were the
first tools employed in the analytical separation
of enantiomers [4]. In the last several years,
capillary electrophoresis (CE) has become a
powerful technique as an alternative to chiral
chromatography methods, because it is fast,
inexpensive, and usually does not require the
labor-intensive pre- or post-column derivatiza-
tion steps [5]. This very efficient separation
method can easily be adapted to an additional,
fast chiral separation and enantiomeric purity
validation method in the modern pharmaceutical
industry [6]. The separation principle of CE is
based on the different electrophoretic mobilities
of solutes, which, in turn, depend on their
charge densities [7]. Similar to high-performance
liquid chromatography (HPLC), secondary
equilibria also can be employed in CE sepa-
rations by means of the use of special additives
in the running buffer, such as inclusion com-

© 1995 Elsevier Science B.V. All rights reserved
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plexation agents like cyclodextrins (CDs). CD
inclusion complexes can be used for the optical
resolution of enantiomers by capillary electro-
phoresis, based on the differences in electro-
phoretic mobility of the complexes arising from
different complex-formation constants with the
analyte [8]. It has been demonstrated that sever-
al factors impact peak resolution in chiral CE
separations. Rawjee and Vigh [9] showed that
basic chiral compounds can be involved in three
different types of cyclodextrin-mediated capillary
electrophoresis separations. The separation is
desionoselective when only the non-dissociated
enantiomer complexes selectively with the
cyclodextrin. The separation is ionoselective
when only the dissociated enantiomer complexes
selectively, and the separation is duoselective
when both the non-dissociated and dissociated
enantiomer complex selectively with the chiral
selector. Thus, separation methods development
of basic compounds should be primarily based on
the pH of the running buffer, besides the vital
separation parameters of cyclodextrin type and
cyclodextrin concentration. Once the initial sepa-
ration conditions have been achieved (pH, CD
type, CD concentration [10}), further enhance-
ments can be made by adjusting the applied
electric field strength, temperature, and capillary
length in order to decrease analysis time.

There have been reports on the use of CDs to
separate enantiomers of basic pharmaceutical
drug compounds [11-24] by CE. In these chiral
methods, low-pH buffers with various concen-
trations of modified 8-CDs [11-13,16~18,25-28]
were used, including dimethyl-B-cyclodextrin
(DM-B-CD) which has been demonstrated to
resolve optically the largest number of chiral
compounds [13,18,25-28] in CE.

2. Experimental

In all these studies, the P/ACE system 5500
capillary electrophoresis apparatus (Beckman
Instruments, Fullerton, CA, USA) was used in
normal (anode on the injection side) polarity
mode. The separations were monitored on-col-
umn at 200 nm. The temperature of the cartridge

holding the capillary column was thermostatted
at 15 + 0.1°C by the liquid cooling system of the
P/ACE instrument. The electropherograms were
acquired and stored on an IBM 486/66 MHz
computer and were evaluated with the System
Gold software package (Beckman Instruments).

In all the capillary electrophoresis experiments
the eCAP chiral methods development kit was
used (Beckman Instruments), with a 7 and 20 cm
effective length (27 cm total length) low electro-
osmotic flow (EOF <1.5-107° cm®/V s) neutral-
ly coated capillary column (50 wm I.D. and 375
pm O.D.). The kit also contains all the neces-
sary buffers and chiral selectors needed for
separation-methods development, including DM-
B-CD (substitution rate: 14) which was chosen
during the experiments as chiral selector. Before
each analysis, the capillary was rinsed at 138 kPa
with 0.1 M HCI for 0.5 min, deionized water for
2 min, and the running buffer for 2 min. This
procedure was also used when a new capillary
was employed.

The racemates of metaproterenol and iso-
proterenol (Sigma, St. Louis, MO, USA) were
dissolved in deionized water in 0.01 mg/ml
concentration. The samples were injected elec-
trokinetically (2 s, 10 kV) into the capiliary and
were stored at —20°C or freshly used. All the
buffer solutions were filtered through a 0.20-um
pore size filter (Schleicher and Schuell, Keene,
NH, USA) and carefully vacuum degassed be-
fore use.

3. Results and discussion

The water solubility of 8-CD can be increased
and its enantioselectivity can be altered by
chemically modifying the CD with alkyl sub-
stituents [13,29--33], which also changes the size
and flexibility of the CD cavity [31]. The orienta-
tion of bulky and/or charged substituents on the
CD cavity can decrease the enantioselectivity by
causing steric hindrance and/or coulombic repul-
sion, preventing guest—host inclusion complex
formation {30,34]. DM-B-CD used in this work is

“an alkyl-modified 8-CD and available in various

forms with different molar proportion of methyl-
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group substitution on the B-CD. The physical
characteristics of DM-B-CD appear to make it
an attractive chiral additive for CE in two
respects: it is highly water soluble, in fact well in
excess of the parent B8-CD, and each grade is a
complex cocktail of related substances varying in
both the position and the number of methyl
groups attached [35].

Usually, DM-B-CD is a complex mixture,
where one of these CDs might form host—guest
complexes with certain racemates that ap-
proaches the optimum for separation by CE
whereas another might be more suitable in the
CE separation of another racemate. This may
explain the wider range of structural types re-
solved by CE with DM-B-CD compared to B-
CD. We investigated the use of DM-S-CD with
the average substitution rate of 14, in the CE
separation of some chiral basic drugs.

Initial chiral separation conditions, such as pH
and CD type were suggested to be pH 2.5 and
DM-B-CD, respectively, based on the methods-
development protocol and flow chart published
in previous work {36]. Therefore, low-pH phos-
phate buffers (pH 2.5) were prepared with low
(10 mM) and high (50 mM) DM-B-CD con-
centrations. Enantiomeric separations were
attempted using normal polarity separation
mode (anode at the injection side) with a low
electroosmotic flow (EOF) neutrally coated
capillary column. Since chiral separations were
achieved for both compounds with both of the
concentrations of the CD type chosen (DM-B-
CD) in the low-pH running buffer, we concluded
that separations obtained were iono- or
duoselective types. Thus, further optimization
steps were made to increase enantiomeric res-
olution by varying the concentration of the chiral
selector between the preliminary low and high
concentrations of 10 and 50 mM. It is important
to note that, based on our previous results [10],
the applied voltage and the separation tempera-
ture were maintained at the maximum level of 30
kV and minimum value of 15°C, respectively,
during the CD concentration optimization. As
Fig. 1 shows, using the above separation con-
ditions of pH 2.5 buffer, 30 kV, and 15°C, the
chiral selector concentration of 30 mM DM-B-

Resolution
(Uw) swi ] uonesBipy

Com-p-co (mM)

Fig. 1. Effect of the chiral selector concentration on the
resolution (R,) between the R- and S-enantiomers and the
migration time (T,,) of the S-enantiomer of metaproterenol.
Conditions: 27-cm neutrally coated capillary (20 cm effective
length), low-pH buffer (25 mM phosphate, pH 2.5), detec-
tion: UV at 200 nm, £=1111 V/cm (normal polarity),
temperature: 15°C, injection: 2 s, pressure.

CD was found to be optimal for the separation
of the chiral pharmaceuticals metaproterenol and
isoproterenol using a 20-cm effective length
neutrally coated capillary column. Fig. 1 also
exhibits the increase in migration time of the
solute when the chiral selector concentration is
increased. The use of the neutral coated, low-
EOF capillary ensured the predicted migration
direction of the basic solutes with the low-pH
running buffer, i.e. the use of normal polarity
(anode at the injection side). In other words,
when EOF is present, at a given pH, the vectori-
al sum of the solute’s electrophoretic mobility
and the EOF defines the resultant mobility of the
solute. This can cause confusion in the prediction
of the migration direction if the EOF and the
mobility of the solute are unknown. When no or
minimal EOF is present, the migration direction
of a basic solute can be easily defined if the pK
of the solute and the running buffer pH are
known. Fig. 2 shows the separation of metap-
roterenol under the above-found optimal con-
ditions. The resolution achieved in this sepa-
ration was R, =6.38 for the two enantiomers
(migration times of 6.58 and 7.04 min, Fig. 2).
The peak efficiency, i.e. the theoretical plates
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Fig. 2. Separation of the R- and S-enantiomers of meta-
proterenol. Conditions: 27-cm neutrally coated capillary (20
cm effective length), low-pH buffer (25 mM phosphate, pH
2.5) containing 30 mM DM-B-CD, detection: UV at 200 nm,
E =1111 V/cm (normal polarity), temperature: 15°C, injec-
tion: 2 s, pressure.

obtained for the two enantiomers, were 720 000/
m and 696 500/m, respectively.

In order to decrease the analysis time, the
separation capillary length was reduced from 20
to 7 cm. As Fig. 3 shows, baseline separation of
the two enantiomers of metaproterenol was

AU
0.008 |

0.006 -

0.004

T

0.002

0,000 M U L\“\/

] N 1 " ! !

0.4 0.6 0.8 1.0
Migration Time (min)

Fig. 3. Ultra-fast separation of the R- and S-enantiomers of
metaproterenol. Conditions: 27-cm neutrally coated capillary
(7 cm effective length), low-pH buffer (25 mM phosphate,
pH 2.5) containing 30 mM DM-B-CD, detection: UV at 200
nm, E=1111 V/em (normal polarity), temperature: 15°C,
injection: 2 s, 10 kV.

achieved in 45 s when using the shorter column,
maintaining the same applied voltage of 30 kV
and temperature of 15°C. The resolution at-
tained was still greater than 2 (R, >2.11), which
is enough for low enantiomeric contamination
assessment [37]. The peak efficiencies of this
separation were found to be 1.36 - 10° and 0.88 -
10° plates/m for the two enantiomers, respec-
tively. These numbers correspond to an average
efficiency generation rate of 30 000 plates/m s.

Fig. 4 shows the ultra-fast separation of
another structurally alike basic drug, the iso-
proterenol enantiomers, using a 7-cm effective
length capillary. Similar to the case of metap-
roterenol, the same concentration (30 mM) of
chiral selector DM-B-CD was found to be opti-
mal for the separation of the optical isomers of
isoproterenol. Here, complete baseline separa-
tion of the two enantiomers was achieved in less
than 40 s. The theoretical plate numbers
achieved are similar to those in Fig. 3, and both
are above 1 million plates per meter.

The migration-time stability of the enantio-
mers resolved was satisfactory, reflected by
migration time %R.S.D. ranging from 0.3-0.8
for inter- and 0.6-0.7 for intra-day reproducibil-

ity (Table 1). The asymmetry factors of the
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Fig. 4. Ultra-fast separation of the R- and S-enantiomers of
isoproterenol. Conditions: 27-cm neutrally coated capillary (7
cm effective length), low-pH buffer (25 mM phosphate, pH
2.5) containing 30 mM DM-B-CD, detection: UV at 200 nm,
E =1111 V/cm (normal polarity), temperature: 15°C, injec-
tion: 2 s, 10 kV.
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Migration time reproducibility data
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Compound R N
Metaproterenol Mean T, 0.656 0.671 Day 1
S.D. 0.0036 0.0037
%R.S.D. 0.56 0.49
n 10 10
Isoproterenol Mean T, 0.725 0.754
S.D. 0.002 0.002
%R.S.D. 0.28 0.27
n 3 3
Metaproterenol Mean T, 0.653 0.668 Day 2
S.D. 0.0047 0.0049
%R.S.D. 0.73 0.75
n 19 19
Metaproterenol Mean T, 0.655 0.667 Day-to-day
%R.S.D. 0.65 0.62
n 29 29

peaks in the enantiomeric separations were in
the range 1.15-1.6, and can be improved by
better mobility matching between the buffer
coions and the solute ions, if necessary [38].

4. Conclusion

The rapid analysis time, characteristic of capil-
lary electrophoresis, allowed the development of
an easy to use and ultra-fast chiral separation
method for basic drugs. Based on the size and
the shape of the test compounds metaproterenol
and isoproterenol, the chiral selector employed
during this method development was chosen to
be dimethyl-B-cyclodextrin. In the separation of
basic solutes, the use of a low-pH phosphate
buffer was the recommended choice with the use
of a low-EOF, neutrally coated capillary. Once
the appropriate separation pH was defined, and
initial enantiomeric separation was achieved,
further separation optimization steps were ac-
complished by varying the CD concentration,
while the applied electric field strength and
separation temperature were maintained the
applicable maximum and minimum level, respec-
tively. Under the optimized conditions of 30 mM

DM-B8-CD in the pH 2.5 phosphate buffer, 30
kV applied voltage, and 15°C temperature, with
the use of a 7-cm neutrally coated capillary,
ultra-fast (less than one minute) chiral sepa-
rations were attained with extremely high ef-
ficiency (over 1 million plates/m) for the basic
solutes of metaproterenol and isoproterenol.
Employing this ultra-high-speed analysis tech-
nique, we are currently using this method for fast
enantio-separation screening of another 35 basic
chiral compounds of pharmaceutical interest,
which will be reported later.
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Abstract

A CZE method for the quantification of diltiazem and desacetydiltiazem in plasma was developed and validated.
Separation was accomplished at pH 2.5 in a 0.044 M phosphate buffer. Sample preparation was performed by
liquid-liquid extraction and no interferences with plasma compounds were detected. The calibration graph is linear
over the range 5-250 ng/ml with verapamil as internal standard. The precision and accuracy are better than 13% at
5 ng/ml, and better than 10% between 10 and 250 ng/ml. The long-term reliability of the CZE system was checked
over a 3-month period. The CZE method is a useful alternative to the already established HPLC method.

1. Introduction

Diltiazem (DTZ) (Fig. 1) is a calcium channel
blocker used in the treatment of angina pectoris,
hypertension and supraventricular tachyar-
rythmias [1]. Several high-performance liquid
chromatographic (HPLC) methods have been
developed for the determination of diltiazem and
the major metabolite desacetyldiltiazem (M1)
[1,2] in plasma. The methods described usually
involve an extraction step for sample clean-up
and concentration.

The main analytical tools for monitoring drugs
in body fluids in pharmacokinetic studies are
HPLC, GC and immunoassays. Each of these
techniques, however, has certain restrictions.
The use of capillary zone electrophoresis (CZE)

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00622-2

or micellar electrokinetic chromatography
(MEKC) in that field is not very common, and
only a few reports have appeared [3]. One
reason for this may be the lower concentration
sensitivity of CE systems in comparison with
HPLC [4]. Different attempts have been made to
enhance the sensitivity in CZE by improving the
detection techniques and employing sample pre-
treatment prior to the CZE separation [5].

The separation and determination of DTZ and
its metabolites by MEKC was investigated by
Nishi et al. [6-8]. To our knowledge, no quan-
titative bioanalytical methods using CZE or
MEKC have been published. In this paper, we
describe the method development and validation
of a bioanalytical method and demonstrate the
suitability of CZE as an alternative to HPLC for
pharmacokinetic studies with drug concentra-
tions in the low ng/ml range.

© 1995 Elsevier Science B.V. All rights reserved



236 C. Coors et al. | J. Chromatogr. A 717 (1995) 235-243

. OCH,
s
L X
OCCH;
% I b1z
(CH,),N(CHj),

CH30 CN

° oCH;

s

H
OH
T o M1

(CH,),N(CHy),

| T OCH;3
CH30~©_ TCHZCHZCHZNCHZCHZ Ooeu,

CH(CH3),

v

Fig. 1. Structures of diltiazem (DTZ), desacetyldiltiazem (M1) and verapamil (V).

2. Experimental
2.1. Instrumental

CZE system

CZE experiments were carried out on an HP*"
CE- system (Hewlett-Packard, Waldbronn, Ger-
many) equipped with a diode-array detector.
Capillaries with 50 um 1.D. and 365 um O.D.,
standard detection window and bubble cell (ex-
tended light path) were obtained from Hewlett-
Packard. All capillaries had a total length of 64.5
cm and an effective length of 56 cm. Data
processing was done on a Hewlett-Packard
Vectra 486/66 XM computer using the HP’"
CE - software for instrument control, signal inte-
gration and spectral analysis. Statistical calcula-
tions were performed with Microsoft EXCEL 5.0
software.

HPLC system

The chromatographic system consisted of a
Spectra-Physics (San Jose, CA, USA) SP 8810
double-piston pump, an SP 8780 autosampler
(injection volume 50 1), an SP 8490 UV detec-
tor (set to 238 nm) and an SP 4270 integrator.
Chromatographic experiments were performed
on a Spherisorb ODS 2 (10 xm) column (250 X 4
mm [.D.) (Promochem, Wesel, Germany). The
mobile phase was acetonitrile-0.01 M ammo-

nium phosphate buffer (aqueous solution of 1.15
g/l NH,H,PO, plus 0.6 ml of triethylamine,
adjusted to pH 3.7 with phosphoric acid)
(60:40).

2.2. Materials

Water was deionized with a Milli-Q Reagent
Grade Water System (Millipore, Molsheim,
France). Phosphoric acid extra pure (85%),
sodium dihydrogenphosphate dihydrate extra
pure and tert.-butyl methyl ether for residue
analysis were purchased from Merck (Darm-
stadt, Germany). Methanol (HPLC grade), ace-
tonitrile and triethylamine (analytical-reagent
grade) were obtained from J.T. Baker (Deven-
ter, Netherlands). During method development,
the following 20 mM buffer solutions for HPCE
from Fluka (Buchs, Switzerland) were used:
sodium citrate buffers of pH 3.0, 4.5 and 6.0 and
sodium phosphate buffers of pH 6.5 and 7.5.
Sodium dihydrogenphosphate buffer solutions in
the pH range 2.0-2.5 and with concentrations
between 0.020 and 0.088 M were freshly pre-
pared for the separation experiments by dissolv-
ing NaH,PO,-2H,O in deionized water and
adjusting the pH with phosphoric acid (85%).

Diltiazem hydrochloride and verapamil hydro-
chloride were supplied by Welding (Hamburg,
Germany). Desacetyldiltiazem was synthesized
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by ester hydrolysis from diltiazem and purified
and characterized according to the literature.

2.3. Procedures

Capillary washing was executed with 1 and 0.1
M sodium hydroxide solutions for HPCE (Fluka)
and with buffer solution. New capillaries were
preconditioned by rinsing for 10 min with 1 M
NaOH, 5 min with 0.1 M NaOH and 5 min with
buffer solution. Before each analysis, the capil-
lary was purged for 1.5 min with 0.1 M NaOH
and 3 min with buffer.

Electrokinetic injection was tested for aqueous
solutions of diltiazem hydrochloride and desa-
cetyldiltiazem in the voltage range 0.75-10 kV
and time range 1-10 s. Solutions containing
0.017 M phosphoric acid were checked with
injection voltages ranging from 2.6 to 30 kV. The
injection time was 10, 15 or 20 s.

Hydrodynamic injection was performed by
applying a pressure of 50 mbar to the sample.
The injection time was varied between 20 and
150 s. After hydrodynamic sample injection,
buffer solution was injected for 20 s at 50 mbar.

2.4. Standard solutions

DTZ and M1

Stock standard solutions of the appropriate
amount of diltiazem hydrochloride, corre-
sponding to 1 mg/ml diltiazem free base and 1
mg/ml desacetyldiltiazem free base, were pre-
pared in water and methanol, respectively.
Aliquots were subsequently diluted with water to
obtain 10 and 1 pmg/ml working standard solu-
tions.

Internal standard

A 1 mg/ml aqueous solution of verapamil
hydrochloride was prepared and further diluted
with water to give working standard solutions of
2.5 pg/ml for the CZE method and 0.5 ug/ml
for the HPLC method. A 250-ul aliquot (625 ng
for the CZE method and 125 ng for the HPLC
method) was added to each 1-ml aliquot of
plasma standard or specimen.

2.5. Extraction procedure

To a 100 X 13 mm glass tube, fitted with a
glass stopper, were added 1 ml of plasma, 250 u1
of internal standard solution and 5 ml of tert.-
butyl methyl ether as extraction solvent. The
tubes were shaken for 10 min on a Reax2
overhead mixer (Heidolph, Kelheim, Germany)
and then centrifuged at 1800 g for 10 min. A
4-ml aliquot of the organic phase was transferred
into a glass tube and back-extracted with 40 ul
(CZE method) or 150 p1 (HPLC method) of
0.017 M phosphoric acid by shaking for 3 min on
an overhead mixer. After centrifugation at 2800
g for 10 min, the organic phase was discarded
and the phosphoric acid solution was transferred
into a vial and an aliquot of ca. 45 nl (CZE
method) or 50 ul (HPLC method) was injected.

2.6. Calibration

Calibration graphs were constructed by trans-
ferring aliquots of the respective 1 wg/ml stan-
dard solutions to blank plasma to give final
concentrations of 5, 10, 25, 50, 100 and 250
ng/ml. These calibration standards were ex-
tracted as described above. The concentrations
of DTZ and M1 in samples were determined by
using linear regression (1/concentration weight-
ed) of peak area ratios.

3. Results and discussion

As a starting point for CE method develop-
ment, we used our already existing HPLC meth-
od used previously for the pharmacokinetic
characterization of a diltiazem retard formula-
tion. This HPLC method includes two liquid-
liquid extraction steps and uses the calcium
channe! blocker verapamil (V) as internal stan-
dard (I.S.). This HPLC method is mainly based
on the system described by Dubé et al. [9].

Nishi et al. [6-8} reported the separation of
DTZ and metabolites by MEKC; no separation
was achieved in CZE systems in the pH range
7-9.

To obtain a reliable CZE method for the
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quantification of DTZ and M1 in plasma, over-
coming the lack of concentration sensitivity of
CE, the bioanalytical method was optimized with
respect to the separation and quantification of
DTZ, M1 and internal standard verapamil (V);
short- and long-term testing of the reproducibil-
ity and reliability of the CZE system and meth-
od; sample preparation of concentration of the
analytes and removal of the interfering plasma
compounds; and validation of the CZE method.

3.1. Separation and quantification

Experiments with DTZ, M1 and IS in aqueous
solutions

To establish the optimum conditions for sepa-
ration and quantification, we used an aqueous
solution of 10 wg/ml each of DTZ, M1 and
internal standard verapamil. We investigated
separation buffers between pH 2.0 and 9.0.
Decreasing the buffer pH below 4.5 resulted in
complete separation of DTZ and M1. The best
results were obtained at pH 2.5 with a 0.044 M
phosphate buffer.

We studied the effects of different modes of
run control, different injection modes and differ-
ent procedures for capillary washing and their
influence on the relative standard deviation
(R.S.D.) (n = 6) of the peak-area values of DTZ
and M1. Our results can be summarized as
follows: (1) there was no significant difference
between power, current and voltage control; (2)
hydrodynamic injection is more reliable than
electrokinetic injection; and (3) washing with 0.1
M NaOH and buffer before each run was neces-
sary.

With this preliminary method, we started the
next optimization cycle. We sought the best
compromise between increased sample loading
and better signal-to-noise ratio without losing
too much resolution and plate number. Perform-
ance data were determined for injection times
between 20 and 70 s. The best signal-to-noise
ratio was achieved at an injection time of about
45 s. The resolution between M1 and DTZ and
the number of theoretical plates were maximum
at 20 s and minimum at 70 s; the resolution
ranged between 4.2 and 0.7 and plate numbers

between 207 000 and 15000. As the best com-
promise, we selected hydrodynamic injection at
50 mbar for 40 s. The results for DTZ, M1 and
IS in aqueous solution are shown in Fig. 2.

Long-term reliability of the CE system

In addition to the optimization procedure, we
were interested in the long-term reliability of the
CE system. Therefore, we also used an aqueous
10 wg/ml mixture, which was injected six times
per sequence. Engelhardt et al. [4] reported that
in general the R.S.D. for an external standard
method usually ranges between 2 and 3%.

In our long-term testing, over 600 injections
were preformed over a period of 3 months. The
R.S.D. of each sequence (n=6) for the peak-
area values was calculated. The R.S.D.s were in
the range 0.5-5%, most being in the range 1-

mAU M1
20 4 DTZ
175
15 ]
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10 v
75
s C
M1 ———DTZ
[AY
25
B Vo
o M1 h DTZ
A k I\
2 4 6 & 10 mln

Fig. 2. Electropherograms of three solutions containing
desacetyldiltiazem (M1), diltiazem (DTZ) and verapamil (V}
in 0.017 M phosphoric acid. Each compound has a con-
centration of (A) 1, (B) 5 and (C) 10 pg/ml. Buffer, 6.9 g/1
NaH,PO,-2H,0 (pH 2.5); capillary, fused silica, 64.5 cm (56
cm to detector) X 50 pm LD, no extended light path;
voltage, 30 kV; detection, 238 nm; temperature, 25°C;
injection, hydrodynamic, 50 mbar sample for 40 s followed
by 50 mbar buffer for 20 s.
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which is essential for working with limited

3% (see Fig. 3). No improvement was achieved
amounts of plasma in pharmacokinetic studies.

with migration time-corrected area values.
When using the internal standard method
(area for M1 divided by area for internal stan- 3.2. Sample preparation
dard), the R.S.D. of the area ratio was nearly
always below 1.5% (Fig. 3). This gives good
confidence in the reliability of the CE system,

The problem of establishing a CZE or MEKC
method for the determination of DTZ and M1 in
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Fig. 3. Temporal variation of the precision of area data for desacetyldiltiazem (top) and area ratio data (bottom). For each

sequence of six injections the R.S.D. was calculated.
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equals about 45 nl

Injection of 50 ul

Fig. 4. Sample preparation of CZE and HPLC methods.

plasma is sensitivity. Using an aqueous solution
of DTZ and M1, the detection limit (signal-to-
noise ratio ca. 3:1) is more than fifteen times
higher for the CZE system (ca. 50 ng/ml) than
for the HPLC system (ca. 3 ng/ml) (for con-
ditions see Figs. 2 and 6). Calculating the abso-
lute sample loading, based on injection volumes
of 45 nl and 100 wul, respectively, the CZE
system (2.3 pg) is more sensitive than the HPLC
system (300 pg). For a bioanalytical method, the

Table 1

concentration sensitivity is usually more impor-
tant.

We focused our attempts on determining down
to 5 ng/ml levels of DTZ and M1 in plasma by
optimizing the sample preparation. Sample prep-
aration can be performed by a variety of meth-
ods, mainly liquid-liquid extraction (LLE), lig-
uid—solid extraction (LSE) aad protein precipi-
tation [10]. For DTZ and M1 we obtained the
best results for the HPLC assay with LLE with
tert.-butyl methyl ether. We modified the LLE
by back-extraction into 40 ul of 0.017 M H,PO,,
as described in Fig. 4.

The possibility of concentrating an analyte into
a small volume of liquid is an advantage of LLE,
because LSE without subsequent solvent evapo-
ration does not usually allow concentration into
a few microlitres of solvent. Thus, the sample
preparation utilizes the extreme high mass sen-
sitivity and overcomes the low concentration
sensitivity of CE detection systems.

3.3. Validation results of CZE and HPLC
methods

The bioanalytical CZE method was validated
with respect to linearity of the detector response,
method precision and accuracy, quantitation and
detection limit, selectivity and recovery (see also
Ref. [11]). Validation data for the CZE method
are given in Table 1, example electropherograms
in Fig. 5 and for the corresponding HPLC
method in Table 2 and in Fig. 6.

The calibration equations and the calibration
graphs for DTZ and M1 were lincar over the

Validation data for determination of diltiazem and desacetyldiltiazem in plasma with internal standard verapamil by CZE

Parameter Desacetyldiltiazem Diltiazem

Nominal value (ng/ml) 5 10 50 250 5 10 50 250
Number of values 7 7 7 7 7 7 7 7
Average (ng/ml) 4.87 10.1 50.7 252.9 4.77 10.4 47.2 250.8
Accuracy (%) -2.5 +1.4 +1.4 +1.2 —-4.7 +3.7 -5.5 +0.3
Precision (%) 11.2 4.6 21 4.0 12.7 7.4 2.6 3.6
Correlation coefficient (r) *0.9994 0.9991
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Fig. 5. Electropherograms of the extracts of three plasma samples. (A) Blank plasma without internal standard; (B) plasma
sample containing 5 ng/ml desacetyldiltiazem (M1) and diltiazem (DTZ) plus internal standard verapamil (V); (C) plasma with

250 ng/ml M1 and DTZ, and with internal standard.

Table 2

Validation data for determination of diltiazem and desacetyldiltiazem in plasma with internal standard verapamil by HPLC

Parameter Desacetyldiltiazem Diltiazem

Nominal value (ng/ml) 5 50 250 5 50 250
Number of values 10 7 7 10 7 7
Average (ng/ml) 5.2 50.5 242.8 5.1 50.4 2439
Accuracy (%) +4.0 +1.0 -2.9 +2.0 +0.8 -2.4
Precision (%) 12.5 2.2 3.8 10.4 3.4 4.0

Correlation coefficient (r)

0.9999

0.9999
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Fig. 6. Chromatograms of the extracts of three plasma samples. (A) Blank plasma without internal standard; (B) plasma sample
containing 5 ng/ml desacetyldiltiazem (M1) and diltiazem (DTZ) plus internal standard verapamil (V); (C) plasma with 250
ng/ml M1 and DTZ, and with internal standard. Flow-rate, 1.0 ml/min; injection, 50 ul; column, Spherisorb ODS 2, 10 um
(250 x4 mm L.D.); mobile phase, acetonitrile—0.01 M ammonium phosphate buffer (pH 3.7) (60:40); detection, 238 nm.

Numbers on peaks are retention times (min).

range 5-250 ng/ml for both the HPLC and CZE
methods with correlation coefficients greater
than 0.999. The calibration equations were as
follows:

M1 (CZE method):

y =5.4089-10x + 4.2581-107°
M1 (HPLC method):

y =2.19914- 10 *x — 1.96434 - 102
DTZ (CZE method):

y=5.0490-10"%x +5.0335-10°
DTZ (HPLC method):

y =1.96033-10 %x + 3.813-10"*

where y = area ratio value and x = concentration
(ng/ml).

The detection limit (signal-to-noise ratio = 3)
was about 1.5 ng/ml for DTZ and M1 for the
HPLC method and about 2 ng/ml for the CZE
method. No interferences from plasma compo-
nents were detected. Precision and accuracy
were assessed by repeated sample preparation
and analyses of plasma controls containing vari-
ous concentrations of DTZ and metabolite. The

precision and accuracy for plasma concentration
below 10 ng/ml are less than 13% and for the
range 10-250 ng/ml are less than 10% (Tables 1
and 2). The recovery for DTZ and M1 was about
70%.

3.4. Comparison

Although there is the advantage of better
reproducibility for HPLC in comparison with CE
using aqueous solutions, this has no impact on
the precision and accuracy of the bioanalytical
method. Also, the linearity, selectivity and long-
term reliability of the two methods are the same.
In terms of detection limit HPLC has a slight
advantage over CZE, but this can be compen-
sated by a further decrease in the back-extrac-
tion volume, which was checked down to 20 ul.
An advantage for CZE is that there is a sufficient
sample volume for several repeated analyses and
less solvent consumption, and further only
water-based buffers are used.
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4. Conclusion

The HPCE assay described provides a selec-
tive and reliable method for the quantification of
diltiazem and desacetyldiltiazem in plasma. By
decreasing the back-extraction volume, the dis-
advantage of CE concerning the lower concen-
tration sensitivity in comparison with HPLC
could be eliminated. A quantitation limit of 5
ng/ml for diltiazem and desacetyldiltiazem in
plasma could be achieved with good precision
over the linear range 5-250 ng/ml. This method
is a useful alternative to our already established
HPLC method.
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Abstract

The enantiomers of the antidepressant drug (*)-1,2,3,4,10,14b-hexahydro-2-methyldibenzo(c, fpyrazino[1,2-
alazepine (mianserine, Tolvin) [(+)-MN] and its 11 structural analogues were resolved with capillary electro-
phoresis (CE) using native B-cyclodextrin (3-CD) and three charged CD-derivatives as chiral buffer modifiers.

The effect of the nature and position of substituents of the chiral solute on the resolution is discussed. Sulfonated
B-CD derivatives such as sulfobutyl (SBE-B8-CD) and sulfoethyl (SEE-B8-CD) ethers of -CD permit adequate
enantioseparations at rather lower concentrations as chiral selectors in comparison with carboxymethyl-g-CD
(CM-B-CD) and especially with native B-CD. In a previous paper, we ascribed the high chiral resolving power of
SBE-B-CD to the counter-current mobility of this chiral selector. Another important advantage of SBE--CD, its
more stereoselective binding to the chiral selectand, is proved here on the basis of “C NMR studies. This last
technique seems to be useful for estimation of the stoichiometry of the host—guest complexes as well as for
determination of the apparent binding constants. A number of well-resolved *C NMR signals which belong to the
CD complexes with the (+)- or (—)-enantiomer of the chiral solute enable racemic samples to be used for the study
of the enantioselective binding parameters. Additionally, these CD derivatives can be recommended as useful
water-soluble chiral shift reagents for the enantiomeric excess determination by *C NMR technique.

1. Introduction hydroxypropyl-, and methylated-8-CD) deriva-

tives in the early stage of the development of this

Enantioseparation via capillary electrophoresis
(CE) is a relatively new and very rapidly de-
veloping technique [1,2]. The most popular non-
charged (native «-, 8-, and y-cyclodextrin, CD,
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* Dedicated to Professor Dr. H. Moéhrle on the occasion of
his 65th birthday.

' Permanent address: Department of Chemistry, Tbilisi State
University, Chavchavadze ave 1, 380028, Thilisi, Republic
of Georgia.

0021-9673/95/$09.50
SSDI 0021-9673(95)00489-0

technique [3-6] are being gradually substituted
with increasing frequency by more versatile,
charged CD-derivatives [6-18]. In 1989 Terabe
reported the application of the positively charged
ethylene diamine derivative of B-CD for the
resolution of dansylated amino acid enantiomers
[7]. At the present time, anionic CD-derivatives
are more commonly used as chiral selectors in
CE [6,9-18] than cationic ones [7,8]. Among
anionic  derivatives, besides carboxylated

© 1995 Elsevier Science B.V. All rights reserved
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cyclodextrins [6,10,11], sulfonated derivatives
show very interesting chiral recognition prop-
erties [12-18].

The very first application of the sulfobutyl
ether (SBE-B-CD), one of the members of this
series, did not demonstrate any remarkable
advantages. In contrast, undesirable effects, such
as large variation in the run-to-run migration
times and no elution, were observed [9]. The
same derivative in our studies showed a very
high enantiomer resolving ability and permitted
baseline separations of a number of racemates in
the concentration range 20-100 uwM in the run
buffer [12,17]. The direct measurement of the
electrophoretic mobility of the chiral selector
[19] allowed us to ascribe the high effectiveness
of SBE-B-CD to the counter-current mobility of
this chiral selector, which was comparable to the
migration of the chiral analytes [12]. Other
authors also observed chiral separations using
SBE-B-CD or its sulfopropyl analogue in rela-
tively low concentration (1 mM), and ascribed
that effect to the self-mobility of the chiral
selector [13-16].

Basically, enantioseparations in CE are
achieved as a result of (i) different binding
constants of the enantiomers to the chiral selec-
tor and (ii) differences in the mobilities of the
bound and free analytes. An oppositely charged
selector and selectand pair is advantageous for
achieving the greatest difference between the
mobilities of the bound and free analytes and is
consequently superior for enantiomer resolution,
as already emphasized in our previous study [12].
The former of these two effects, the stereoselec-
tivity of binding of a racemic solute to the chiral
selector, is the subject of the present study. The
role of the nature and position of substituents on
the chiral solutes in their chiral resolution and
correlations between the data of “C NMR
spectrometry and CE are also reported.

2. Experimental

2.1. Equipment

Two CE systems: (a) a Grom system 100
(Herrenberg, Germany), equipped with a Linear

Instruments (Reno, NV, USA) UVIS 200 detec-
tor and a HP 3396 A integrator (Hewlett-Pac-
kard, Avondale, PA, USA) and (b) a P/ACE
2050 (Beckmann Instruments, Fullerton, CA,
USA) were used with an untreated fused-silica
capillary (Grom) of (a) 61 cm and (b) 47 cm total
length X 50 um I.D. The samples were intro-
duced (a) hydrostatically (10 cm) during 5 s and
(b) with low pressure for 2 s at the anodic end of
the capillary. The detection of the solutes was
carried out at (a) 210 nm and (b) 214 nm. The
electric field was 400 V/cm, the temperature
21 = 1°C. The anode and cathode buffers had the
same pH and molarity as the run buffer and
contained no chiral selectors.

The selectivity of the enantioseparation was
characterized with a,,,, which is the ratio of the
effective mobilities of enantiomers and is an
average value of two measurements. The res-
olution of enantiomers was calculated according
to the following equation:

_ 2(’2 _tl)
s w,+w,

&

where £, and ¢; are the migration times and w,
and w, the baseline peak width of the first and
second eluted enantiomers, respectively.
Baseline resolutions of enantiomers were
achieved in almost all cases where «a,,, = 1.02.

2.2. Chemicals and reagents

The racemic (%)-MN and its analogues (Fig.
1) were gifts from Dr. F.A. van der Vlugt
(Organon, Netherlands). The optically pure R-
(—)- and S-(+)-MN were prepared in our labora-
tory by enantioselective preparative liquid chro-
matography using cellulose triacetate as chiral
packing material and a methanol-ethanol mix-

Fig. 1. Structures of (+)-MN and its analogues.
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ture (1:1, v/v) as mobile phase. SBE-B-CD
(substitution degree ca. 3.14, M, =1684) was a
gift from Prof. J.F. Stobaugh and Prof. V.J.
Stella (Center for Drug Delivery Research, The
University of Kansas, Lawrence, KS, USA). B-
CD, CM-B-CD (substitution degree ca. 2.1,
indicated by the manufacturer), and the sul-
foethyl ether, SEE-B-CD (substitution degree
ca. 2.8, indicated by the manufacturer) were
from Wacker Chemie (Munich, Germany).

Analytical grade KH,PO,, Na,HPO,, H,PO,,
and NaOH were purchased from Merck (Darm-
stadt, Germany).

2.3. Buffer and sample preparation

Stock solutions of 50 mM KH,PO, and 50 mM
Na,HPO, were prepared in double distilled,
deionized water. The pH was adjusted with 1.5
M H,PO, or 0.5 M NaOH. The run buffers were
prepared accordingly after the addition of appro-
priate amounts of the chiral selectors. All solu-
tions were filtered and degassed by sonication
before use.

Stock solutions of 1 mg/ml of the racemic
compounds were prepared, stored at 4°C, and
diluted to 60 pg/ml before use.

2.4. NMR

'H and C NMR, homonuclear correlated
spectroscopy (HOMCOR), heteronuclear chemi-
cal shift correlation (HETCOR), attached
proton test (APT), and distortionless enhance-
ment by polarization transfer (DEPT) spectral
analysis were carried out with a Varian Gemini
200 NMR-spectrometer at 200 MHz ('H) and 50
MHz (C). ?’H,O was used as a solvent, and a
solution of tetramethylsilane (TMS) in tetra-
chloromethane served as external standard. The
peak assignment of (+)-MN in '"H NMR and BcC
NMR spectra was performed using HOMCOR,
HETCOR, APT, and DEPT spectra of (+)-MN
and of some analogues. CD signals in '"H NMR
and ">C NMR spectra were assigned using litera-
ture data [20,21] for B-CD. Stoichiometry of the
selectand—selector complexes was determined by
the continuous variation method [22,23] using

the chemical shift of C(6) carbon atom of the
(£)-MN molecule. The total concentration of
the interacting species was kept constant at 17
mM, and the molar fraction of the guest was
varied in the range 0.2-0.8.

3. Results and discussion

3.1. Effect of the nature and position of the
substituents on (=)-MN molecule on chiral
recognition

The results of the enantioseparations of (*)-
MN and its analogues are summarized in Table
1. The quite different effectiveness of each chiral
selector given in Table 1 did not allow us to use
them in the same or similar concentrations.

Aromatic A and C moieties of the (£)-MN
molecule are most probably involved in a host-
guest complex, and therefore, substituents in
both aromatic moieties A and C should play a
critical part in chiral recognition. Geometric
considerations on the basis of the crystal struc-
ture study of (*)-MN [24] and cavity size of
B-CD suggest a multimodal complex formation
between (#)-MN and its analogues on the one
hand and CDs on the other. For example, the
(*)-MN molecule (or analogues) could be com-
plexed with the chiral selector via aromatic rings
A or C. Alternatively, both A and C can
simultaneously partially enter the cavity of CD.
All above-mentioned complexes are character-
ized with a 1:1 stoichiometry. A sandwich-like
(%£)-MN-CD complex with 1:2 stoichiometry is
also expected when the (%)-MN molecule is
complexed via rings A and C simultaneously
with two different CD molecules. A number of
effects were found depending on the nature and
position of the substituents.

Position 7

A methyl substituent in position 7 has a minor
influence on the separations, whereas a chloro
substituent changes the chiral recognition sig-
nificantly. The enantioseparation of (*)-7-Cl-
MN was markedly better than that of (+)-MN
when the sulfonated SBE-B8-CD and SEE-B-CD
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Table 1
Enantioseparations of the (+)-MN and its analogues

Mianserine and 20 mM B-CD SmM CM-B-CD 0.1 mM SBE-B-CD 0.1mM SEE-B-CD
analogues with
various substituents a,, Ry ., Ry a., Ry a,, Ry
(£)-MN 1.08 2.04 1.24 2.98 1.06 0.89 1.04 0.91
7 —-CH, 1.06 1.70 1.27 4.27 1.06 1.18 1.08 1.53
-Cl 1.04 1.20 1.15 4.08 1.16 1.84 1.23 2.78
8 -CH, 1.05 1.45 1.24 3.93 1.19 2.68 1.12 1.67
-OCH, 1.04 1.40 1.25 6.36 1.16 2.25 1.13 2.25
-Cl 1.03 0.81 1.15 4.72 1.21 2.04 1.23 1.36
-F 1.07 1.88 1.24 4.59 1.09 1.30 1.05 0.90
9 -CH, 1.06 1.60 1.22 3.63 1.18 2.00 no separation
1.02° 1.13°
10 cis-OH 1.02 0.94 1.05 1.45 no separation no separation
1.02° 2.81° 1.02° 3.33°
trans-OH 1.10 2.57 1.17 3.97 1.02 0.60 1.02 0.74
12 -Cl 1.01 0.20 1.10 2.10 1.08 0.79 1.01 0.15
13 -CH, 1.08 2.07 1.23 4.02 1.08 1.20 1.04 0.99

*0.5 mM chiral selector.

Conditions: Beckmann P/ACE; 50 mM phosphate buffer, pH 3.0.

were used as chiral selectors. In contrast, the
enantioselectivity is substantially worse for (+)-
7-CI-MN in comparison with (+)-MN in the case
of B-CD and CM-B-CD as chiral selectors.

Position .8

The effect of the nature of substituents on
chiral recognition was studied in more detail for
the position 8.

The native 8-CD and CM-B-CD behave simi-
larly. The enantioselectivity of the separation for
the (*£)-MN derivatives decreases in the order
H=F > CH, = OCH, > Cl for native 8-CD and
H=F=CH, = OCH,; > Cl for CM-8-CD. Both
sulfonated derivatives are almost similar again in
this case. The dependence of enantioselectivity
on a substituent can be given as follows: Cl=
CH, > OCH, >F > H for SBE-8-CD and Cl>>
OCH,=CH, >F=H for SEE-B8-CD. An ab-
sence of correlation between the electron with-
drawing ability of substituents on the (%)-MN
molecule and their chiral recognition indicates
that electron interactions do not play an im-
portant role in this case. Rather, the geometric
dimension of the substituents should be the more

important factor for chiral recognition. Nearly
the reverse order of the selectivity dependence
on substituents was observed for pairs of the
native 8-CD and CM-B-CD on the one hand and
for SBE-B-CD and SEE-B-CD on the other.
This indicates that the structure of the diastereo-
meric complexes formed in the first two cases is
different from that in the latter two selectors.

Position 10

The CH, group which bridges both phenyl
rings in position 10 seems to be the key position
for stereoselective complex binding. Thus, the
chiral recognition ability of all CD derivatives
under study is markedly lower for (*)-cis-10-
hydroxy-MN than for (+)-MN. The same sub-
stituent in the trans-C(10) position also de-
creases the chiral recognition ability of the sul-
fonated CDs, but does not alter markedly that of
the native and carboxymethyl derivate of 8-CD.

Methyl substituents in various positions

The selectivity of the enantioseparation does
not strongly depend on the position of the
methyl substituent for 8-CD and CM-B8-CD,
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whereas this dependence is very substantial for
SBE-B-CD. In particular, the introduction of a
methyl substituent in position 7 in ring A or its
equivalent position 13 in ring C does not affect
the selectivity of the enantioseparation, whereas
the selectivity increases drastically by the intro-
duction of the same substituent in position 8 or
9.

As already mentioned above, the dependence
of selectivity on the nature and position of
substituents is almost similar for the two sul-
fonated derivatives of 8-CD. A substantial dif-
ference between these two derivatives was estab-
lished when the methyl group is substituted in
position 8 and, moreover, an even more drastic
difference when the same group is substituted in
position 9. These two chiral selectors possess the
same ionic end group, but they have different
lengths of the alkyl spacer and different degrees
of substitution. Which one of these two factors is
responsible for the considerable variation in
chiral recognition abilities in this particular case
is the subject of further studies.

Rings A and C

In order to estimate the role of rings A and C
of (%£)-MN in the complex with CDs, it was
interesting to study the effect of the introduction
of bulky substituents like chloro groups in the
most likely complex positions such as 7, 8, 9, 12,
or 13. Both sulfonated CDs, SBE-B-CD and
SEE-B-CD, separate the enantiomers of 7- or
8-chloro-substituted (=)-MN derivatives better
than the native (+)-MN. The reverse effect is
observed again for 8-CD and CM-B8-CD, which
separate the (*)-MN enantiomers with a sub-
stantially higher selectivity than any of its mono-
chloro-substituted analogues. As for the Cl-sub-
stituent in equivalent positions of rings A and C,
it seems worth mentioning that all CD deriva-
tives in this study separate 8-Cl-substituted (+)-
MN with a substantially higher enantioselectivity
than 12-Cl-substituted (= )-MN.

3.2. pH dependence of the enantioseparation

One of the important advantages of the sul-
fonated CD derivatives in contrast to the native

ones is the presence of a negative charge in the
whole pH region acceptable in CE. As a result,
SBE-B-CD as a chiral selector shows an op-
timum stereoselectivity for basic compounds in
acidic buffer {12,17}. In contrast to Ref. [14],
basic buffers are not necessary for separations.
On the other hand, the stereoselectivity for basic
compounds decreases drastically in basic medium
(Fig. 2). The most likely explanation of this fact
is that with increasing pH the electroosmotic
flow (EOF) also increases, which is unfavourable
for enantioseparation [12,15-17].

The compounds depicted in Fig. 2 are de-
protonated at a pH above ca. 7.0-7.5 and
behave as neutral compounds. Under these con-
ditions, they can also be separated but with a
higher concentration of chiral additives (ca. 0.5
mM).

The decrease in the electrostatic selectand-
selector attraction could be another reason for
the reduction of enantioselectivity in basic
medium. This effect seems to be of much less
importance because all anionic CD-derivatives
studied are able to enantioselectively recognize
not only positively charged and neutral, but also
negatively charged chiral analytes [18].

3.3. °C NMR study of the chiral recognition
mechanism

As already mentioned above, our aim was to
test whether or not any remarkable differences
exist in the binding pattern and stereoselectivity
of the various CD derivatives towards the en-

1.06 >
1.05 - .
i —e—MN
1.04 - | —— trans-OH(10}-MN
aipha 1,03 -
102 A
1.01 - ~
100 -t ——&
200 400 600 800 1000

pH
Fig. 2. pH dependence of the enantioselectivity of the
separation. Conditions: Beckmann P/ACE, 50 mM phos-
phate buffer, 0.1 mM SBE-g-CD.
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antiomers of (*)-MN. On the basis of the
migration time measurements in CE, Stobaugh
and co-workers [15] considered it unlikely that a
large increase in binding constant for SBE-8-CD
for (*)-ephedrine, as compared with those for
other CDs, is responsible for the comparable
separation of the (*)-ephedrine enantiomers
using SBE-B-CD in 10-13 times smaller con-
centrations than native B-CD and (2,6-di-
methyl)-8-CD. Here it seems worth mentioning
that since the binding of the racemic solute with
a chiral selector is a prerequisite for enantio-
separation, no directly proportional dependence
may necessarily exist between the binding
strength and the stereoselectivity. A number of
examples are known in high-performance liquid
chromatography (HPLC) [25,26] and CE [27] in
this respect. A factor of rather more importance
in this case is certainly the difference between
binding strengths of the enantiomers, although
stronger binding does not always mean a higher
binding-strength difference between the enantio-
mers.

The complexation-induced chemical shifts of
selected CD protons (up-field) as well as of some
protons of the (*)-MN molecule (down-field)
were observed in our experiments using 'H
NMR spectroscopy. However, in 200 MHz spec-
tra of (+)-MN-CD complexes, the quantitative
assessment of the concentration dependence of
the chemical shifts, either of CDs or (*)-MN
protons, was impossible due to the overlapping
of the selector and selectand signals. No 'H
NMR signal splitting was observed for any of the
(%)-MN proton signals upon addition of any CD
derivative in this study in the range of a host/
guest ratio of 0.5-2.5. Therefore, the calculation
of the stoichiometry of the selectand-selector
complexes formed was based on *C NMR data.
This technique is more and more used for the
measurement of enantiomeric excess [28]. Al-
though >C NMR experiments are more time-
consuming, they have some advantages, such as
less broadening of the spectral lines, broader
spectral width and, as a result, better resolution
and easier assignment of signals.

Since CDs are widely used as chiral shift
reagents in "H NMR spectroscopy [29,30], only

few data involving ’C NMR have been pub-
lished. The use of complexation-induced “C
NMR chemical shifts for measurement of bind-
ing constants of the nonchiral [31] or optically
pure but nonracemic [32] compounds has been
also reported.

*C NMR spectra of (*)-mianserine and SBE-
B-CD

The “C NMR spectra of (+)-MN and
equimolar mixtures (8.5 mM each) of SBE-S8-
CD/(*)-MN, SBE-B-CD/(—)-MN, and SBE-S-
CD/(+)-MN are given in Fig. 3. As shown in
these spectra, a number of ’C NMR signals of
(*)-MN are split as a result of nonequivalence
of complexation-induced chemical shifts of (+)-
and (—)-MN with SBE-8-CD. No splitting of
signals was observed in 