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Abstract

The results of high-performance capillary electrophoresis (HPCE) studies of peptide, protein and double-stranded DNA
separations on a |aboratory-made HPCE system are presented. Parameters of the HPCE system are given. The new method
of capillary surface modification by grafting poly(glycidyl methacrylate) is described. The problems of HPCE biopolymer
analysis connected with the sample—wall interactions are discussed. O 2000 Elsevier Science BV. All rights reserved.
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1. Introduction

The separation of biopolymers is one of the most
important high-performance capillary electrophoresis
(HPCE) applications [1-7]. Theory predicts efficien-
cies up to 10° theoretical plates per meter of a
capillary. Although the level of 5-10° theoretical
plates in uncoated capillaries was demonstrated [1,8],
in many applications a modification of the CE
system was necessary to achieve the required ef-
ficiencies. The main reason for low efficiency and
reproducibility is the partially irreversible adsorption
of macromolecules on the inner surface of a capillary
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caused by electrostatic and hydrophobic interactions
[2,3,9-11], conformational change of macromole-
cules [12,13], and physica adhesion mechanisms
enhanced by the presence of defects on a capillary
surface [14-16]. For example, the irreversible ad-
sorption on the capillary surface becomes significant
for biological samples, such as cells, where analyte is
associated with multimolecular complexes [3,17].
These problems are especialy important for tradi-
tional HPCE systems with UV-spectrophotometric
detection where the analyte concentration should be
maintained at 0.1-1.0 mg/ml.

Many methods of buffer and capillary surface
modification were successfully used to prevent
electrostatic and hydrophaobic interactions, such as
pH and ionic strength varying [17-19], buffer addi-
tives [20-27], physica and chemical coating
[4,16,28-33]. At the same time the adsorption,
caused by conformational changes, and physical
adhesion of large molecules dramatically increased
by capillary surface inhomogeneity were hardly
overcome. The study of capillary surface quality [15]
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showed the presence of significant defects in com-
mercial capillaries with a surface layer of about 0.5
pm. The proteins preferably adsorbed at the surface
defects where the contact area was maximum. Also,
the influence of capillary surface characteristics on
the coating stability was observed in Ref. [16].

This study was devoted to the HPCE device and
capillary modification to achieve successful sepa
rations and minimize the adsorption of biomolecules,
such as peptides, proteins and double-stranded DNA
fragments.

2. Experimental
2.1. Equipment

The improved, in comparison with previous publi-
cations [34,35], laboratory-made HPCE system was
applied for carrying out experiments on biomole-
cules. A dabilized 0-=30 kV power supply
(=0.01%) was used for continuous field electro-
phoresis. A UV-spectrophotometric detector (wave-
length range 214-360 nm, wavelength accuracy 3
nm, wavelength band 15 nm, noise 5-10~°> AU, drift
10~* AU/h) was operated in the on-line mode. The
prealigned deuterium lamp was used as a light
source. The beam with the wavelength of interest
was selected with the monochromator and focused
on the capillary ‘*detection window’’. The part of a
light beam was used as a reference signal. The
photocurrents were measured in the detection block
based on hybrid microcircuits. Then, data were
processed in real time with a microprocessor and
recorded with a personal computer compatible com-
puter and a tape-recorder. Response time was 0.2,
0.5 and 1 s. The computer program provided data
presentation, noise reduction, baseline shift com-
pensation, peak characterization and comparison of
electropherograms. The sampler, arranged as a pre-
cisely positioned carousdl, included 20 vials with
volumes ranging from 30 pl for biosamples to 150
wl for rinsing liquids. For biosample protection, the
carousel was additionally provided with vial caps
automatically removed during the via lift. The
electrode blocks held the biocompatible platinum
electrode and a capillary inlet or outlet end. The air
under pressure up to 2 atm was used for pumping

liquids through the capillary (1 atm=101 325 Pa).
The system allowed one to inject sample in electro-
migration, hydrostatic (height difference), and
pneumatic (under air pressure) modes. Electropho-
resis was performed with bare fused-silica capillaries
of 50—60 pm 1.D.X360 pm O.D. obtained from the
Ingtitute of Silica and Glass (St. Petersburg, Russia)
or with the modified with poly(glycidyl methacryl-
ate) (PGMA) capillaries.

Experiments with peptides and proteins were
performed at ambient temperature. For the separation
of DNA fragments in linear polymer solutions, the
temperature of a capillary was maintained at 20°C
(=0.1%) by means of the water jacket 25 cm in
length connected to the external bath-circulator. This
maodification was caused by the enhanced gas content
in the viscous polymer solution even after complet-
ing bubble removal by vacuum degassing. Also, the
moderate viscosity of chosen polymer solutions
allowed one to operate at this temperature and avoid
increasing DNA adsorption on the silica observed at
elevated temperatures [36].

2.2. Chemicals

Tris, boric acid, EDTA (ethylenediaminetetra-
acetic acid) used for the TBE buffer (89 mM Tris, 89
mM boric acid, 2 mM EDTA, pH 8.3), hydroxy-
propylmethylcellulose (HPMC) (M, 86 000, viscosi-
ty of 2% solution equals 4000 cP), and proteins were
obtained from Sigma (St. Louis, MO, USA). All
buffers were prepared in distilled deionized water
and filtered through 0.22-pm pore size filters (Milli-
pore, Bedford, MA, USA). The 0.5% HPMC solution
was prepared in the filtered buffer at 70°C with slow
mixing and then degassed under vacuum. Peptides
were obtained from Serva (Heidelberg, Germany)
and the Institute of Macromolecular Compounds (St.
Petersburg, Russia). Peptide samples were dissolved
in the 10-fold diluted buffer for stacking. Protein
samples were dissolved in the operating buffer. \-
Hind 11l DNA restriction fragment mixture was
obtained from New England Biolabs (Beverly, MA,
USA). All DNA samples were used without dilution.
Glycidol, dioxane, H,SO, were obtained from
Reahim (St. Petersburg, Russia), 3-glycidoxypropyl-
trimethoxysilane (GPTMS), glycidyl methacrylate
(GMA), (NH,),Ce(NO;), were obtained from
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Aldrich (Milwaukee, WI, USA). BF, was obtained
from Fluka (Buchs, Switzerland). A 5% agueous
solution of acetone was used as a neutral marker for
electroosmotic flow (EOF) rate measurement.

2.3. Capillary modification

The new method of neutral covalent coating of the
inner surface of a fused-silica capillary was de-
veloped to reduce the EOF rate and, mainly, to
prevent the adsorption of macromolecules by mask-
ing the charged sites and inducing steric hindrance
repulsion. For this purpose, the surface of a capillary
was covered with the diol groups of high surface
density. The final step of coating included grafting

PGMA. These mechanisms will be discussed in the
next section.

The schematic representation of chemical re-
actions is given in Fig. 1.

First, the capillary was rinsed with 1.0 M NaOH
solution during 15 min at ambient temperature and
then with water up to neutral pH to remove im-
purities. Secondly, the reaction with 10% aqueous
solution of GPTMS, pH 3, was alowed to proceed
for 30 min at 90°C to form the diol groups on the
surface. After that, rinsing with water and, then, with
dioxane was carried out. Thirdly, the 25% glycidol
solution in dioxane with 0.3% BF, as a catalyst was
introduced into the capillary for 4 h (first, at 5-10°C,
then at 50°C) to coat the wall with an oligomeric diol
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Fig. 1. Scheme of PGMA coating.
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layer. Then, after washing with dioxane and water,
the reaction with 1.5% water solution of GMA [0.1%
(NH,),Ce(NO,), as a catalyst] was carried out
during 2 h at ambient temperature for grafting GMA
with double bonds and forming a polymeric layer of
high density. All reagents were pumped through the
capillary. Finaly, after washing with water, the
treatment with H,SO, solution, pH 2.5, during 30
min at 90°C was carried out to hydrolyze the epoxy
groups of PGMA. After that, the capillary was rinsed
with water up to neutral pH, then with ethanol, and
dried.

3. Resaults and discussion

The best example of HPCE advantages is the
separation of peptides. Theoretically predicted ef-
ficiency reaches 10° theoretical plates per meter of a
capillary. At the same time the molecules of peptides
are quite small and mobile to minimize the physical
adsorption (adhesion) on a capillary surface. Two
modes of capillary zone electrophoresis (CZE) can
be used for peptides in uncoated capillaries. In the
first case, at pH 7-9, negatively charged peptides
move toward the anode with different velocities but
the strong EOF replaces them to the cathode. For our

separation Ssee Fig. 2) we obtained an efficiency of
about 3-10™ theoretical plates (RSD=1%). It should

be noticed that the strong EOF is not optimal for the
resolution. Let us examine the relationship for the
resolution of two species, R, in CZE:

A
Rs 2(0y + 03,)

”(veo + vepz) - ”(veo + vepl) 1

B 20y + 0y5) @

where At is the difference between migration time
for two species, v, and vy, Ve, ae, subsequently,
electroosmotic and electrophoretic velocities for the
first and second species, o;; and o;, are standard
deviations for two peaks, and | is the capillary
length. Assuming v, =g, T Av/2 and vy, =
Vep — Au/2, we can rewrite it as:
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Fig. 2. Capillary zone electrophoresis of peptides at pH 7.5.
Conditions: capillary 50 cm (43 cm effective length) x50 pm;
voltage 20 kV; detection wavelength 254 nm; electrolyte 0.02 M
Tris-boric acid buffer, pH 7.5; electromigration injection: 8 s at
20 kV. Pesks: 1=bradykinin, 2=met-enkephalin, 3= substrate for
elastase (succinyl-Ala—Ala—Ala—4-nitroanilide) (concentrations
0.2-0.3 mg/ml).

where Av = v, ~ Ugpy and v, = (Vepy T Vepo) /2.
Under the condition v, > >v,, Eq. (2) may be
simplified:

IAv

= . N2
2(0y, + 01)Vg

R ©)

From Eq. (3), we can conclude that resolution is
inversely proportional to the square of the electro-
osmoatic velocity.

The second CZE mode utilizes buffers at pH 2—4
alowing one to suppress the EOF and electrostatic
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interactions. In this case, positively charged peptides
move toward the cathode in accordance to their
electrophoretic mobility. In this mode we achieved
theoretically predicted efficiencies about 10° theoret-
ica plates per meter (RSD=1%) and separated
peptides with very similar structure. The peptide
corresponding to the third peak in Fig. 3 differs from
the second one only by the substitution in the side
chain of methionine giving methionine sulfoxide,
Met[O]. Also we obtained two well-resolved peaks
for met-enkephalin and its admixture (peaks 4 and 5
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Fig. 3. Capillary zone electrophoresis of peptides at pH 3.6.
Conditions: capillary 45 cm (37 cm effective length) <50 pm;
voltage 15 kV; detection wavelength 214 nm; electrolyte 0.025 M
citric acid—Na,HPO, buffer, pH 3.6; electromigration injection:
10s at 5 kV. Pegks: 1=anisoyl-Arg—Arg—lle—Arg-Leu—His-Va—
NH,, 2=anisoyl-Arg—Arg—lle-Arg—Pro-Met-Leu-NH,, 3=
anisoyl-Arg—Arg—lle-Arg—Pro-Met[O]-Leu-NH,, 4, 5=met-
enkephalin and its admixture (concentrations 0.1-0.3 mg/ml).

in Fig. 3) eluted as one narrow peak in the previous
case (Fig. 2). We did not observe significant ad-
sorption and band broadening even for positively
charged peptides.

For proteins, the situation was changed. Even for
negatively charged proteins at pH 9 we obtained only
about 10° theoretical plates in the uncoated capillary.
The low protein recovery was measured in Ref. [11]
for similar conditions. This result may be explained
by presence of adsorption associated with conforma-
tional changes of protein molecules under action of
short-range forces [12,13]. This adsorption is ener-
getically favorable even for both negatively charged
proteins and surfaces but affected by surface quality
and hydrophilicity. In accordance with Ref. [15], the
preferential adsorption of protein molecules occurred
near the capillary surface defects observed in CE
commercial capillaries. The covalent surface coating
with a hydrophilic polymer was shown to be the
most stable with higher efficiencies and protein
recoveries [9,31,33]. At the same time, the study of
hydrophilic polyacrylamide (PAA) coating [37]
showed the presence of protein adsorption even at
negligible EOF. From the above described point of
view, even multilayer [16] or cross-linked [33,38]
polymer coatings can not fully eliminate protein
adsorption.

The effective method to prevent protein adsorption
on the capillary surface is the formation of the
regular “‘brush’” polymer structure with the distance
between polymer chains comparable to the protein
size [13]. The steric hindrance repulsion between
polymer chains and proteins does not permit a
protein molecule to approach the near surface posi-
tion where the short-range interactions are signifi-
cant. The success of coating with derivatized poly-
styrene nanoparticles [30] was probably caused by
this effect. At present, it is difficult to obtain the
controllable polymer “‘brush” inside a micron size
capillary channel. But the traditional chromatograph-
ic method of grafting [39] may be the logical
approach to solving this problem.

The new method of coating with grafting PGMA
is described in Section 2.3. Literature data showed
[38] that hydrophilic epoxy polymer coatings pro-
vided the good efficiency of protein separations and
stability in the wide pH range. In our procedure we
avoided the polymer cross-linkage and developed the
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method of grafting PGMA to the CE capillary
surface. This coating is particularly good not only to
suppress hydrophobic interactions and EOF but to
prevent adsorption caused by short-range interac-
tions. The test showed more than 1000 h stability of
this coating. The EOF rate in the coated capillary at
neutral pH decreased 4.2-times in comparison with
the uncoated capillary. Using PGMA-coated capil-
laries we achieved efficiencies up to 5-10 theoret-
ical plates for the positively charged protein mixture
(RSD =2%) (Fig. 4). Not very high efficiency can be
caused by residua electrostatic attraction. Another
explanation is high protein concentrations (1-2 mg/
ml) used for this study. In accordance with Ref. [33],
decreasing protein concentration from 1 to 0.1 mg/
ml can result in a fivefold efficiency increase.
Another biological macromolecule, double-
stranded DNA, is very different from proteins in its
adsorption behavior. First, the DNA molecule is
negatively charged in the TBE buffer (pH 8.3).
Hence, the electrostatic repulsion with negatively
charged silanol groups on a capillary surface takes
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Fig. 4. Capillary zone electrophoresis of basic proteins in the
PGMA-coated capillary. Conditions: capillary 50 cm (43 cm
effective length) X 60 wm; voltage 18.5 kV; detection wavelength
230 nm; electrolyte 0.02 M citric acid—Na,HPO, buffer, pH 4.2;
electromigration injection: 10 s at 18.5 kV. Peaks: 1= cytochrome
¢, 2=ribonuclease A, 3=sperm whale myoglobin, 4=horse
myoglobin, 5=conabumin (concentrations 1-2 mg/ml).

place. Secondly, the hydrophobic sites of DNA are
located in the interior of a double helix. Thirdly, the
conformational changes are restricted by the rela
tively rigid structure of a double helix [36]. As a
result, the adsorption of double-stranded DNA on the
silica surface is unfavorable in low ionic strength
buffers near and above neutral pH [36,40]. At the
same time, the size of DNA molecules is sufficient
for the strong adhesion.

It is known that DNA fragments cannot be sepa-
rated by free solution CZE due to the linear charge-
to-size ratio. HPCE in noncrosslinked polymer solu-
tions provides size-based DNA separation due to
interaction with linear randomly entangled polymers
in solution [4,5,41,42].

After the preliminary study, the 0.5% HPMC
solution was chosen as having moderate viscosity
and providing dynamic coating of a capillary surface
[25,43]. The first separation experience was negative.
We could not detect the highly purified N-Hind I11
DNA Digest sample because it was fully adsorbed in
the capillary. It was clear that in this case the
adhesion of DNA molecules took place. The method
of capillary treatment [42], applied with a few
modifications, permitted one to achieve the reproduc-
ible separation of a standard DNA mixture in the
uncoated capillary (RSD=2%) (Fig. 5). The new
capillary was treated with 1 M NaOH for 3 h and
then rinsed with water. Then, between experiments,
the capillary was rinsed, first, with 1 M NaOH for 10
min, then with 0.1 M NaOH for 10 min, then with
water for 10 min, then with diluted HPMC solution
(about 30% of final HPMC concentration) for 10
min, and, finally, filled with the viscous operating
buffer. As can be seen, the treatment is much longer
than the electrophoresis itself. Besides removing
adsorbed DNA molecules, this treatment repetition
had the same effect as the hydrofluoric acid etching
applied in Ref. [15] for smoothing the surface and,
hence, diminishing adhesion. The treatment of a
capillary with 0.1 M HCI utilized in Ref. [43] can
cause the time dependence of EOF that is difficult to
control.

The neutral covalent coatings used for DNA
separations [4,31,32] have a questionable effect on
DNA adsorption. These coatings serve to suppress
EOF. At the same time, eliminating the negative
capillary surface charge decreases the repulsion of
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Fig. 5. HPCE of \-Hind |11 DNA digest in noncrosslinked polymer solutions. Conditions: capillary 50 cm (43 cm effective length) X 50 wm;
voltage 20 kV; detection wavelength 254 nm; electrolyte 0.5% hydroxypropylmethylcellulose in TBE; electromigration injection: 29 s at 20
kV. Peaks: 1=23 130 base pairs (bp), 2=9416 bp, 3=6557 bp, 4=4361 bp, 5=2322 bp, 6=2027 bp.

DNA. Also, the treatment of a capillary surface with
cleaning liquids is not available. Finaly, the thin
polymer layer can not smooth the capillary surface.
From this point of view, the multilayer negatively
charged coatings with desired EOF rate would be
useful for double-stranded DNA separation over a
wide range of molecular mass.

4. Conclusion

After this series of experiments we can conclude
that HPCE of biopolymers is a very powerful
technique. The high efficiencies can be achieved for
pure samples. At the same time the negative in-
fluence of chemical adsorption and adhesion of
macromolecules on a capillary surface enhanced by
the presence of surface defects is significant. CE
performance, reproducibility and recovery, especial-
ly, for practical applications, such as blood proteins,
cellular DNA and environmental samples can be

problematic. In the case of proteins the methods of
capillary coating by grafting with hydrophilic poly-
mer chains can be used to prevent adsorption caused
by short-range interactions. For double-stranded
DNA, the capillary surface quality plays the dramatic
role in the prevention of adhesion. We suppose that
improved capillary quality control during the in-
dustrial process together with further development of
HPCE technique and capillary surface modification
procedures may be the way to reach the wide
admittance of HPCE for biological and environmen-
tal applications.
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