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Abstract Core—shell-type polymers based on a hyper-
branched (hb) poly(ethylenimine) core and a shell with a
variable maltose content were applied as coating materials
for fused silica capillaries. A new, simple, fast, and reprodu-
cible way of modifying the capillary walls through the physi-
cal adsorption of the core—shell-type polymers using a Cu>*
support was developed. The coating created by this method
was found to be very stable compared to the coating created
using a solution of the polymer only. Capillaries modified
with the core—shell-type polymers were tested by applying
them to the electrophoretic separation of catecholamines and
proteins. The modified capillaries showed high efficiencies
(up to 800,000 theoretical plates per meter for lysozyme) and
separation selectivities. The highest efficiency was achieved
using capillaries modified with the polymer containing the
lowest content of maltose in the shell and the most acces-
sible positively charged core. Various online concentration
techniques were also tested as a means to lower detection
limits further, making it possible to analyze proteins in bio-
logical fluids (saliva) as well as catecholamines in human
urine after SPE using activated alumina.
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Introduction

Capillary electrophoresis (CE) has become a powerful sepa-
ration technique, especially in the field of the analysis of
biologically active compounds, due to its high efficiency, use
of small sample volumes, ease of automation, and because
it can be readily and advantageously coupled to MS detec-
tion. However, the analysis of molecules with amino groups
(including aminoacids, catecholamines, proteins, and some
heterocyclic compounds) is complicated because they can
interact with silanol groups in the capillary walls through
electrostatic and hydrophobic interactions and intermolecu-
lar hydrogen bonds. Well-known and effective methods of
overcoming this disadvantage of CE are covalent modifica-
tion as well as the formation of physically adsorbed coatings
on the fused silica capillary walls that block access to silanol
groups and thus prevent the sorption of solutes.

These coatings can be developed based on small mol-
ecules (silanes, methyl methacrylates with amino and ammo-
nium groups, cationic lipid vesicles) or polymers (HMW
polyvinyl alcohols, methylcellulose, polyacrylamide, etc.)
[1-7].

The application of uncharged polymers as coating mate-
rials enables electroosmotic flow (EOF) to be suppressed,
which in turn increases the analysis time [8]. The deve-
lopment of new coatings for capillary walls for use in CE
remains an active area of research; for instance, there were
some publications in 2016 [9-11] focusing on the possibility
of using LMW compounds such as fullerenes, cyclodextrins,
and HMW polycationic compounds in coatings.

The stability of covalent coatings is limited by the stabil-
ity of covalent bonds in acidic and alkaline media. Physi-
cally adsorbed coatings are good alternatives to covalent
coatings due to their simplicity and because the procedure
involved in modifying the capillary walls is relatively rapid.
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Moreover, such coatings are compatible with MS detection,
whereas the surfactants and other additives used in dynamic
modification suppress sample ionization and contaminate
the ion source in MS detection [12].

The compounds most commonly used to develop physi-
cally adsorbed coatings include polycationic polymers that
contain a large number of positively charged groups and car-
bohydrates, as well as polymers such as polyethylenimine,
chitosan, polyarginine, Polybrene, and polydiallyldimethyl-
ammonium chloride [13-15].

Applying a spermine-dextran copolymer as a dynamic
coating of the walls of capillaries used for the separation
of neurotransmitters led to a considerable increase in ana-
lyte separation efficiency and selectivity [16]. Dendritic
polymers, which have a micelle-like globular structure and
a high terminal group content, are particularly promising
materials for developing stable coatings of fused silica capil-
lary walls [17]. They exhibit low viscosity in solution com-
pared to the corresponding linear polymers. Examples of
dendritic polymers that have been used in coatings include
polyamidoamine, cyclodextrin-derived, and carbosilane
dendrimers [18-20]. Hyperbranched (hb) polymers possess
the same properties as dendritic molecules; however, unlike

dendrimers, they are easy to synthesize. Most of the coatings
that are described in the literature as using hb polymers were
created by simply rapidly rinsing the capillary with solutions
of the modifying substances at appropriate concentrations.

The work reported in the present paper focused on the
application of hyperbranched “core—shell” polymers consist-
ing of a hyperbranched polyethyleneimine (PEI) core with
a mass of 5 kDa and a terminal oligosaccharide shell con-
taining varying contents of maltose (Mal). Three polymers,
A-C, were considered with shell maltose contents of 70, 32,
and 16%, respectively (Fig. 1). Polymer A predominantly
contained tertiary amino groups, while polymers B and C
mainly contained secondary and primary groups, respec-
tively. The syntheses of these polymers are described in [21].

These polymers are polyelectrolytes; they have a posi-
tively charged polyethylenimine core as well as a high den-
sity of terminal groups. The isoelectric point, solubility, and
surface properties of PEI-Mal vary depending on the degree
of substitution of the terminal amino groups by maltose resi-
dues. Polymer structure C possesses an open maltose shell
and a high isoelectric point (pI 9.4), whereas structures A
and B have denser maltose shells and lower isoelectric points
(pI 8.1 and 9.1, respectively). Thus, PEI-Mal is a prospective

structure B

06:1 03:1

structure C

~__-Open shell

maltose

Fig. 1 Hb polymers based on polyethyleneimine (PEI) surrounded by a maltose shell [20]
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candidate for the development of non-covalently bonded,
physically adsorbed coatings that can be applied to the walls
of capillaries used in electrophoresis.

In contrast to our previous research in which some hb pol-
ymers were used to develop dynamic and covalent coatings
[22], the work discussed here focused on the formation of
non-covalently bonded, physically adsorbed coatings in CE.
These coatings should possess better stability than dynamic
coatings, and should be much easier and faster to develop
than covalent coatings.

Materials and Methods
Reagents and Solutions

Copper(Il) sulfate, boric acid, ammonium acetate, sodium
hydroxide, disodium hydrogen phosphate, monobasic
sodium phosphate, dimethylformamide (DMFA), concen-
trated hydrochloric acid, phosphoric acid, and acetic acid as
well as dopamine (DA), epinephrine (E), normetanephrine
(NM), norepinephrine (NE), 3,4-dihydroxybenzylamine
hydrobromide (DHBA), human serum albumin (pI 4.7, M
66241 g/mol), lysozyme from chicken egg white (pI 11.0,
M 14300 g/mol), myoglobin from equine skeletal mus-
cle (pI 7.0, M 17800 g/mol), and transferrin from human
blood plasma (pI 5.8, M 79550 g/mol) were purchased from
Sigma—Aldrich (analytical grade; St. Louis, MO, USA).
1.0 mg mL~"! stock solutions of catecholamines were pre-
pared with 0.1 M hydrochloric acid, and 4.0 mg mL™!
stock solutions of proteins were prepared with deionized
water. The solutions of proteins and cathecolamines were
diluted before use to final concentrations of 1 mg mL~! and
25 pg mL~!, respectively.

Instrumentation

Instrumentation included a capillary electrophoresis system
(Capel-105 M, Lumex, St. Petersburg, Russia) equipped
with an UV-spectrophotometric detector (wavelength range
190-360 nm), a laboratory pH meter (Seven Easy, MET-
TLER TOLEDO, Greifensee, Switzerland), and an analytical
balance (Pioneer PA214C, OHAUS, Parsippany, NJ, USA;
e =1 mg, d =0.1 mg). Fused-silica capillaries with an exter-
nal polyimide coating (Polymicro Technologies, Phoenix,
AZ, USA; id 50 um, od 360 um, effective length 50 cm, total
length 60 cm) were also used.

Coating Development
Before the polymer coating was prepared, the capillary was

rinsed (for 30 min) with 1.0 M HCI, water, and (for 2 h) with
2 M NaOH to pre-activate the fused-silica surfaces of the

capillary walls. Hyperbranched core—shell polymers with
different degrees of substitution by maltose were tested as
coatings for CE. To this end, the capillary was flushed with
a solution of 10, 20, 30, 40, or 50 mg mL~! of PEI-Mal
(structure A, B, or C) dissolved in 20 mM phosphate buffer
solution (pH 7), 50 mM acetate buffer solution (pH 4), and
5 mM NaOH (pH 12) for 10, 30, or 60 min. After flushing
with polymer solution, the capillary was rinsed with water
for 10 min, and then with the corresponding background
electrolyte (BGE). The stability of the developed coating
was evaluated based on the EOF. DMFA dissolved in the
corresponding BGE was used as an EOF marker.

Cu**-supported coatings were developed by flushing the
capillary with PEI-Mal-Cu?* complexes for 30 min. Solu-
tions of PEI-Mal-Cu?* were prepared by dissolving 300 mg
of the polymer [A (28.6 kDa), B (21.5 kDa), C (13.5 kDa)]
in 0.5, 1.5, 2.4, 2.5, 2.6, or 3.0 mM CuSO, solution. After
modification, the resulting capillaries were flushed with
water and the appropriate BGE to remove excess hb poly-
mer. The EOF migration time was evaluated to confirm cap-
illary modification and assess the stability of the developed
coating.

Electrophoretic Separation Conditions

The analysis conditions were as follows: the water-bath tem-
perature control for the capillary was set at 20 °C; hydro-
dynamic sample injection at 30 mbar X 2 s; UV detection
(210 nm for proteins, 254 nm for catecholamines); voltage
at +20 kV, —20 kV. Before each injection, the capillary was
flushed with BGE for 3 min. The results were processed with
the Elforan software package.

Electrophoretic separation of catecholamines was carried
out in a 50 mM acetate buffer solution (0.192 g NH,Ac dis-
solved in 40 mL of deionized water and adjusted to pH 4
with acetic acid), detection was performed at 254 nm, and
hydrodynamic and electrokinetic sample injection were
implemented, as described in “Online Preconcentration of
Catecholamines with Modified Capillaries.” Protein separa-
tions were carried out in 100 mM phosphate buffer solution
(0.59 g NaH,PO, dissolved in 50 mL of deionized water and
adjusted to pH 2 with phosphoric acid).

Online Preconcentration of Catecholamines
with Modified Capillaries

All analyses were performed at normal polarity with poly-
mer-modified capillaries.

Field-Amplified Sample Stacking (FASS)

Catecholamines were dissolved in 0.001 M HCI solution
and diluted with water to 25 pg mL~!. Then the sample
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was hydrodynamically (30 mbar X 2 s) injected into a cap-
illary filled with 50 mM acetate buffer solution (pH 4).

Head-Column Field-Amplified Sample Stacking (HC FASS)

A water plug followed by the sample dissolved in 0.001 M
HCI were hydrodynamically injected into a capillary filled
with 50 mM acetate buffer solution. The conditions for
sample injection were 30 mbar X 2 s and the duration of
water plug injection was varied (30 mbar X 5, 30, 60, 90,
100, and 110 s).

Large-Volume Sample Stacking (LVSS)

The sample was dissolved in 0.01 M HCI and diluted with
water to 25.00, 2.50, or 0.25 pg mL~!, and was then hydro-
dynamically injected into the capillary (30 mbar x 100,
150, 200, 250, or 300 s).

Online Preconcentration of Proteins with Modified
Capillaries

All analyses were performed at normal polarity with the
polymer-modified capillaries.

Field-Amplified Sample Stacking (FASS)

The proteins were dissolved in water to 1.0 mg mL~". Then
the sample was hydrodynamically injected (60 mbar X 2 s)
into a capillary filled with 100 mM phosphate buffer solu-
tion (pH 4).

Head-Column Field-Amplified Sample Stacking (HC FASS)

The water plug was hydrodynamically injected into a
capillary filled with 100 mM phosphate buffer solution,
followed by the sample dissolved in distilled water. The
sample injection conditions were 30 mbar X 2 s, and the
duration of water plug injection was varied (30 mbar X 10,
30, 60, 90, 100, or 110 s).

Large-Volume Sample Stacking (LVSS)
The sample was dissolved in distilled water to

0.1-0.001 mg mL~! and then hydrodynamically injected
into the capillary (30 mbar x 20, 40, 60 s).

@ Springer

Sample Preparation of Biological Fluids for Analysis,
Recovery Studies, and Quantitation

For the analysis of lysozyme, saliva was centrifuged
(3000 rpm for 10 min) and diluted five times with deion-
ized water.

Human urine was collected in a container for 24 h. The
container was filled with 15 mL of 6 M HCl as a preserva-
tive. The urine was kept at 4 °C until assayed. The urine
samples for the recovery experiments and the quantitation
results were collected on different days. Sample preparation
included SPE on alumina sorbent that had previously been
washed with 2 M HCI and heated in an oven at 200 °C for
3 h, as described in [28]. Four hundred microliters of 50 mM
EDTA were added to 4 mL of urine to prevent oxidation.
After that, the pH was adjusted to 8.5 with 1 M Na,CO;.
Activated alumina (10 mg) was added to the sample, which
was stirred for 2 min and filtered. The urinary free catecho-
lamines were retained on sorbent. They were eluted into a
glass vial using 200 pl of 0.1 M acetic acid. Thus, the ana-
lytes were concentrated twentyfold.

To evaluate the catecholamine recoveries, human urine
samples supplemented with catecholamine standards but
with no added standards were extracted by SPE and ana-
lyzed by CE. The recoveries were calculated by comparing
the difference between spiked and unspiked samples to the
signal from standards of the corresponding concentrations.
The recovery of lysozyme was evaluated in the same way.

The quantitation of catecholamines was performed by
internal standard calibration. 3,4-Dihydroxylbenzylamine
(DHBA) was used as an internal standard. Samples of
human urine supplemented with catecholamines at various
concentrations (0.4-3.0 pg mL™!) and the internal standard
at a constant concentration (1.0 pg mL™") were analyzed.
The calibration dependences were determined as the rela-
tionships between the area ratios and the concentration ratios
of the analytes to the internal standard.

Results and Discussion

The development of a positively charged coating on the
internal surfaces of fused-silica capillary walls is one of the
most common approaches used to achieve high efficiency,
separation selectivity, and migration time reproducibility for
the main molecules examined in capillary electrophoresis.
Examples of carbohydrates that are used to develop efficient
physically adsorbed coatings include chitin and chitosan.
Combinations of “anchor” and “functional” components in
one material, as described in [15], are also of interest. For
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example, spermine-graft-dextran, in which spermine acts
as an anchor component and dextran as a functional com-
ponent, has been employed in capillary wall coatings. The
anchor part provides the adhesion with the capillary surface,
while the functional part behaves as an EOF suppressor.

In this work, the polymers studied are core—shell types,
consisting of a hb polyethyleneimine core surrounded by a
maltose shell that can vary in density (leading to structures
A, B, and C), and are bifunctional macromolecules. The PEI
core in such structures can act as an anchor component that
interacts with the negatively charged quartz surface. The
maltose residues in the polymer shell can act as the func-
tional component. It was assumed that, depending on the
maltose content in the shell (i.e., whether structure A, B, or
C of the hb polymer was used), the EOF could be suppressed
or reverse flow could be attained.

Development of Capillary Wall Coatings with PEI-Mal

In order to investigate the above hypotheses, capillaries were
rinsed with PEI-Mal solutions (structures A, B, and C) in
20 mM phosphate buffer, pH 7; the polymer and capillary
walls were oppositely charged. The EOF migration time
with the unmodified fused silica capillary, using the same
BGE, was taken as the reference. Due to adsorption on the
fused silica capillary walls, polymer structure A provided a
significant decrease (35 times) in EOF migration time that
depended on the concentration of the polymer solution used
(see “Coating Development”). The PEI core of polymer A is
hard to reach due to the high-density maltose shell around it.

Flushing the capillary with polymers B and C and then
measuring the EOF migration time of the correspond-
ing BGE (without any polymer) resulted in reverse EOF.
This is due to the creation of positively charged capillary
walls following the protonation of the PEI amino groups,
which—unlike in polymer A—are not shielded by a malt-
ose shell and are therefore easier to reach.

Table 1 Reproducibility and duration of the modified capillaries

The time for which the capillary was flushed with the
polymer solution was varied (see “Analysis of Catechola-
mines Using Capillaries Modified with PEI-Mal” for the
polymer concentrations and the pH of the BGE), and the
optimal conditions were found to be 30 min, 30 mg mL~!,
and 20 mM phosphate buffer solution, pH 7. After modi-
fication, each capillary was washed with water for 20 min
to remove excess polymer. The stability of each capillary
coating was evaluated based on the stability of the EOF
and the catecholamine migration time (Table 1).

These capillaries were tested for use in the electropho-
retic separation of catecholamines (DA, E, NM, NE), and
they showed increased efficiency (up to 220 x 10° t.p./m)
compared to unmodified capillaries (around 60 x 10°
t.p./m). However, the catecholamine migration times and
separation selectivities decreased notably after 3—5 analy-
ses. This indicated that the developed coating was unsta-
ble and washed away with the BGE during analysis and
capillary flushing. The use of water-soluble polymers as
coating materials led to poor coating stability because they
dissolved in the BGE [23].

In order to develop more stable coatings, we decided to
add Cu?* to the polymer solution as a supporting additive.
Due to the presence of diol fragments in maltose residues,
PEI-Mal associates with Cu®** ions and forms Cu**—PEI-
Mal complexes. The formation of complexes between PEI-
Mal and Cu?* was demonstrated by the appearance of a
new absorption band in the UV spectrum originating from
the Cu>*-PEI-Mal A complex (311 nm); this band was
absent from the individual spectra of both components
of the complex. For Cu?>*—PEI-Mal B and C, the absorp-
tion bands were at 285 and 274 nm, respectively. These
complexes are thought to be adsorbed on the negatively
charged capillary walls more effectively than PEI-Mal
alone.

The modification process included washing the capillary
with Cu**-PEI-Mal dissolved in 5 mM NaOH for 30 min.
The capillary was then flushed with water and the BGE

Polymer coating HEQF
(m?/V s x 1079

Analysis-to-analysis (n = 10)
RSD of catecholamine migra- responding RSD of migration of catecholamine migration

Number of analyses with cor- Day-to-day (n = 10) RSD

tion time (%) time time (%)
PEI-Mal structure A 8.3 3.00 5 -
Cu’*-PEI-Mal structure A 8.5 1.00 250 1.50
(6:1, mol.)
PEI-Mal structure B —-6.0 3.20 7 -
Cu**—PEI-Mal structure B -5.8 1.15 150 1.15
(4:1, mol.)
PEI-Mal structure C -7.2 1.50 12 -
Cu**—PEI-Mal structure C -7.0 1.50 60 1.60
(3:1, mol.)
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for 20 min, and the EOF was measured at pH 7. This pH
was chosen because of the strong interactions between the
Cu?*—PEI-Mal complexes and the negatively charged capil-
lary walls at this pH.

An important factor is the ratio of Cu** to PEI-Mal in
the complexes. According to an accepted approximation, the
complexes form due to interactions between Cu* ions and
the diol fragments of the maltose residues in the shell. The
optimal ratio of Cu** to PEI-Mal depends on the content
of maltose residues in the shell, which also influences the
stability of the resulting coating. Thus, the optimal molar
ratios of Cu®* to PEI-Mal in the complexes (i.e., those that
provided the most stable coatings) were found to be 6:1,
4:1, and 3:1 for polymers A, B, and C, respectively. The
durability of the coating increased with increasing maltose
content in the shell. The stability of the capillary coating was
determined by investigating the stability of EOF migration
as well as the stability of the catecholamine migration time.

The separation of catecholamines was performed with a
50 mM acetate buffer solution, pH 4. Table 1 shows the anal-
ysis-to-analysis and day-to-day RSDs of the catecholamine
migration time and the number of analyses with the corre-
sponding RSD for the capillaries modified with PEI-Mal and
PEI-Mal-Cu?*. The acceptable statistical values obtained
suggest that the coatings are suitable for CE analysis.

The coatings developed in this work possess much higher
stability than coatings based on polymer solutions only. The
influence on the EOF, efficiency, and separation selectivity
being the same in both cases. The catecholamine migration
time and the EOF did not change even after the modified
capillaries were lushed with 0.01 M HCI, water, and 0.01 M
NaOH each for 5 min between analyses. When the coating
deteriorates it can be renewed by flushing the capillary with

Fig. 2 Electropherograms of 2,5 4
catecholamine separation using

capillaries modified (A) or

unmodified (B) with PEI-Mal

(structure C). Experimental 2
conditions: BGE: 50 mM

acetate buffer solution, pH 4.0;

separation voltage +20 kV; A.
20 °C; A = 224 nm; sample 1,5
injection: 2 s, 30 mbar; concen- s
tration of each catecholamine <
in the sample: 2.5 pg mL™! (A)
and 10.0 ug mL™" (B) 1
B.
0,5
O {
0,5 2,5 4,5
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the modifier under the same conditions as employed when
the coating was first generated.

Catecholamines and proteins with various molecular
weights and isoelectric points (pI values: lysozyme, 11.0;
transferrin, 5.8; myoglobin, 7.0; albumin, 4.7) were chosen
as model systems to evaluate the performance of the capil-
laries with PEI-Mal-Cu>* coatings.

Analysis of Catecholamines Using Capillaries Modified
with PEI-Mal

Small-molecule neurotransmitters are important chemical
messengers that mediate signaling between neuronal cells in
the brain. While numerous normal neuronal functions lead
to fluctuations in the concentrations of these neurotransmit-
ters, they can also be associated with pathological changes
in neurological disorders such as Parkinson’s disease [24].
This is why it is important to monitor the concentrations of
neurotransmitters in blood. HPLC and CE are usually used
to separate these solutes. In the present work, we applied the
capillaries coated with PEI-Mal-Cu?* in our technique for
the separation and online concentration of catecholamines.

Due to the silanol groups covering the capillary walls,
these capillaries provide higher efficiency and separation
selectivity for catecholamines than unmodified capillaries
do (Fig. 2). Also, the highest efficiencies (up to 480 X 10°
t.p./m) were achieved using capillaries modified with poly-
mer C (Fig. 3), which had the most accessible positively
charged core. The polymers adsorbed on the capillary sur-
face create a barrier to the sorption of analytes. Moreover,
reverse EOF in these capillaries causes the preconcentra-
tion of analytes through the expulsion of the sample matrix
during sample injection and the movement of the analytes

NE NM
DA E

NE

DA E

6,5 8,5 10,5 12,5 14,5
t, min
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Fig. 3 Comparison of the 500000 1
catecholamine separation effi-

ciencies of capillaries modified

with polymers with different

structures (A, B, or C) as well

Efficiency, t.p./m

Il

B Unmodified capillary

M Cu - PEI-Mal-A 5 kDa

1 Cu - PEI-Mal-B 5 kDa

B Cu-PEI-Mal-C 5kDa

0

in the opposite direction to the EOF. This is why the cat-
echolamine separation efficiencies of the capillaries treated
with polymer structures B and C (in which reverse EOF was
observed to occur) were much higher than the correspond-
ing efficiencies of the capillaries modified with polymer A
(Fig. 3). The peak resolution was also improved when the
PEI-Mal-modified capillaries were used (Table 2).

Despite the increased efficiencies and separation selec-
tivities achieved with the PEI-Mal-modified capillaries,
the resulting LODs were still not low enough to permit the
analysis of catecholamines in biological fluids (~5 pg mL™).
In view of this, various online concentration techniques were
applied in conjunction with the modified capillaries in order
to preconcentrate the catecholamines. Given that reverse
EOF occurred in the capillaries modified with PEI-Mal B
and C, we chose to use the FASS, HC FASS, and LVSS tech-
niques. The preconcentration efficiency was estimated from
the stacking efficiency factor (SEF,), which was calculated

450000 -
400000 -
as an unmodified capillary 350000 -

i 300000 -
250000 - p

S 200000 { g ‘
150000 -
100000 -
50000

DA NE NM E'

by dividing the peak height obtained following online con-
centration by the peak height obtained with conventional
injection (hydrodynamic injection for 2 s), after correcting
for the dilution factor.

HC FASS was carried out by varying the duration of
water plug injection prior to sample injection. However, the
resulting increase in efficiency, SEF,, and decrease in the
limit of detection were found to be insufficient. Much better
SEF,, and LOD values were achieved using LVSS in con-
junction with the capillary modified with polymer C
(Table 3). The SEF, was calculated via SEF, = Z—TA. This

preconcentration technique is best suited for use in combina-
tion with the capillaries modified with polymers B and C,
which showed reverse EOF.

Table 2 Peak resolutions in the
separations of catecholamines
and proteins using polymer-

Capillary coating

R

S

Catecholamines

Proteins

modified and unmodified
capillaries (n = 3, P = 0.95)

None (unmodified capillary)
Cu*?-PEI-Mal-A (6:1, mol.)

Cu*?-PEI-Mal-B (6:1, mol.)

Cu*?-PEI-Mal-C (3:1, mol.)

2.00 + 0.01(DA/NE)
0.51 + 0.03(NE/NM)
0.72 + 0.01(NM/E)
3.30 + 0.01(DA/NE)
0.71 + 0.01(NE/NM)
1.56 + 0.01(NM/E)
4.00 + 0.01(DA/NE)
1.11 + 0.01(NE/NM)
1.82 + 0.01(NM/E)
4.80 + 0.01(DA/NE)
1.43 + 0.01(NE/NM)
1.91 + 0.01(NM/E)

1.02 + 0.01(Lis/Alb)
1.06 + 0.02(Alb/Myo)
1.00 + 0.04(Myo/Trf)
1.1 + 0.01(Lis/Alb)
1.1 + 0.01(Alb/Myo)
2.8 + 0.01(Myo/Trf)
1.1 + 0.01(Lis/Alb)
1.9 + 0.01(Alb/Myo)
3.0 + 0.02(Myo/Trf)
1.03 + 0.01(Lis/Alb)
1.60 + 0.01(Alb/Myo)
4.20 + 0.01(Myo/Trf)
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Table 3 Online concentration conditions and parameters used for catecholamine separation with PEI-Mal-modified capillaries (n = 3, P = 0.95)

Capillary coating Concentration technique Conditions applied Analyte
DA NE NM E
Cu>*—polymer A (Mal), Head-column field-ampli- ~ Sample matrix: water; SEF,
5 kDa (6:1, mol) fied sample stacking (HC ~ hydrodynamic sample 1324002 154+0.10 146+002 1.31+0.02
FASS) injection (30.mpe}r, 2.s); LOD (ug mLY)
hydrodynamic injection
of water (30 mbar, 90 s) 389+0.06 331+01 286+0.01 4.07+0.01
Cu?*—polymer C (Mal), Large-volume sample Sample matrix: water; SEF,
5 kDa (3:1, mol) stacking (LVSS) h}{dro@ynamic sample 16.70 +0.03 15.81 +0.02 11.3+0.01 11.0+0.03
injection (30 mbar, 300 s) LOD (ug mL)
0.17+0.01 0.17+0.02 0.22+0.01 0.25+0.01

SEF, = j:—?A

Here, h, is the peak intensity obtained with standard sample injection (2 s, 30 mbar) while £, is the peak intensity obtained following the appli-

cation of the concentration technique. A is the dilution coefficient

SPE-CE of Catecholamines in Urine

The high sensitivity and separation selectivity obtained by
applying the LVSS method in conjunction with the capil-
lary modified with polymer C allowed us to determine the
catecholamines in human urine after SPE of the analytes
using activated alumina. The electropherogram of the urine
sample is shown in Fig. 5a. The peak assignments as well
as the recoveries were confirmed by spiking human urine
with different standard reference solutions of analytes and
3,4-dihydroxylbenzylamine (DHBA), which was chosen for
use as the internal standard. The concentrations of the stand-
ard reference catecholamines and DHBA in the human urine
were 30 and 50 ng mL~!, respectively. After that, the urine
sample was subjected to SPE and CE analyses. Recoveries
were ranged between 82 and 87% (Table 4), wherein the
recoveries based on the spiked amounts were 57-64%.

The concentrations of the catecholamines in the urine
were determined using internal standard calibrations, which
were obtained using the urine samples. For the experiment,
we used urine samples collected on different days. The linear
range studied for the catecholamines was 0.25-50 pg mL™".

However, the real concentrations of catecholamines in
human urine are below this range. SPE of the urine samples
led to the twentyfold preconcentration of all the analytes.
This allowed them to be detected using the method devel-
oped here. The catecholamine concentrations in the urine
were 68 + 2 ng mL~! for DA, 38 + 3 ng mL~! for NE,
and 27 + 2 ng mL~! for E, which corresponded to the nor-
mal levels of these catecholamines in the urine of healthy
patients [25]. The weak reverse EOF caused by the use of the
capillary modified with PEI-Mal structure C in conjunction
with the LVSS method led to the expulsion of the sample
matrix and the complete separation of the catecholamines
from the matrix components. These results demonstrate that,
when used with the solid-phase extraction procedure, the
proposed method is suitable for the determination of cat-
echolamines in human urine.

Analysis of Proteins with Capillaries Modified
with PEI-Mal

The same experiments were carried out to determine the
proteins lysozyme, myoglobin, transferrin, and albumin.

Table 4 SPE recoveries of catecholamines from spiked urine (n = 3, P = 0.95)

Compound Spike level Expected Observed Recovery (%)

DHBA No spike - - 87.2+43
50 ng mL™! 50 ng mL~! 43.6 + 2.1 ng mL™!

DA No spike - 70.0 + 3.0 ng mL™! 87.0+£5.0
30 ng mL™! 100 ng mL™! 87.0 + 4.1 ng mL™!

NE No spike - 43.0 +2.0 ng mL™! 85.5+4.7
30 ng mL™! 73 ng mL~! 62.4 +2.9 ng mL™!

E No spike - 32.0 + 2.0 ng mL™! 82.2+3.5
30 ng mL™! 62 ng mL™! 51.0 + 3.5 ng mL™!
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The concentrations of these proteins in biological liquids are
important diagnostic criteria for human diseases [26, 27].
The analysis of these analytes using the PEI-Mal-modified
capillaries led to substantial increases in efficiency (up to
21-fold for lysozyme) and separation selectivity (Table 5).

The highest protein separation efficiencies were observed
with the capillaries modified with polymers B and C (Fig. 4).

Applying the LVSS online concentration technique led
to further increases in efficiency and decreases in LOD
(3- to 30-fold; see Table 6). This can be explained by the
reverse EOF that occurred under these conditions. The other

Table 5 Protein separation

Capill ti
efficiencies of unmodified apriiaty coating

Number of theoretical plates per meter

capillaries and capillaries
modified with PEI-Mal (n = 3,
P =0.95)

Fig. 4 Electropherograms

Liz

Alb

Myo

Trf

None (unmodified capillary)
Cu**—PEI-Mal-A (6:1, mol)
Cu®*—PEI-Mal-B (6:1, mol)
Cu**-PEI-Mal-C (3:1, mol)

20428 + 400
206 000 + 2000
760 600 + 3000
860 000 =+ 9000

9533 + 235
34 000 + 500
87 000 + 1500
67 000 + 3000

12,643 + 125

74 000 = 1500
312 000 + 500
343 000 + 8000

6448 + 919
36 000 + 500
80 000 + 1000
46 500 + 1000

23,5 4

of the separation of proteins

using a capillary modified with

PEI-Mal (structure C) (A) and

an unmodified capillary (B). 18,5
Experimental conditions: BGE:
100 mM phosphate buffer solu-
tion, pH 2.0; separation voltage
+20kV; 20 °C; A =214 nm;
sample injection: 2 s, 30 mbar;
concentration of each protein in
the sample: 50 pg mL™! (A) or
500 ug mL~! (B)

HAuU

Lis

Myo

Trf

45 1 3

7 9 11 13 15 17 19
t, min

Table 6 Online concentration conditions and SEF, and LOD parameters associated with protein separation (n = 3, P = 0.95)

Capillary coating Online concentration Conditions Analyte
technique -
Lis Alb Myo Trf
Cu**—polymer B (Mal), HC FASS Sample matrix: water; hydro- ~ SEF,
5 kDa (4:1, mol) dggan;ic szmpli ir(lijeztion 1.12 £ 0.01 1.06 +£0.07 1.06+0.19 079 +0.10
ilamrilcl: \ira;tersi)r,ljeZtiro(; 21600) LOD (pg mL™)
11.61 +2.36 30.17 £ 8.27 33.15+2.59 58.88 +7.45
Electrostacking Sample matrix: water; electro- SEF,
kinetic sample injection (2, 231 4+ 0.02 139£0.10 133+032  0.81+0.07
2kV) LOD (ug mL™")
7.19 £0.10 23.02+£2.29 27.03+1.15 5028 +£1.22
Cu**—polymer C (Mal), LVSS Sample matrix: water; hydro-  SEF,
5kDa (3:1, mol) dynamic sample injection 4520+ 578 3475+ 0.24 39.13 £4.52 48.25+2.14
(30 mbar, 40 s) LOD (ug mL™")
0.48 +0.05 242 +0.07 1.78+0.15 1.04 £ 0.18
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Fig. 5 Electropherograms of a human urine and b human saliva sam-
ples obtained using LVSS in conjunction with a capillary modified
with PEI-Mal structure C. Experimental conditions: a BGE: 50 mM
acetate buffer solution, pH 4.0; separation voltage: +20 kV; 20 °C;

concentration techniques (FASS, HC FASS) proved to be
much less effective at promoting the efficiency and lower-
ing the LOD.

The LODs achieved for the proteins allowed us to carry
out analyses of lysozyme in saliva (Fig. 5b). These analyses
showed high reproducibility of the analyte migration time
(RSD <1.5%). The decrease in LOD obtained by using the
PEI-Mal-modified capillaries enabled the determination of
lysozyme in saliva in the range 2040 pg mL~! (Fig. 5b).
The recovery of lysozyme was 98 + 4% as determined
by the standard addition (25 pg mL™") of lysozyme to the
saliva before dilution. The determined lysozyme content
was 20 + 1 pg mL~!, which is in good accord with rel-
evant literature data [29]. The linear range for lysozyme was
0.5-45.0 pg mL™",

Concluding Remarks

A new, simple, fast, and reproducible method of modifying
capillary walls using the physical adsorption of core—shell-
type hb polymers with Cu®* support was developed. It
was shown that the most durable PEI-Mal-based coating
was that with the highest amount of maltose in its struc-
ture. However, the highest efficiencies and LODs were
achieved for protein and catecholamine determination
when the PEI-Mal with the lowest maltose residue content
was applied, as it facilitated the development of a reverse
EOF and positively charged analytes. The use of the LVSS
concentration technique in conjunction with this modified
capillary yielded the lowest LODs for proteins (down to
0.5 pg mL™!) in the analysis of biological fluids (saliva
and blood serum) and for catecholamines in human urine.

@ Springer

Adsorbanse

1,4 A

0,8 1
0,6 A “

0,2 T T T T
4,5 6,5 8,5 10,5 125

t, min

Lys

145

A = 224 nm; sample injection 300 s, 30 mbar; b BGE: 100 mM phos-
phate buffer solution, pH 2.0; separation voltage: +20 kV; 20 °C;
A =224 nm; sample injection: 40 s, 30 mbar (P = 0.95, n = 3)
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