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Preparation and evaluation of stable coating for capillary electrophoresis
using coupled chitosan as coated modifier
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Abstract

A coated capillary modified with a coupled chitosan (COCH) was developed by using a simple and fast (60 min) process that could be easily
automated in capillary electrophoresis instrument. The COCH coating was achieved by first attaching chitosan to the capillary inner wall, and
then coupling with glutaraldehyde, and rinsing chitosan again to react with glutaraldehyde. The COCH coating was stable and showed amphoteric
character over the pH range of 1.8–12.0. When the pH value was lower than 4.5, the capillary surface possessed positive charges, which caused a
r n 4.5. The
C n coating.
T n of EOF.
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eversal in the direction of the electroosmotic flow (EOF). The normal EOF direction could be obtained when the pH value was higher tha
OCH coating showed strong stability against 0.1 mol/L HCl, 0.1 mol/L NaOH and other solvents compared with conventional chitosa
he relative standard deviation of the run-to-run, day-to-day and capillary-to-capillary coating was all below 2% for the determinatio
he COCH-modified capillary was applied to acidic and basic proteins analyses and high efficiency could be attained. The comparis
nmodified capillary, chitosan-modified and COCH-modified capillary for the separation of real sample, extract fromElaphglossum yoshinagae
ith water, was also studied. Better results could be obtained on COCH-modified capillary than the other two capillaries.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Capillary electrophoresis (CE) has been utilized as a domi-
ant separation technique for biochemical sample analytes, such
s proteins and peptides, because of its high efficiency, fast sep-
ration, small samples need, etc.[1–3]. However, when proteins
ere separated by using uncoated fused silica capillary, adsorp-

ion of the samples to the capillary wall often occurred, which
ould result in protein peaks broaden, tailing, decreased repro-
ucibility and even being impossible to be detected. The reasons
f low separation efficiencies for protein are complex, but the
resence of charged silanol groups on the wall surface plays an

mportant role[4,5].
Several approaches have been proposed in order to decrease

rotein adsorption on capillary surface, including manipulation
f the buffer pH to make the silanol groups fully protonated
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[6] or fully ionized [7]; using of additive in the sample[8,9];
coating of the inner capillary wall by chemically bonding
physically adsorbing[5,9,10–22]. In the last approach, adsor
wall coating is an attractive alternative to covalent coating
to the simplicity and speed of the coating process. Many t
of reagents, such as polyacrylamide[23,24], poly(vinyl alcohol
[25–27]and poly(ethylene oxide)[28,29], etc., have been us
to coat capillary inner surface. There are several reviews foc
on wall coating and modification[30–35].

Chitosan, or (1→ 4)-2-amino-2-deoxy-�-d-glucan, is
hydrophilic polyelectrolyte obtained by deacetylation of ch
which is very abundant in nature[36]. Yao and Li [9] have
employed it as both a dynamic and static cationic adsorbed
ing for the analysis of basic proteins. Good separation re
were obtained and higher 400,000 theoretical plates/m cou
achieved. However, only a pH range of 3.0–5.5 was used i
work, which was narrow for the analysis of basic proteins
real samples. At the same time, the stability of chitosan co
needed to be improved. In this study, a simple and stable
tosan coating process was described. Chitosan first adsor
the capillary wall, then coupled with glutaraldehyde, and fin
039-9140/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Fig. 1. Scheme of the capillary profile of COCH coating.

coated chitosan again to obtain multiple polymer layers, which
thickly coat the capillary wall like a “carpet”. The characters of
coupled chitosan (COCH) coating and chromatographic perfor-
mance for basic and acidic proteins were evaluated. Comparison
between unmodified, chitosan-modified and COCH-modified
capillaries for the separation of a real sample was also inves-
tigated.

2. Materials and methods

2.1. Chemicals and materials

Chitosan (average molecular mass ca. 300,000 and degree
of deacetylation, 92%) was obtained from Yuhuan Chemical
Factory (Zhejiang, China). Its stock solution, ca. 1% (w/v) in
1% aqueous acetic acid was prepared by stirring at room tem-
perature then filtering through a 0.45�m membrane. Bovine
serum albumin (BSA) and cytochromec were purchased from
Sigma (St. Louis, MO, USA) and their samples were diluted in
deionized water at a concentration of 0.2 g/mL. Glutaraldehyde
(25% water solution), benzyl alcohol, which was used as an
EOF marker, and other reagents were obtained from Shanghai
Chemical Reagents Co. (Shanghai, China). Fused silica capil-
lary (75�m i.d.× 375�m o.d.) used in this study was obtained
from Yongnian Ruifeng Instrumental Co. (Hebei, China).
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2.3. Procedure for coupled chitosan (COCH) coating

COCH coating was achieved by the procedure described
below. All of the rinsing employed the rinsing function of the
“Beckman” P/ACE MDQ system under the rinse pressure of
20 psi. The capillary was rinsed with 1 mol/L NaOH for 30 min,
and then with deionized water for 15 min in order to clean the
capillary and enhance the dissociation of the silanol groups.
After preconditioning, the capillary was rinsed with chitosan for
10 min and allowed to contact statically with the capillary for
10 min, so that more chitosan was adsorbed by silanol groups,
then rinsed with 12.5% glutaraldehyde solution 5 min and con-
tacted statically 15 min for coupling with chitosan. Finally, the
same concentration chitosan solution was used to rinse over the
glutaraldehyde 10 min and contacted statically 10 min to form
the outer cationic coating. The scheme of the COCH-coated
capillary was shown inFig. 1.

3. Results and discussion

3.1. Effect of chitosan concentration on the EOF

The polycationic chitosan can be adsorbed to the nega-
tively charged surface of fused silica capillary because chitosan
exhibits high density of positive charges in aqueous acidic solu-
tion [9]. Effect of chitosan concentration on the EOF was shown
i tion
o tion
o cial
d n. As
t tosan
m reas-
i ace,
a san,
t di-
c rface.
.2. Apparatus

CE was performed with a “Backman” P/ACE MDQ syst
Fullerton, CA). Thirty-two karat workstation was used for d
rocessing (Fullerton, CA). The theoretical plate numbers
ere determined from peak widths at half height (w0.5) using the

ormula N = 5.54(tR/w0.5)2. The capillaries were thermosta
t 25◦C by using liquid coolant and the samples were inje
y pressure (0.5 psi) for 5 s. All samples were detected by
bsorbance at 214 nm.
n Fig. 2. It could be seen from the figure that the concentra
f chitosan was just at 0.005% (w/v) an inversion in the direc
f the EOF was exhibited, which indicated that the interfa
ouble layer had been modified by the adsorption of chitosa

he concentration of chitosan increased further, more chi
olecules were adsorbed to the surface, which results in inc

ngζ potential of the electric double layer at the capillary surf
nd faster EOF was observed. With above 0.15% of chito

he capillary exhibited relatively constant EOF, which in
ated a saturation of chitosan coverage at the capillary su
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Fig. 2. Influence of chitosan concentration on the EOF. Conditions: applied
voltage,−8 kV; buffer, 0.05 moL/L phosphate buffer at pH 1.8; capillary, 75�m
i.d.× 31.2 cm (21 cm effective length).

The concentration of chitosan 0.2% was chosen for further
research.

3.2. Comparison of EOF on uncoated capillary and
COCH-coated capillary

The EOF of uncoated capillary and COCH-coated capillary
over the pH range of 1.8–12 was investigated. The results wer
shown inFig. 3. The EOF of the uncoated capillary was gener-
ated from anode to cathode, and was stable above pH 9. Howeve
the EOF started to decrease when the pH was lower than 9
and was almost suppressed below pH 3.5. On the other han
the COCH-coated capillary exhibits positive charges because o
the existence of NH2 groups on the chitosan molecules when
the pH below 4.5, so the EOF reversed from cathode to anod
below pH 4.5. At the same time, EOF decreased when the pH
value increased from 1.8 to 4.5 because the number of positiv

F Con
d oated
c .5;
b ffer a
p fer at
p

charges NH2 groups decreased. When the pH value increased
continuously, the number of charged silanol groups that have
not been modified by coupled chitosan increased, while positive
charges NH2 groups decreased further. There was no EOF could
be detected at pH 4.5 because the amount of charged silanol
groups equal to the amount of charges NH2 groups. EOF was
normal from anode to cathode when the pH value was above 4.5
because ionization silanol groups predominate on the capillary
wall, but it was lower than the EOF of uncoated capillary, which
demonstrated that parts of the activity of silanol groups on the
capillary wall was restrained by the coupled chitosan coating.

3.3. Stability of COCH-coated capillary

A comparison of stability test of the chitosan-coated capillary
and the COCH-coated capillary against continuous analysis was
performed, and the results were shown inFig. 4. The stability
was evaluated by measuring the EOF at pH 3.0 for chitosan-
coated capillary (it could be used only pH 3–5.5[9]), and pH
1.8 and 12.0 for COCH-coated capillary. If the EOF could not be
detected within 60 min, the EOF was defined as 0 (m2 V−1 s−1).
It could be seen from the figure that the EOF of chitosan-coated
capillary continuously decreased and endured only 14 runs at
pH 3.0. On the other hand, the COCH-coated capillary endured
at least 500 runs and 150 runs at pH 1.8 and 12, respectively. The
severe disadvantage of the conventional chitosan-coated capil-
l ome
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ig. 3. EOF of uncoated and COCH-coated capillaries under different pH.
itions: the concentration of chitosan, 0.2%; applied voltage, 8 kV for unc
apillary,−8 kV for COCH-coated capillary at pH < 4.5 and 8 kV at pH > 4
uffers, 0.05 mol/L phosphate buffer at pH 1.8–3.5, 0.05 mol/L acetate bu
H 4–5, 0.05 mol/L phosphate buffer at pH 6–7 and 0.05 mol/L borate buf
H 9–12; capillary, 75�m i.d.× 31.2 cm (21 cm effective length).
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ary was its low endurance. However, this problem was overc
imply by coupled chitosan coating, which described abov

.4. Chemical stability

The chemical stability of the chitosan-coated and CO
oated capillaries was investigated, and the results were s
n Table 1. The EOF was first measured when the coated
ary was prepared. Then the capillary was rinsed with the so
isted inTable 1for 15 min, and the EOF was measured ag
he chemical stability was evaluated on the basis of the d
ation ratio described inTable 1.

It could be seen that the chitosan-coated capillary was u
le after 0.1 moL/L HCl, 5 moL/L urea, CH3OH, CH3CN and
% (v/v) HCOOH rinsing, the coating was severely detac
fter 0.1 moL/L NaOH rinsing. Although the degradation r

or COCH-coated capillary was 12.25% after 0.1 moL/L Na
insing, it was much more stable than chitosan-coated w
egradation ratio was 94.91%. After other solvent rinsing
egradation ratio obtained from COCH-coated capillary wa
elow 4%, which demonstrated that the chemical stability

mproved. The tolerance of COCH-coated capillary to both
nd NaOH assured the relatively wider pH range to be us
nalysis than that of chitosan-coated capillary.

.5. Reproducibility

The reproducibility of COCH-coated was investigated ba
n the detection of EOF, and the results were shown inTable 2.

t could be seen from the table that good reproducib
ere obtained. The run-to-run (n= 6), day-to-day (n= 6) and
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Fig. 4. Endurance of chitosan-coated and COCH-coated capillaries. Conditions: applied voltage, 8 kV for COCH-coated capillary (pH 12) and−8.0 kV for COCH-
coated (pH 1.8) and chitosan-coated capillary (pH 3.0); other conditions were the same as inFig. 3.

Table 1
Chemical stability of chitosan-coated and COCH-coated capillary

Chitosan-coated COCH-coated

EOFa

(10−8 m2 V−1 s−1)
EOFb

(10−8 m2 V−1 s−1)
Degradation
ratioc (%)

EOFa

(10−8 m2 V−1 s−1)
EOFb

(10−8 m2 V−1 s−1)
Degradation
ratioc (%)

0.1 M NaOH −2.985 −0.152 94.91 −2.726 −2.392 12.25
0.1 M HCl −2.995 −2.207 26.31 −2.722 −2.623 3.64
5 M urea −2.984 −2.794 6.38 −2.729 −2.714 0.55
CH3OH −2.989 −2.722 8.91 −2.731 −2.682 1.79
CH3CN −2.990 −2.715 9.21 −2.735 −2.660 2.72
1% (v/v) HCOOH −2.998 −2.849 4.96 −2.738 −2.696 1.53

a EOF was measured before rinsing with the solvent.
b EOF was measured after rinsing with the solvent.
c Degradation ratio = (EOFb − EOFa)/EOFa × 100 (%). Conditions: applied voltage,−8 kV; buffer, 0.05 moL/L phosphate buffer at pH 3.0; capillary, 75�m

i.d.× 31.2 cm (21 cm effective length).

capillary-to-capillary (n= 4) R.S.D. were all below 2%. The
good repeatability could be achieved easily just as other perma-
nent coatings had done if the experiment was carefully carried
out [5,37,38], which was one of the great advantages of COCH
coating.

3.6. Protein analysis

The ability to perform the protein analysis of the COCH-
coated capillary was evaluated by using acidic BSA and basic
cytochromec as test samples. The isoelectric points (pI) of
BSA and cytochromec are 4.4 and 10.2, respectively.Fig. 5a

Table 2
Reproducibility of COCH-coated capillary coating

EOF average
(10−8 m2 V−1 s−1)

R.S.D. (%)

Run-to-run (n= 6) −4.875 0.49
Day-to-day (n= 6) −4.818 1.13
Capillary-to-capillary (n= 4) −4.916 1.68

Conditions: applied voltage,−8 kV; buffers, 0.05 moL/L phosphate buffer at pH
1.8; capillary, 75�m i.d.× 31.2 cm (21 cm effective length).

Fig. 5. Electropherogram of proteins obtained from COCH-coated capillary at
pH 4.0 (a) and pH 7.5 (b). Conditions: applied voltage,−8 kV for pH 4.0 and
8.0 kV for pH 7.5; the others were the same as described inFig. 3. Symbols: (A)
BSA and (B) cytochromec.
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Fig. 6. Comparison of the electropherograms of the extract fromElaphglossum yoshinagae on uncoated capillary (a), chitosan-coated capillary (b) and COCH-coated
capillary (c). Conditions: applied voltage, (a) 15 kV, (b) and (c)−15 kV; buffer: 0.05 mol/L acetate buffer at pH 4.0; capillary, 75�m i.d.× 50.2 cm (40 cm effective
length); the other conditions were the same as inFig. 3.

showed the electropherogram of the two proteins at pH 4.0.
Good separation result was obtained. The plate numbers of BSA
and cytochromec were 5.55× 105 and 6.01× 105 plates/m,
respectively. COCH-coated capillary had an advantage of ana-
lyzing protein under alkaline conditions because its ampho-
teric character on the capillary wall.Fig. 5b depicted the sep-
aration result of bovine and cytochromec at pH 7.5. The
plate numbers of cytochromec and BSA were 2.01× 105 and
2.15× 105plates/m, respectively. The separations of BSA and
cytochromec on uncoated capillary and chitosan-coated capil-
lary were also investigated (data not shown). No peak could be
detected on uncoated capillary after running 1 h at pH 4.0 and
7.5 because the proteins were strongly adsorbed to the capillary
wall. Good separation results of BSA and cytochromec could be
obtained on chitosan-coated capillary at pH 4.0. However, the
chitosan-coated capillary could not be used to separate protein
at alkaline conditions because it could be used only under the
pH range of 3.0–5.5[9].

The separation ability to real sample analysis is an important
evaluation criterion for a new-coated capillary. The electro-
pherograms of the water extract fromElaphglossum yoshinagae

on uncoated capillary, chitosan-coated capillary and COCH-
coated capillary were shown inFig. 6. Only several small peaks
were detected on the uncoated capillary at pH 4.0 after run-
ning 1 h (Fig. 6a). No more peaks could be detected at pH 3.0,
6.0 and 10.0 on uncoated capillary (data not shown), which
demonstrated that the extract strongly adsorbed to the uncoated
capillary wall. On the other hand, good separation results could
be obtained on chitosan-coated capillary (Fig. 6b) and COCH-
coated capillary (Fig. 6c). These might be owing to the coulom-
bic repulsion between ionic-polymer layers that could avoid the
interaction between the proteins and the capillary wall besides
the activity of silanol groups were restrained by polymer layer.
In Fig. 6b, the chitosan-coated capillary was flushed with buffer
for only 5 min prior to sample injection. The peaks were detected
quite well during the first run. However, the separation efficiency
decreased and most of the peaks could not be detected when four
replicate analyses were performed. It may be that the analytes
were adsorbed on capillary wall and impossible to be removed
simply by rinsing with the buffer prior to analysis. To over-
come this problem, rinsing the capillary with NaOH to flush out
the adsorbed sample before analysis should be preformed. The
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optimum conditions were first rinsed the COCH-coated capil-
lary with 0.1 moL/L NaOH for 5 min and next with the buffer
for 5 min prior to the sample injection. The adsorbed sample
was flushed out to the capillary by 0.1 moL/L NaOH, and hence
reproducible peaks were obtained during four runs (Fig. 6c). It
was impossible to perform a NaOH rinse when the conventional
chitosan-coated capillary was used. The strong stability of the
COCH-coated capillary against alkaline conditions assured the
NaOH rinsing.

4. Conclusions

A stable and amphoteric coating for capillary electrophoresis
was developed by coupled chitosan coating procedure. COCH
coating could be achieved by a simple and automated proce-
dure with good reproducibility. In comparison with conventional
chitosan-coated capillary, the COCH-coated capillary exhib-
ited strong endurance, chemical stability and could be used in
the range of pH 1.8–12.0. Highly separation column efficiency
of protein could be obtained on the new COCH-coated cap-
illary. The comparison between unmodified capillary, chitosan-
modified and COCH-modified capillary for the separation of the
real sample, extracted fromE. yoshinagae with water showed
that good reproducible result could be obtained on COCH-
coated capillary than the others because the strong chemical
stability of COCH-coated capillary assured that it could be
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