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a b s t r a c t

This paper reports on a new strategy to coat fused silica capillaries through ionic adsorption of gold
nanoparticles (AuNPs) on a polyelectrolyte multilayer (PEM) modified capillary wall. The coating was con-
structed in situ by alternating rinses with positively charged poly(diallydimethylammonium chloride),
negatively charged poly(sodium-4-styrenesulfonate), and positively charged AuNPs. After self-assembly
of n-octadecanethiol onto the surface of AuNPs, the modified capillary was investigated as a new medium
for the separation of neutral analytes and proteins in open-tubular capillary electrochromatography (OT-
CEC). The surface coverage of the capillary wall was increased using the high density of AuNPs which
were dynamically capped with 4-dimethylaminopyridine (DMAP). The chromatographic performance of
lectrochromatography
old nanoparticles

the column coated with positively charged AuNPs was remarkably improved compared with a column
modified with negatively charged AuNPs. The coating was robust over more than 810 runs in this study
and also showed high stability against 0.01 M NaOH, 0.01 M HCl, and electrolyte concentrations up to
70 mM. The run-to-run, day-to-day, and capillary-to-capillary reproducibilities of electroosmotic flow
were satisfying with relative standard deviation values of less than 1% in all cases. The AuNP-coated PEM
modified capillary column not only showed good performance for neutral analytes but also was suitable

asic a
for the analysis of both b

. Introduction

Open-tubular capillary electrochromatography (OT-CEC) has
hown a great potential to reach high efficiencies for the analy-
is of complex samples. Compared to traditionally packed capillary
olumns, OT-CEC has several advantages including the ease of
reparation, the absence of bubble formation, and simple instru-
ental handling. However, the low-phase ratio of OT capillary

olumns is the primary drawback and restricts their wide appli-
ation in chromatographic separations. In order to resolve this
hortcoming, some new approaches including sol–gel-derived

hases [1,2], etching [3,4], porous layers [5,6], and nanoparticle
hases [7–13] have been developed to increase the surface area
f the columns in OT-CEC separations. Among these approaches,
oating of capillaries with nanoparticles provided high separa-

Abbreviations: PEMs, polyelectrolyte multilayers; OT-CEC, open-tubular
apillary electrochromatography; AuNPs, gold nanoparticles; EOF, electroos-
otic flow; LBL, layer-by-layer; DMAP, 4-dimethylaminopyridine; PDADMAC,

oly(diallydimethylammonium chloride); PSS, poly(sodium-4-styrenesulfonate).
∗ Corresponding author. Tel.: +86 514 87975590; fax: +86 514 87975244.

E-mail address: quqishu@gmail.com (Q. Qu).

021-9673/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2010.08.057
nd acidic proteins.
© 2010 Elsevier B.V. All rights reserved.

tion efficiencies for various analytes since nanoparticles possess
the largest surface area of all above-mentioned materials. Up
till now, two main methods have been employed to coat the
capillary wall with nanoparticles: (1) immobilizing nanoparticles
onto prederivatized fused silica capillaries through chemical bond-
ing [8–10] and (2) deposition of a nanoparticle layer onto the
capillary wall through a chemical reaction at high temperature
[11–13]. Significant improvement of separation performance has
been achieved using these capillary columns coated with var-
ious types of nanoparticles. However, the wide application of
these methods is limited by their time-consuming procedures and
tedious coating processes.

In order to simplify the preparation process, a method named
dynamic or semipermanent coating based on the physical adsorp-
tion has been used to fabricate stationary phases for OT-CEC
separation [14]. In both the dynamic and semipermanent cases,
the stationary phases can be prepared by flushing the capillary wall
with the desired coating materials. The difference between these

two methods is that the adsorption of the coating material to the
capillary wall is relatively weak in case of dynamic coating. Thus,
the coating material must be present in the electrolyte during a sep-
aration. A semipermanent coating is formed by the strong physical
adsorption of coating material to the capillary wall, thus the addi-

dx.doi.org/10.1016/j.chroma.2010.08.057
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:quqishu@gmail.com
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ion of the coating material to the running buffer is not necessary
15]. Although physical adsorption has a simple and rapid coating
rocedure, the short lifetime of these coatings is a problem that
annot be overcome easily. Obviously, an ideal coating would be
ne that is both easy to prepare and stable.

Recently, a layer-by-layer (LBL) approach employing a polyelec-
rolyte to modify the inner surface of fused silica capillary was
eveloped [16,17] and has been widely used in capillary elec-
rophoresis (CE) to prevent the absorption of basic analytes to
he capillary wall [18–28]. The polyelectrolyte multilayers (PEMs)
re constructed by a sequential deposition of anionic and cationic
olyelectrolyte onto negatively charged surfaces through elec-
rostatic self-assembly. In contrast to most films prepared by
he Langmuir–Blodgett (LB) method [29] or covalent attachment
trategies [30], a major advantage of PEMs is their simplicity and
ow cost. Additionally, although adsorbed on the substrate or pre-
ious layer by noncovalent interactions, the resulting PEMs have
ultiple electrostatic bonds and are stable and uniform, espe-

ially when at least two layers of polyelectrolyte are used [18,19].
ecause of these merits, PEMs have been gradually employed to
repare stationary phase for OT-CEC. For example, Warner et al.
ave successfully used a capillary coated with positively charged
oly(diallydimethylammonium chloride) and negatively charged
olecular micelles as stationary phase for OT-CEC [31–35,27].

ecause the PEMs can offer larger surface areas and higher charge
ensity than the inner surface of bare fused silica capillary [36], a
ense and stable nanoparticle coating can possibly be formed when
egatively charged nanoparticles are deposited onto a PEM surface
37]. However, to the best of our knowledge, there is no study where
anoparticles deposited onto PEMs are used as stationary phase for
T-CEC.

In all the types of nanoparticles used as coating materials, gold
anoparticles (AuNPs) have attracted most interest because of their

ong-term stability, high-surface area-to-volume ratio, and easy
hemical modification [38]. Unlike silica nanoparticles, AuNPs are
ery stable under extremely basic and acidic conditions. Moreover,
lkanethiols can bind to gold to form highly ordered and densely
acked monolayers. AuNPs have been used to modify the surface of
icron spheres [39,40] and bare fused silica capillaries [8–10,15]

hrough a chemical bonding technique and served as good station-
ry phase for chromatographic separation.

Thus, it would seem that the polyelectrolyte multilayers con-
aining AuNPs would be an ideal coating for OT-CEC separation. In
his work, positively charged AuNPs are prepared and adsorbed to
he capillary wall modified with two layers of polyelectrolyte. An
xamination of the influence of several parameters that are used
o obtain more stable, dense coating and to obtain more efficient
nd more reproducible chromatographic separations is discussed.
he AuNPs deposited on PEMs were found to be remarkably robust
ith a performance of more than 810 runs.

. Experimental

.1. Chemicals and materials

Chloroauric acid (HAuCl4·3H2O), trisodium citrate, sodium
orohydride (NaBH4), 2-methylnaphthalene, toluene, fluorene, and
cenaphthene were purchased from Chemical Reagent (Shanghai,
hina). Tetraoctylammonium bromide, 4-dimethylaminopyridine
DMAP), n-octadecanethiol, poly(diallyldimethylammonium chlo-

ide) (PDADMAC), Mw ∼200,000 g/mol and poly(sodium-4-
tyrenesulfonate) (PSS), Mw ∼70,000 g/mol, were obtained from
ldrich and used without further purification. Water used in all
f the experiments was doubly distilled and purified by a Milli-

system (Millipore, Milford, MA, USA). All the glassware were
217 (2010) 6588–6594 6589

cleaned by aqua regia and rinsed with deionized water prior to
experiments.

2.2. Equipment

A Beckman MDQ P/ACE system (Beckman Fullerton, CA,
USA) with an on-column UV detector was used for all experi-
ments. The Beckman 32 Karat software Version 4.01 (1999–2000
Beckman–Coulter) allowed instrument control and data analysis.
Bare fused silica capillaries (75 �m i.d., 365 �m o.d.) were obtained
from Reafine Chromatographic Device Co., Ltd. (Yongnian, Hebei,
China). The total length of the capillary was 60 cm (50 cm effective
length). The temperature of the capillary was maintained at 25 ◦C.
The samples were injected by pressure (0.5 psi, 1 psi = 6894.8 Pa)
for 2 s. Scanning electron microscope (SEM) images were obtained
on a Philips (Netherlands) XL-30 ESEM. Transmission electron
microscopy (TEM) observation was conducted on a TECNAI-12
instrument (Philips, The Netherlands), operated at an accelerating
voltage of 120 kV. UV/Vis adsorption spectra were measured on a
TU-1800spc UV/Vis spectrophotometer (Beijing Purkinje General
Instrument, China).

2.3. Synthesis of gold nanoparticles

Positively charged AuNPs (stabilized by DMAP) were synthe-
sized according to a procedure previously reported by Gittins and
Caruso and the particle concentration was ca. 1.0 × 1018 particles/L
[41]. Negatively charged AuNPs (13 nm) were synthesized accord-
ing to a procedure previously described by Freeman et al. and the
particle concentration was estimated to be 9.0 × 1015 particles/L
[42].

2.4. Column preparation

Deposition solutions contained 5% (w/v) polyelectrolyte and
0.1 M NaCl. The capillary was first conditioned by a 30-min rinse
of 1.0 M NaOH, and then deionized water for 15 min. All polyelec-
trolyte depositions were done with 5-min rinses followed by 5-min
water rinses. After the capillary was modified with a cationic layer
of PDADMAC and an anionic layer of PSS, positively charged AuNPs
were adsorbed onto the previously deposited negatively charged
PSS film by rinsing the capillary with AuNP solution. This solution
was kept in the capillary for 30 min (Type I capillary). The capil-
lary prepared by direct adsorption of AuNPs onto the capillary wall
was assigned as Type II. Type III capillary was prepared by adsorp-
tion of negatively charged AuNPs to the capillary wall modified
with three layers of polyelectrolyte (PDADMAC/PSS/PDADMAC)
(the negatively charged AuNPs were allowed to stay in the cap-
illary for 12 h to ensure the complete absorption of AuNPs). The
scheme of the three types of the capillaries is shown in Fig. 1. Finally,
the three types of capillary columns were derivatized with n-
octadecanethiol by passing an ethanol solution containing 20 mM
n-octadecanethiol through the capillary, which was kept in the col-
umn for 10 min. The excess n-octadecanethiol was then removed
from the capillary column by pumping with hexane and then flush-
ing with ethanol and distilled water.

2.5. Preparation of background electrolyte and analyte solutions

Stock solutions of 1.0 mg/mL of each sample were prepared in
methanol (MeOH). Standard working solution was prepared by

diluting the standard stock solution with MeOH–H2O (50/50, v/v).
Prior to carrying out the electrochromatographic separation, all
solutions were filtered through a 0.2 �m membrane filter (Schle-
icher & Schuell, Dassel, Germany). A stock background electrolyte
was prepared by dissolving an exact amount of phosphate in water.
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Fig. 1. Fabrication scheme of the three types capillaries.

he pH value of the phosphate solution was adjusted to the range
f 2.0–12.0 by the addition of 0.1 M NaOH or 1.0 M phosphoric acid
olutions. The mobile phase was obtained by mixing the phosphate
olution with the appropriate amount of water and MeOH. The final
obile phase was filtered through a 0.2 �m membrane filter and

egassed in an ultrasonic bath for 15 min before use. Chicken eggs
ere obtained from the local supermarket. The egg white and egg

olk were separated. The egg white was diluted with an 8-time vol-
me of phosphate buffer solution (20 mM, pH 5.6, with urea in the
oncentration of 10 mM) and filtered through a 0.2 �m membrane
lter before use.

.6. EOF detection

The EOF (�eo) was determined from the expression �eo =
dLt/Vt0, where Ld is the distance from injector to detector, Lt is
he total capillary length, t0 is the neutral marker (thiourea) migra-
ion velocity, and V is the applied voltage. In this work, the EOF
irection is from anode to cathode since the AuNPs are uncharged
fter being adsorbed onto the surface of PEMs [43].

. Results and discussion

In order to increase the phase ratio of the stationary phase used
or OT-CEC, the amount of the nanoparticles adsorbed onto the cap-
llary wall should be as much as possible. However, because of the
oulombic interaction between charged nanoparticles, the surface
overage ratio is less than 0.3 when conventional assembly pro-
esses such as LB technique were applied to adsorb nanoparticles
nto surfaces [44,45]. To overcome this shortcoming, in this work,
MAP capped AuNPs were synthesized and used to coat the cap-

llary wall. The unique property of DMAP capped AuNPs is that
n equilibrium exists between DMAP adsorbed onto the AuNPs
urface and free DMAP in solution [43]. Hence, the coulombic inter-
ction between charged nanoparticles prevents the formation of
dense coating. Therefore, a dense AuNP coating similarly to the
ne formed by repeated adsorption of nanoparticles using linking
olecules can be obtained using this single nanoparticle adsorption

tep.
The synthesized DMAP capped AuNPs dispersed in toluene were
haracterized by TEM and UV/Vis spectroscopy. Fig. 2a shows the
EM micrograph of AuNPs. The particle shape of AuNPs was nearly
pherical and the average diameter of them was 5.5 nm. The max-
mum absorption wavelength peak of DMAP capped AuNPs was
18 nm (Fig. 2b), which was in good agreement with the value
Fig. 2. Transmission electron micrographs of (a) gold nanoparticles stabilized with
DMAP (b) and UV/Vis spectra of a diluted solution of these nanoparticles in toluene.

reported by Caruso et al. [41]. This result confirms that as-prepared
AuNPs were stabilized by DMAP. Fig. 3a shows the AFM image of a
PDADMAC/PSS–AuNPs modified quartz slide in which the modifi-
cation process is the same as in the Type I column. The quartz slide
is very flat with a root-mean-squared (rms) roughness of less than
0.5 nm (1 �m × 1 �m). After modification, the rms surface rough-
ness of the film was about 5.3 nm, indicating that the aggregation
of the AuNPs is very little. Besides, Fig. 3a also demonstrates that
the AuNP loading of the surface is very dense. As expected, an AFM
image of a quartz slide modified with negatively charged AuNPs
(PDADMAC/PSS/PDADMAC–AuNPs) given in Fig. 3b shows a loose
AuNPs coating on the slide.

In order to confirm the formation of a high-density layer of
AuNPs in the Type I column, mixtures of thiourea, naphthalene,
and biphenyl were analyzed on Type I, Type III, and a bare fused
silica column. As expected, only one peak was found when bare
fused silica column was used for separation. Fig. 4 shows that the
mixtures were well separated on the Type I column, while seri-

ous peak overlap occurred on the Type III column. As mentioned
above, we believe that a loose bonding of DMPA on the AuNP sur-
face contributed mainly to the improved surface coverage of the
Type I column, which in turn increased the resolution. It should be
noted that in the column preparation process, the time for nega-
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of � (relative error = 0.5%) between the 1st run and the 400th
ig. 3. AFM image of a thin film of PDADMAC/PSS–AuNPs prepared on a quartz slide.
he height profile across a region of the surface is also shown.

ively charged AuNPs to stay in the capillary was 12 h, while that
or positively charged AuNPs was only 30 min. Nevertheless, the
urface coverage of the Type I column is still higher than that of
ype III even though recent research showed that the adsorption
f AuNPs onto a PEM coated capillary wall is a slow process that
eeds at least 1 h to reach saturation of the AuNPs [36,46]. Thus,
his experimental result also indicates that the adsorption rate of
MAP capped AuNPs onto the PEM coated capillary wall is very

ast. To confirm this conclusion further, an OT-CEC separation was
erformed using a Type I column when the residence time of the

ositively charged AuNPs in the capillary was changed from 30 min
o 12 h. As expected, the retention time obtained in the 12 h column
as nearly the same as that obtained on the 30 min column because

f the unchanged surface coverage (data not shown). The increased
Fig. 4. OT-CEC separation of test mixtures using Type I and Type III columns. Con-
ditions: MeOH–10 mM Na2HPO4 buffer (45:55), pH 7.0; separation voltage, 20 kV.
Analytes peaks: 1, thiourea; 2, naphthalene; 3, biphenyl.

adsorption rate in the Type I column can be mainly attributed to
the elimination of electrostatic repulsion between nanoparticles.
Moreover, the high concentration of positively charged AuNPs may
also contribute to the increased adsorption rate. Thus, the use of
DMAP capped AuNPs as coating material can increase the surface
coverage and reduce the coating time.

3.1. Stability of the coating

In OT-CEC, instability is the key factor affecting a wide applica-
tion of a coating. The stability of the coating used in Type I column
was examined by the use of the following procedure. First, 10 repli-
cate separations were performed with applied voltage of 20 kV at
25 ◦C. The mobile phase was 10 mM phosphate buffer at pH 7.0
with 45% (v/v) MeOH. Then 390 separations were performed within
20 days. Each separation was done in a voltage range of 5–30 kV
using an electrolyte concentration range of 5–70 mM, a pH range of
2.0–12.0, and a MeOH content of 35–60%. After these experiments,
10 replicate separations were performed, in which the experimen-
tal conditions were the same as in the first step. Thereafter, this
column was used to perform other nearly 390 runs for PAH and
protein separation. Finally, the same experiments as those per-
formed in step 1 were repeated. Because the changing of the EOF
is mainly depending on the coverage of the AuNPs on the surface
of PEMs, if some AuNPs were detached from the surface of PEMs,
more PEMs would be exposed and the charge density of the inner
wall of the capillary would be increased which in turn increases the
EOF. Therefore, the increase of the EOF can be used to indicate the
detachment of the AuNPs from the surface of PEMs. Since the last
layer of the polyelectrolyte coated on the column is PSS which is
negatively charged, the EOF direction is from anode to cathode and
this conclusion is confirmed by the experiment result. Fig. 5a shows
the electrochromatograms of 1st, 400th, and 800th run and Table 1
shows the EOF, retention factor (k) and plates per column of solutes
at different runs. It can be seen from Table 1 that the �eo increased
from 2.12 × 10−4 cm2 V−1 s−1 (1st run) to 2.15 × 10−4 cm2 V−1 s−1

(800th run). However, since the density of the AuNPs on the
surface of the PEMs is high, there was only a minor difference
eo

run (�eo = 2.13 × 10−4 cm2 V−1 s−1) even there were some AuNPs
detached from the surface of the PEMs. Considering that resolution
also strongly depend on the density of the AuNPs on the surface
of PEMs, resolution was used to check the stability of the AuNPs
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Table 1
EOF, retention factor (k) and number of plates per column of solutes at different runs.

Number of runs �eo (×10−4 cm2 V−1 s−1) k Plates per column

Biphenyl Naphthalene Biphenyl Naphthalene

1 2.12 0.050 0.134 44,160 17,500
400 2.13 0.051 0.135 43,880 20,650

C

o
R
(
n
s
r
H
b
r
r
I
n
r
1
P

F
c

800 2.15 0.034

onditions: same as in Fig. 4.

n the surface of PEMs. It was found that the resolution, given by
= (tbiphenyl − tnaphthalene)/(Wnaphthalene/2 + Wbiphenyl/2), was equal

R = 2.68) for these two runs. Besides, the retention factors and
umber of plates for biphenyl and naphthalene were nearly the
ame too. Considering that various pH values (including a 10-min
inse with pH 12 0.01 M NaOH and a 10-min rinse with pH 3 0.01 M
Cl), electrolyte concentrations, and amounts of MeOH were used
etween these two runs, the minor difference of �eo, resolution,
etention factors and number of plates of solutes between the 1st
un and the 400th run demonstrates that the coating used for Type

column is quite stable under various conditions. Although no sig-
ificant difference of the �eo between the 1st run and the 800th
un was found, a decrease in resolution from 2.68 (1st run) to
.48 (800th run) indicates the detachment of the AuNPs from the
SS film. When AuNPs were detached from the surface of PEMs

ig. 5. Comparison of electrochromatograms obtained from Type II and Type I
olumns after various run times. All other conditions are the same as in Fig. 4.
0.091 31,770 11,520

the interaction between solutes and stationary phase decreased.
So the retention factors and number of plates of retained samples
decreased, and in turn, the resolution decreased. However, since a
large amount of AuNPs were initially adsorbed onto the capillary
wall, the detachment of some AuNPs from the surface of PEMs only
led to the small changes of the coverage of AuNPs on the surface of
PEMs. Therefore, the �eo only slightly changed and a nearly base-
line separation was still achieved after using the column for at least
810 times. The great stability of this coating is possibly due to the
existing of at least two interactions between AuNPs and the PEMs:
electrostatic interaction and enhanced interaction of van der Waals.
Therefore, the stability of AuNPs on the PEMs is greatly improved
compared to the coating formed by directing adsorb AuNPs onto
the surface of bare silica capillary only via electrostatic interaction.
It should be noted that although �eo, resolution, retention factor,
and plates per column were used to check the stability of the coat-
ing during the long time separation process, the amount of AuNPs
detached from the inner surface of the capillary wall was still not
quantitatively determined. Desorbing all the AuNPs from the inner
surface of column by flushing aqua regia through the column and
measuring the Au concentration using spectrophotometry would
be a potential method to solve this problem.

To find the effect of PEMs on the formation of dense and sta-
ble coating of AuNPs, the stability of a column prepared by direct
adsorption of positively charged AuNPs onto the capillary wall
(Type II) was tested. Eighteen replicated separations using the same
conditions as for the testing of the stability of Type I column in the
first step were performed. Fig. 5b shows that the stability of this
type of column decreases rapidly after only 10 runs and completely
loses its separation ability after 18 runs. These results demonstrate
clearly that the stability of Type I column results from the multi-
ple attachment of the ionic polymer to the capillary wall and the
AuNPs.

3.2. Repeatability

The run-to-run, day-to-day and capillary-to-capillary repeata-
bilities of the Type I column were evaluated using the relative
standard deviation (RSD) of EOF obtained from different times of

replicated runs. The results are reported in Table 2. All RSDs of
EOF were less than 0.8%. It indicates an achievement of excellent
reproducibility.

Table 2
Reproducibilities of the coating for Type I column.

EOF (×10−4 cm2 V−1 s−1) RSD (%)

Run-to-run (n = 10)a 2.122 0.20
Day-to-day (n = 5)a 2.121 0.25
Capillary-to-capillary (n = 25)b 2.124 0.73

Conditions: same as in Fig. 4.
a These experiments were done in the same capillary.
b Five consecutive runs were performed in each capillary and the total number of

runs was 25.
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ig. 6. Effect of MeOH percentage on the separation of test mixtures using Type
column. Conditions: MeOH–10 mM Na2HPO4 buffer. All other conditions are the
ame as in Fig. 4.

.3. Retention behavior and column performance

As shown in Fig. 6, resolutions of the test compounds gradu-
lly decreased with increasing methanol concentration from 35%
o 60%, while the elution order remained unchanged. This indicates
hat the chromatographic retention mechanism of the stationary
hase is basically a reversed-phase behavior. A mobile phase with
5% (v/v) of MeOH in buffer provided the best trade-off between
olumn performance and analysis time. The theoretical plate num-
ers per meter under these conditions were 46,900 for naphthalene
nd 18,700 for biphenyl, respectively. The separation efficiency and
etection sensitivity of this new column is nearly the same as the
olumn prepared using the traditional coating methods. However,
here are two advantages of this new coating method: first, the
oating process is easy although four steps were needed; second,
he obtained coating is very stable since the AuNPs can be adsorbed
ightly onto the inner surface of fused silica capillary column modi-
ed with polyelectrolyte via electrostatic interaction and enhanced

nteraction of van der Waals between AuNPs and the polyelec-
rolyte.

.4. Separation of proteins

A real biological sample of egg white was selected to demon-
trate the applicability of the Type I column to complex samples.
he component of egg white is dominated by ovalbumin (54%,
I 5.16), ovotransferrin (13%, pI 5.65), ovomucoid (11%, pI 4.14),

ysozyme (3.5%, pI 11.0), and avidin (0.05%, pI 10.0), which all
ave very different molecular weights ((12,000–240) × 106 Da)
47]. After dilution and filtration, egg white was directly injected
nto the Type I column in phosphate buffer (10 mM, pH 8.6).
s shown in Fig. 7, both basic proteins (lysozyme and avidin)
nd acidic proteins in egg white can be well separated in a
ingle run. The recoveries of ovomucoid, lysozyme, avidin, ovo-
ransferrin, and ovalbumin were 92%, 73%, 78%, 89%, and 96%,
espectively. The low recoveries of lysozyme and avidin are pos-
ibly due to the electrostatic interaction between the negatively
harged PSS film and the positively charged basic proteins. How-

ver, the successful elution of basic proteins indicates that this
nteraction is greatly suppressed by the high-surface coverage of
he uncharged AuNPs on the PSS surface. Otherwise, they would
e adsorbed onto the capillary wall and cannot be eluted out.
hese results show that AuNPs coated on PEM modified column

[
[
[
[

[

Fig. 7. Separation of egg white in a single run using Type I column. Conditions:
10 mM phosphate buffer, pH 8.6; applied voltage, 20 kV; detection 214 nm; pres-
sure injection, 0.5 psi for 7 s; temperature, 25 ◦C. Analytes peaks: 1, ovomucoid; 2,
lysozyme; 3, avidin; 4, ovotransferrin; 5, ovalbumin.

are particularly effective in separating neutral samples and pro-
teins.

4. Conclusions

A permanent coating was created by rinsing a capillary with
PEMs and AuNPs have been developed. The prepared coating can
effectively separate neutral PAHs, acidic and basic proteins in OT-
CEC. The coating was stable over 810 runs. Run-to-run, day-to-day,
and capillary-to-capillary repeatabilities were satisfying with RSD
values below 1%. Since the AuNPs own the merit of easy chemical
modification, many other species, such as biopolymers or proteins,
can be bonded to the surface of AuNPs to enable, e.g., chiral separa-
tions. This new coating thus offers a promising new alternative to
conventional coating techniques in OT-CEC and can be very useful
in both achiral and chiral separations.
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