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a b s t r a c t

A new amphipathic block copolymer, poly(tert-butyl acrylate)127-block-poly(glycidyl methacrylate)86,
was developed for the coating in open tubular capillary electrochromatography. The self-assembly char-
acters of the coating, which could form micelle-like aggregates under proper conditions, were observed
by atomic force microscopy. Compared with bare capillary, this coating could act as surfactant and
lead to improve the separation of steroids. In addition, the influence of pH, buffer concentration and
eywords:
mphipathic block copolymer
ovalent coating
icelle-like aggregates

teroids

organic solvents on the separation was investigated. The best separation of the three model steroid
analytes could be achieved using 20.0 mM borate buffer at pH 10.5. For covalent bonding, the coating
showed good repeatability and stability with RSD of uEOF less than 3.3%. Then, this proposed method
was well validated with good linearity (≥0.999), recovery (91.0–94.0%) and repeatability, and was
successfully used for separation of steroids in spiked serum samples, which indicated that this new
OT-CEC method could provide a potential tool to determine steroids in real biological system without

interference.

. Introduction

As one kind of non-glyceride lipids, steroids are essential to

iving system and have important biological activity. Accord-
ng to their function, steroids can be generally divided into
orticosteroids, sex steroids, cholesterol, bile acids, vitamin D, phy-
osteroids and others [1]. It has been reported that steroids can be

Abbreviations: GMA, glycidyl methacrylate; t-BA, butyl acrylate; MAN,
aleic anhydride; St, styrene; EBIB, ethyl-2-bromoisobutyrate; APTES, 3-

minopropyltriethoxysilane; SDS, sodium dodecyl sulfate; DMSO, dimethyl
ulfoxide; THF, tetrahydrofuran; HPCE, high performance capillary electrophore-
is; 1H NMR, 1H nuclear magnetic resonance; PDI, polydispersity index; GPC, gel
ermeation chromatography; SEM, scanning electron microscope; AFM, atomic
orce microscopy; ATRP, atom transfer radical polymerization; GC, gas chromatogra-
hy; HPLC, high-performance liquid chromatography; CE, capillary electrophoresis;
EC, capillary electrochromatography; OT-CEC, open tubular capillary electrochro-
atography; p-CEC, packed capillary electrochromatography; MEKC, micellar

lectrokinetic chromatography; EOF, electroosmotic flow; RSD, relative standard
eviation.
∗ Corresponding author. Tel.: +86 10 82627290; fax: +86 10 62559373.

E-mail address: qili@iccas.ac.cn (L. Qi).

039-9140/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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© 2011 Elsevier B.V. All rights reserved.

widely employed in disease therapy. For example, hydrocortisone
and prednisone are both glucocorticoids that can be used in treat-
ment for pediatric renal-transplant [2], and medroxyprogesterone
acetate can be employed to treat endometriosis [3]. Therefore, the
determination of steroids individual or simultaneous is indispens-
able for disease treatment. So far, a numerous methods [1,4–6],
such as gas chromatography (GC), high-performance liquid chro-
matography (HPLC) and capillary electrohporesis (CE), have been
used to analyze steroid samples. Owing to the high separation effi-
ciency, fast analysis and small sample consumption, CE is gaining
more attention [7]. Either micellar electrokinetic chromatography
(MEKC) or capillary electrochromatography (CEC) is considered
as the preferable method for separation of steroids because most
of them are neutral [4–6]. However, only few papers about CEC
method for the analysis of pharmaceuticals in body fluids have been
reported [8].
It is well-known that CEC has good selectivity and favors sep-
aration of neutral substances. Thus, CEC is a promising technique
used to analyze many compounds, such as proteins [9–11], pep-
tides [12–14], nucleic acids [15], and pharmaceuticals [16,17].
Generally, CEC possesses three modes: packed CEC (p-CEC), mono-
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ithic CEC and open tubular CEC (OT-CEC). Although p-CEC and
onolithic CEC have high phase ratio and excellent separation

ower, frit fabrication and bubble formation are still the challeng-
ng problems in the operation. As a result, OT-CEC is an essential
eparation mode based on its faster and simpler preparation
rocedures. To fully gain insight into its performance, the compre-
ension and exploration of the surface chemistry in capillary are
ignificant.

Recently, it has been found that the copolymer modi-
ed capillary could act as one kind of OT-CEC which can

mprove on separation. For example, Wang and colleagues have
pplied poly(ethylene oxide)-block-poly(4-vinylpyridine) and
ydroxyethylcellulose-graft-poly(4-vinylpyridine) as the physical
oatings. Then they used the coatings in CEC to successfully
eparate basic protein samples [18,19]. Zheng and co-workers
ave proposed the use of hydroxyethylcellulose-graft-poly(N,N-
imethylacrylamide) as a novel dynamic coating for well
eparation of basic proteins [20]. However, most of these coatings
ere hydrophilic copolymers used for reduction in electrostatic

bsorption of proteins, which had limited their application in sep-
ration of various substances, especially uncharged hydrophobic
nalytes. Furthermore, these coatings were mostly fixed by physical
bsorption that would result in their irrepeatability.

Although we have exploited a new copolymer coating P (MAn-
lt-St)127-b-PSt592 anchored onto the capillary wall which acted as
he surfactants in organic solvents [21,22] for the OT-CEC separa-
ion of the aromic amines, few studies about the amphipathic block
opolymers used as coatings have been reported in spite of some on
lass and Si wafers [23]. Thus, exploring and investigating the prop-
rty of the new covalently bound amphipathic block copolymer
oatings in OT-CEC mode are interesting and meaningful.

In this work, we explored a novel amphipathic block copolymer,
oly(tert-butyl acrylate)127-block-poly(glycidyl methacrylate)86
PtBA127-b-PGMA86), as the coating for OT-CEC. Atomic force

icroscopy (AFM) was used to study the structural transforma-
ion of the amphipathic block copolymer under different separation
onditions. Meanwhile, the OT-CEC separation mechanism with the
opolymer coating was discussed. Furthermore, the application of
he new block copolymer coating for separation of steroid samples
n OT-CEC and its potential usage in biological analysis have been
tudied.

. Materials and methods

.1. Materials

Cuprous bromide and cuprous chloride (CuBr and CuCl, Bei-
ing Chemical Plant, Beijing, China) were firstly washed by acetic
cid and subsequently washed by methanol before use. 1,1,4,7,7-
entamethyldiethylene-triamine (PMDETA) was obtained from
K Chemical Ltd. (Tokyo, Japan). Ethyl-2-bromoisobutyrate (98%,
BIB) (98%) was gotten from Shanghai Crystal Pure Reagent
o. Ltd. (Shanghai, China). tert-Butyl acrylate (t-BA), glycidyl
ethacrylate (GMA), sodium dodecyl sulfate (SDS) and 3-

minopropyltriethoxysilane (APTES) were purchased from Acros
ompany (New Jersey, USA). Dimethyl sulfoxide (DMSO) was ana-

ytical grade and obtained from Beijing Xinjing Chemical Plant
Beijing, China). Sodium tetraborate pentahydrate was analytical
rade and was obtained from Tianjin Guangfu Science & Tech-
ology Development Co. Ltd. (Tianjin, China). Sodium hydroxide,

ydrochloric acid, anhydrous ethanol, anhydrous tetrahydrofuran
THF), acetone, 1,4-dioxane and acetonitrile were analytical grade
nd produced by Beijing Chemical Factory (Beijing, China). Medrox-
progesterone acetate and prednisone acetate were obtained from
hejiang Xianju Pharmaceutical Ltd. (Zhejiang, China). Hydrocorti-
 (2011) 501–507

sone was obtained from Tianjing Jinyao Amino Acid Ltd. (Tianjing,
China).

2.2. Instrumentation

The CE experiment was carried out with a 1229 high perfor-
mance capillary electrophoresis (HPCE) analyzer (a commercial
equipment from Beijing Institute of New Technology and Appli-
cation, Beijing, China) equipped with a UV-detector (detection at
254 nm). Unless otherwise mentioned, separations were performed
at room temperature in the block copolymer coated capillary of
75 �m I.D. × 70 cm (56 cm effective). Bare fused-silica capillaries
(75 �m I.D. × 360 �m O.D.) were obtained from Yongnian Optical
Fiber Factory (Hebei, China).

1H nuclear magnetic resonance (1H NMR) observation of the
block copolymers was performed on Bruker Avance 400 spectrom-
eter (Bruker biospin, Switzerland) (400 MHz).

Scanning electron microscope (SEM, Hitachi, Japan) was used to
characterize the morphology of the block copolymer coating.

Atomic force microscopy (AFM; Nanoscope III a SPM controller,
Veeco Metrology, USA) studies were performed using tapping mode
at room temperature. Samples for AFM measurement were coated
on silica wafers (UV grade, polished, Sinoma Advanced Jiangsu Sil-
ica Materials Co. Ltd., Jiangsu, China) by the same treating process
as the capillary. Before measurement, the samples were dipped
in corresponding solutions for 30 min and then air dried at room
temperature.

2.3. Synthesis of the copolymer

PtBA127-b-PGMA86 was synthesized by atom transfer radical
polymerization (ATRP) in our Lab as follows: EBIB (0.2 mmol,
39.0 mg), PMDETA (0.2 mmol, 42 �L), tBA (40 mmol, 5.12 g) and
1.5 mL acetone were added into a flask. The mixture was degassed
by three freeze–evacuate–thaw cycles and then CuBr (0.2 mmol,
28.8 mg) was added into the flask. Subsequently, the flask was
sealed tightly with rubber plugs and filled with N2 after evacua-
tion. The solution was allowed to 60 ◦C in an oil bath and reacted
for 11 h under the protection of N2. The crude product was passed
through a column filled with neutral alumina and isolated by pre-
cipitating into large amount of methanol and water mixture (1:1
volume ratio) three times. The yield of the product was 63.5% and
polydispersity index (PDI) was 1.10 with Mn = 1.62 × 104.

Then PtBA–Br (0.03 mmol, 0.486 g), PMDETA (0.03 mmol,
6.3 �L), GMA (6 mmol, 0.853 g) and 1.5 mL acetone were added
into another flask. CuCl (0.03 mmol, 3.0 mg) was added after three
freeze–evacuate–thaw cycles for degassing. Then, the flask was dis-
posed as above and the mixed solution was reacted at 50 ◦C in oil
bath for 2 h in the atmosphere of N2. The resulted product was iso-
lated by precipitating into large amount of methanol and water
mixture (2:1 volume ratio) three times.

To confirm the composition of the block copolymer, nuclear
magnetic resonance (NMR) and gel permeation chromatography
(GPC) were performed. Signal assignment ı (ppm) of the 1H NMR
spectroscopy is displayed in Fig. S-1: 4.33, 3.86 (CH2, a in Scheme 1),
3.24 (CH, b in Scheme 1), 2.86, 2.65 (CH2, c in Scheme 1), 2.24 (CH,
d in Scheme 1), 2.10–0.844 (CH, e–h in Scheme 1). The GPC result
of the block copolymer (Fig. S-2) shows that Mn was 2.84 × 104 and
the polydispersity index (PDI) was 1.15.

2.4. Coating preparation
A bare fused-silica capillary was first rinsed with 1 M NaOH for
3 h, and next flushed with water for 30 min, and then washed with
1 M HCl for 30 min, water for 1 h, and acetone for 30 min. After
blown dry with nitrogen, the capillary was flushed with 200 �L
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Scheme 1. The coating p

ilanization solution comprising THF and APTES (50/50, v/v) for
ielding a thin layer. Then the capillary was kept at room temper-
ture (20 ◦C) for 20 h and flushed later by THF for 1 h. Similarly,
n order to produce a thin layer, the capillary was subsequently
owed with 50 �L coating solution (30 mg PtBA127-b-PGMA86 in
mL THF), and then kept for 20 h at room temperature. Finally,

he capillary was continuously washed with THF for 1 h to remove
he residual copolymer solution. The specific coating process is
isplayed in Scheme 1. After the capillary was coated, the detec-
ion window (about 2 mm) was prepared by burning off the block
opolymer coating inside and the polyimide coating outside. For
torage, the prepared capillary was filled with water and both ends
ere sealed with rubbers.

.5. Solution preparation

Stock solutions of the steroids were prepared in anhydrous
thanol with concentrations ranging from 2.8 to 5.2 mM. Then
he standard solutions of hydrocortisone and prednisone acetate
ere diluted with 0.9% saline in the defined concentration range.
otably, the mixed solution consisted of medroxyprogesterone
cetate, hydrocortisone and prednisone acetate with the concen-
rations of 1.7 mM, 0.5 mM and 2.5 mM respectively. All these
olutions were stored at 4 ◦C in refrigerator.

Serum samples were obtained from healthy volunteers and
ere prepared by three steps as follows: (1) 100 �L of the stock

olutions of two steroids was added into 400 �L serum and mixed
y vortex for 3 min to get the serum sample, in which the final con-
entration of hydrocortisone was 27.6 �M and prednisone acetate
as 50.0 �M; (2) proteins in the serum sample were denatured by

dding 2 mL of acetonitrile to 500 �L of the serum sample. After
ell mixed, the mixture was centrifuged at 7043 × g for 10 min to

emove denatured proteins; (3) 1 mL of the supernatant in the cen-
rifuged serum sample was taken out and blown dry with nitrogen.
hen, the dried sample was redissolved with mixed solvent con-
isting of 45 �L ethanol and 5 �L buffer, and ready for injection.
dditionally, the blank serum sample was prepared by the same
ethod as before, except addition of steroids.
.6. EOF measurement and CE separations

DMSO was used as the neutral marker in the determination of
lectroosmotic flow (EOF). The EOF measurement and CE separa-
of the block copolymer.

tion were achieved under conditions as follows: voltage +20 kV,
sample injection by siphoning 8 s at 25 cm height. Before each run,
the coated capillary was rinsed with water followed by buffer solu-
tion for 2 min. The EOF mobility was calculated using the equation
as following [24]:

�EOF = LdLt

tmV
(1)

where Ld is the effective length of the capillary and Lt is the total
length of the capillary, tm is the migration time of the EOF marker,
V is the applied separation voltage. The effective mobility in CEC
was defined as [25]:

�eff = �obs − �EOF (2)

where �obs is the observed mobility of an analyte in CEC experi-
ment.

3. Results and discussion

3.1. Characterization of the block polymer coating

The well-defined block copolymer PtBA127-b-PGMA86 has
been synthesized by atom transfer radical polymerization (ATRP)
method in our Lab. Then we prepared the coated capillary by the
method described in Section 2.4. It is well-known that the mor-
phology of the copolymer coatings on the capillary surface is an
important parameter to directly evaluate the existence of the coat-
ings [26,27]. Thus SEM has been utilized to observe the surface
morphologies of the coated capillary (Fig. 1a) and the bare capillary
(Fig. 1b). Obviously, compared to the bare one, the coated capillary
demonstrates a thin layer closely adhered to the inner wall with
a wrinkly surface. Additionally, the produced epoxy group in the
PtBA127-b-PGMA86 modified capillary inclined to hydrolyze under
basic conditions by ring-opening reaction [28], which could gener-
ate EOF in alkaline environment. Our investigation displayed that
the EOF mobility in the uncoated capillary slightly increased along
with the raise of pH (8.0–11.0). Meanwhile, the coated capillary
suppressed EOF effectively compared to the uncoated one, which
also could indirectly prove the successful coating process.
3.2. Column stability and repeatability

Stability is an important parameter to evaluate the lifetime
of coatings in capillary. High stability could make coatings used
for a long time. As a key indicator of column stability, EOF
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Fig. 1. SEM images of PtBA127-b-PGMA

as investigated by 30 runs in three days at room tempera-
ure (20 ◦C) with 20 mM sodium tetraborate buffer solution at
H 10.5, which was adjusted by 1.0 M sodium hydroxide, and
MSO was used as the EOF marker. The result demonstrated

hat the block copolymer coating had a good endurance with
EOF = 3.2 × 10−8 m2 V−1 s−1 ± 3.3% (n = 30). Furthermore, the coat-

ng stability was also evaluated based on degradation ratio, which
as expressed as a percentage of the EOF difference before and

fter solvent flowing over the coated capillary [29]. After contin-
ously flushed with pH = 2.0, pH = 7.0 or pH = 12.0 buffer solution
or 15 min, the degradation ratio of the coated capillary was 0.24%,
.53%, 0.15% respectively. This result indicated that the copolymer
oating had good stability under acid, neutral and alkaline solu-
ions.

Repeatability is another significant factor in evaluation of
olumn performance and can be estimated by the relative stan-
ard deviation (RSD) of uEOF. The result testified that the block
opolymer coated capillary showed good run to run repeatabil-
ty with RSD of 3.0% (n = 30) and excellent column to column
epeatability with RSD of 3.0% (6 successive runs in each of three
apillaries).
.3. Optimization of the separation conditions

.3.1. Effect of buffer pH
Buffer pH is a vital factor in affecting the dissociation of sub-

tances including the coating and the analytes, which is important

ig. 2. Impact of pH on the effective mobility (a) and the efficiency (b). Experimental con
as siphoned for 8 s in 25.0 cm height; voltage: +20 kV; UV detection: 254 nm. Symbo
ydrocortisone; triangle for prednisone acetate.
ted capillary (a) and bare capillary (b).

in OT-CEC separation. As a result, in consideration of the best
performance of the copolymer coating on separation, it was desir-
able to study the effect of buffer pH. Fig. 2a demonstrates that
the effective mobility of the test steroid samples decreased with
the increase of pH at the range from 8.0 to 11.0 except medrox-
yprogesterone acetate. Meanwhile, Fig. 2b shows the increasing
trend for the number of plates with the increased pH. For get-
ting the better separation efficiency in short time and for avoiding
the higher current produced in the OT-CEC process, finally, the
optimal pH at 10.5 was chosen for further separation in this
work.

Furthermore, the migration order of the three steroid sam-
ples (medroxyprogesterone acetate, hydrocortisone, prednisone
acetate) is worth mentioning. According to the literatures, rela-
tive molecular mass, charge and hydrophobic property are the
important factors influencing the migration order of neutral com-
pounds in CE and CEC [5,30]. Also, it has been reported [5] that
the steroids containing diols were inclined to form anionic chelate
compounds in the basic borate buffer solution. In consequence,
the uncharged medroxyprogesterone acetate (log P = 4.11, log P
represents the hydrophobicity of compounds with the logarithm
of n-octanol/water partition coefficient) moved fastest with the

EOF which is the main driving force in the OT-CEC separation
of the neutral compounds (Fig. 2a). Simultaneously, negatively
charged hydrocortisone (log P = 1.61) migrated faster than nega-
tively charged prednisone acetate (log P = 3.30) because the former
has lower hydrophobic property than the later. The results revealed

ditions: 20.0 mM borate; capillary: 75 �m I.D. × 70 cm (56 cm effective); injection
ls for the different analytes: square for medroxyprogesterone acetate; circle for
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Fig. 3. Impact of 1,4-dioxane (a), methanol (b) and acetonitrile (c) content on the effectiv
are the same as in Fig. 2.

Table 1
The influence of buffer concentration on the separation.a

Buffer concentration (mM) 10.0 15.0 20.0 25.0 30.0

Rs1 0.0 1.6 3.2 3.5 3.6
Rs2 1.0 1.5 2.7 2.7 3.1
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separated by CZE method using a bare capillary. However, when
5.0 mM SDS was added into the buffer solution (the critical micelle
concentration of SDS was 3.0 mM in borate buffer [34]), the sepa-
ration efficiency of the test steroids obviously improved by MEKC
s1, resolution between medroxyprogesterone acetate and hydrocortisone; Rs2, res-
lution between hydrocortisone and prednisone acetate.
a Experimental conditions: pH 10.5; other conditions are the same as in Fig. 2.

hat in the OT-CEC process, the hydrophobic interaction between
he test steroid samples and the PtBA segment which could act as

hydrophobic part of the copolymer (Scheme 1) might play an
mportant role in separation.

.3.2. Effect of buffer concentration
For optimizing separation, the buffer concentration from

0.0 mM to 30.0 mM was studied. With the increase of buffer con-
entration, the intensified ion strength would lead to the decrease
n thickness of the electrical double layer. Then the reduction
f electrokinetic potential could lessen EOF [31]. The reduced
OF usually can improve the separation of the neutral and neg-
tive charged compounds. Table 1 indicates that the resolutions
f the test steroid samples were improved obviously as the buffer
oncentration increased from 10.0 mM to 20.0 mM. However, the
esolution did not change so much when the buffer concentration
ncreased from 20.0 mM to 30.0 mM. Meanwhile, the raised buffer
oncentration could lead to the elevation of current which was not
elpful for getting the good reproducible results in OT-CEC. Thus,
0.0 mM borate buffer was finally selected for the separation in this
ork.

.3.3. Effect of organic solvents
In order to understand the effect of organic modifiers on sepa-

ation of the test steroids, organic solvents with varied polarities,
ncluding 1,4-dioxane (P = 1.5), methanol (P = 5.7) and acetonitrile
P = 11.8) [32], were investigated. As shown in Fig. 3a, the effective

obility of the test steroid samples increased with the elevated
ontent of 1,4-dioxane except medroxyprogesterone acetate which
as neutral and co-migrated with the EOF. The same phenomenon
as also observed in the investigation of methanol and acetoni-

rile (Fig. 3b and c), which may be contributed to the lessened EOF
ith the increased organic solvents [33]. However, adding organic

olvents into the buffer solution did not improve the separation
fficiency obviously. In addition, to consider it should be friendly
o the environment, the buffer solution without organic solvents
as selected as the optimal condition for further separation.

.4. The separation of steroids by using the coated and the bare

apillary

It is possible that the copolymer coating plays the role as sur-
actant in CE due to its amphipathic structure. In order to confirm
his speculation, the common surfactant SDS was investigated on
e mobility. Experimental conditions: 20.0 mM borate at pH 10.5; other conditions

separation of the steroids by using a bare capillary. As displayed
in Fig. 4b, the three test steroid samples could not be baseline
Fig. 4. Separation of steroid samples (a) in coated capillary; (b) in bare capillary; (c)
in bare capillary with 5.0 mM SDS. Experimental conditions: 20.0 mM borate at pH
10.5, other conditions are the same as in Fig. 2. Peak identity: 1. medroxyproges-
terone acetate, 2. hydrocortisone, 3. prednisone acetate.
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ig. 5. AFM images of the block copolymer coating after dipped in different soluti
rocedures (a2–c2). (a1) Borate buffer (pH 8.0); (b1) borate buffer (pH 10.5); (c1) bo

ethod (Fig. 4c). Interestingly, the baseline separation of the three
est steroid samples could be obtained when the block copoly-

er coating capillary was used (Fig. 4a). Meanwhile, Fig. 4a also
hows that medroxyprogesterone acetate, which was uncharged,
igrated together with the EOF.
The results indicated that this amphipathic block copolymer

ould exhibit surfactant behavior and play the same role as SDS.

.5. The mechanism of separation

As we all know, the block copolymer coating possessing amphi-
athic structure could direct the self-assembly behavior [35]. The
tBA segment of the copolymer could act as a hydrophobic part.
eanwhile, the PGMA part of the copolymer could hydrolyze under

lkaline conditions and contribute to a hydrophilic tail. Thus, at
ifferent pH, the hydrolysis degree of epoxy groups in hydrophilic
egment is distinctive, which may influence the structure of the
oating.

The experimental results obtained in Section 3.4 indicated that
he block copolymer coating could act as surfactant. For explor-
ng the separation mechanism, AFM was used for investigating the

orphology of this coating under different conditions (Fig. 5).
At pH 8.0, medroxyprogesterone acetate and hydrocortisone

ould not be separated (Fig. 2, Fig. S-3). Meanwhile, the resolution
etween hydrocortisone and prednisone acetate was worse with
he decrease of pH value (Fig. S-3). These results could be ascribed
o the fact that the epoxy groups only partially hydrolyze (Fig. 5a2)
t alkalescent condition and the amount of the micelle-like aggre-
ates was relatively less and the size of the aggregates was smaller
s performed in Fig. 5a1.

However, when the pH was increased to 10.5, the resolutions of
he test steroids were higher than 2.0 (Fig. S-3). In this condition,
he epoxy groups might hydrolyze mostly and the hydrophilic chain
ould extend straight in order to farthest decrease the repelling
orce. Meanwhile, the hydrophobic chain outside would curl for
voiding undesired interactions between water molecules and the

ydrophobic region (Fig. 5b2), which resulted in the formation of
ore micelle-like aggregates as shown in Fig. 5b1. This result fur-

her confirmed that the coating could form micelle-like aggregates
nd play the same role as surfactant in the steroids separation
Fig. 4a).
1–c1) and schematic mechanism of block copolymer morphologies in different CE
uffer with 50% methanol (pH 10.5) for 30 min.

It is well known that the conformation of amphipathic block
copolymer is prone to be impacted by solvents. Additionally,
methanol is a selective solvent for PtBA and PGMA, and can
influence the morphology of block copolymer [36,37]. When 50%
methanol (v/v) was added into the buffer solution, the size of the
formed micelle-like aggregates obviously decreased (Fig. 5c1). We
also found that the thickness of the coating as shown in Fig. 5c1 was
about 10 nm higher than that shown in Fig. 5b1. The phenomenon
can be explained by the fact that the hydrophobic segment might
straighten slightly when methanol was added (Fig. 5c2). Mean-
while, because the structure of the block copolymer was disrupted
by organic solvent, the separation efficiency decreased.

3.6. Analytical performance

To further reveal the application of this new method in
actual system, the quantificational validation of hydrocortisone
and prednisone acetate was performed. A standard calibration
curve for peak area versus concentration (�M) reveals the lin-
earity of the analyte and typical regression equations were
as follows: y = 1857x + 2.0 × 104 (r2 = 0.999) for hydrocortisone,
y = 951.3x + 1.6 × 104 (r2 = 0.999) for prednisone acetate. The limit of
detection (LOD) and the limit of quantification (LOQ) were 3.8 �M
and 11.4 �M for hydrocortisone, 5.5 �M and 16.6 �M for pred-
nisone acetate respectively.

Then, the recovery of this proposed method assessed through
adding the standard analytes into the serum samples was
91.9% ± 2.6% for hydrocortisone and 93.1% ± 1.7% for pred-
nisone acetate over five injections. The repeatability of the
method was determined by repeating five measurements of
mixed standard solution containing 68.5 �M hydrocortisone and
125.0 �M prednisone acetate. The run to run RSD of reten-
tion time was less than 0.5% and that of peak area was less
than 1.0%.

Method validation indicated that this developed method was
desirable for quantificational analysis. To investigate its potential
of practical applications, the proposed OT-CEC method was used

to analyze the blank serum sample and the serum sample spiked
with hydrocortisone (27.6 �M) and prednisone acetate (50.0 �M).
Fig. 6b reveals that no peak had been found in the electrochro-
matogram of the blank serum sample. Meanwhile, the steroids
could be separated and detected in the spiked serum sample with-
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ig. 6. Electrochromatograms of the serum samples in coated capillary. (a) Serum
piked with 27.6 �M hydrocortisone and 50.0 �M prednisone acetate; (b) blank
erum. Experimental conditions are the same as in Fig. 4 except sample injection for
s.

ut interference (Fig. 6a). Consequently, the OT-CEC method by
sing the well-defined copolymer coated capillary could provide a
ew way for direct and easy determination of steroids in biological
amples.

. Conclusion

A new amphipathic block copolymer was proposed and suc-
essfully modified in capillary. The copolymer coating could form
icelle-like aggregates under proper conditions and act as sur-

actant, which could improve on the separation of steroids. It had
een found that pH had vital influence on the separation efficiency.
oreover, method validation showed good levels of performance

n terms of linearity, recovery and repeatability. Meanwhile, the
oating could be effectively used to detect the steroids without
nterference in mimic blood samples, which provided a possible

ethod for body fluid analysis. Additionally, the proposed chem-
cal bonding method for coating was preferable for good stability
nd repeatability. The application of separation science for biolog-
cal samples analysis also could be extended by using this kind of
mphipathic block copolymer.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.talanta.2011.01.039.
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