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Abstract:

A novel poly(L-proline)-ordered mesoporous carbon film with controllable thickness on the glassy
carbon electrode surface was fabricated by electropolymerization and further used for the construction
of electrochemical sensing platform of natural estrogens. Scanning electron microscopy, fourier
transform infrared spectroscopy and electrochemical impedance spectroscopy were employed to
characterize the surface morphology, structure and interface property of the polymer. The
voltammetric behaviors of estrogens involving estradiol, estrone and estriol were investigated on the
modified electrode, and the proposed electrode exhibits strong electrocatalytic activity toward the
oxidation of three estrogens, especially for estradiol oxidation. Under the optimum conditions, the
linear range of estradiol obtained by square-wave voltammetric determination was 1.0x107%—2.0x107°
mol/L with a low detection limit of 5.0x10™° mol/L. The developed modified electrode was applied for

the determination of estradiol in female blood serums with satisfactory results.
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Introduction

Natural estrogens, also called endogenous
estrogens, mainly involving estradiol, estrone
and estriol, are essential bioactive substance of
18 carbon steroid. Among them, estradiol is the
most potent and active estrogen primarily
generated by the ovary, and estrone and estriol
are the metabolites of estradiol with limited
estrogenic activity. Three estrogens take part in
intracellular communication, affecting the
development and maintenance of sex
characteristics, and their concentrations and
changes are closely related to human’s health
status [1-3]. Thus, the determination of natural
estrogens is of great importance. Owning to the
operational simplicity, low expense, fast
response and high sensitivity, electroanalytical
method attracts great concern and a variety of
modified electrodes have been reported for
estrogens determination. For example, a nano-
AlL,O; film modified glassy carbon electrode
(GCE) [4], a Congo red-functionalized multi-
walled carbon nanotubes (MWNTs) modified
GCE [5], a MWNTs-Nafion modified GCE [6], a
poly(L-serine) film-modified GCE [7], a DNA
aptamer immobilized gold electrode chip [8] and
a boron doped diamond thin film electrode [9]
have been put forward to detect estradiol.
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Ordered mesoporous carbon (OMC), with well-
ordered structures and unique properties, is an
excellent electrode modified material, and has
been widely used in electroanalysis [10-12]. To
achieve OMC modified electrode, several
methods have been developed [12-14], mainly
by directly casting OMC dispersion onto the
electrode surface [11, 12]. However, in this way,
the thickness of the resulting film was not easy
to be controlled, and the poor surface coverage
of OMC on the substrate electrode often leads to
large interfacial capacitance [14, 15].

To the best of our knowledge, the fabrication of
OMC film on the surface of electrode by direct
electrodeposition technique has not been
reported. In this work, OMC film was deposited
on GCE surface, and a novel polymer of poly(L-
proline)-OMC film (PPOMC) was prepared by
multicyclic voltammetry scanning in the mixed
solution of L-proline and OMC. The obtained
PPOMC modified GCE exhibits strong
electrocatalytic activity toward the oxidation of
three  natural estrogens. This  makes
PPOMC/GCE a promising electrochemical
sensing platform for sensitive detection of
estrogens.
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Experimental
Synthesis of OMC

OMC was synthesized using template method in
which SBA-15 acted as the template and
sucrose acted as the carbon source, and the
detailed preparation of OMC has been published
in other reports [16, 17].

Electrode modification

The PPOMC/GCE was prepared by
electropolymerization of GCE in the black
suspension of 1 mg OMC and 10 mmol L-proline
dispersed in 10 mL 0.1 mol L™ PBS (pH 9.0) in
the potential range of — 0.8 V to 2.4 V for 10
cycles (Fig. 1).

300 -

<10 05 00 05 1.0 15 20 25
E/V (vs SCE)

Fig. 1. The electropolymerization of PPOMC on
GCE surface was carried out using cyclic sweeps
between —-0.8 V and 2.4 V for 10 cycles in 0.1 mol L’
PBS (pH 9.0) containing 1 mmol L’ L-proline and 0.1
mg mL” OMC.

Results and discussion
Characterization by SEM and FTIR spectra

The typical morphologies of PPOMC film (Fig. 2)
and OMC film obtained by deposition (the inset)
were observed by SEM. The inset of Fig. 2
shows that OMC film is made up of linked
ordered fingerlike carbon flakes, which indicates
that the structure of OMC film could significantly
increase the effective electrode surface.
Compared with OMC film, the PPOMC film is
characterized by light dots which suggests that
L-proline has been incorporated into or modified
on the OMC film.

SEI

Fig. 2. SEM of PPOMC and the inset shows the
SEM image of OMC film.

IMCS 2012 — The 14th International Meeting on Chemical Sensors

DOI 10.5162/IMCS2012/P1.1.12

Further more, in order to demonstrate OMC and
L-proline have been electropolymerized on the
surface of GCE, FTIR spectra of OMC (a), L-
proline (b) and PPOMC film (c) were analyzed in
the range of 400—-4000 cm™', as can be seen in
Fig. 3. In curve (a), the band around 1650 cm”
is attributed to C=0O stretch vibration, and the
band around 1150 cm™ is assignable to C-O
stretch vibration, while the band around 3450
cm™ is due to the carboxylic acid O-H stretch
vibration. These indicate that there are oxygen-
containing functional groups on the surface of
OMC [12]. In curve (b), L-proline is constituted of
the Peaks of C=0 stretching vibration at 1623
cm, and C—H, N—H, O—H stretching
vibration in the range of 2500 to 3500 cm™ .
While in the copolymer of PPOMC film (c), the
peaks at 3447 cm”' (C—H, N—H, O—H
stretching vibration) obviously broaden due to
poly-reaction of L-proline and the peaks of C=0
stretching vibration shifts to 1639 cm™ [18]. It is
obvious that the transmittance of OMC monomer
is quite weak, and the fine structures of curve (b)
disappeared in curve (c), which can be account
for the polymerization of L-proline and the
deposition of OMC.
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Fig. 3. FTIR spectra of OMC (a), L-proline (b) and
PPOMC (c).

EIS studies

EIS is a simple and powerful tool for
characterizing the interface properties of the
electrode surfaces with different modifications.
The Nyquist diagrams of bare GCE(a), PP/GCE
(b), OMC/GCE(c), and PPOMC/GCE(d) in
[Fe(CN)s]*™* solution were illustrated in Fig. 4
and the equivalent circuit (inset of Fig. 4 ) was
chosen to fit the obtained impedance data. This
equivalent circuit consists of the electrolyte
solution resistance (R;), the double layer
capacitance (Cy), electron-transfer resistance
(Re) and the Warburg impedance (Z,). After
fitting the data, the R values obtained were
3.25 kQ for the bare GCE (a), 6.88 kQ for
PP/GCE (b), 1.22 kQ for OMC/GCE (c) and
2.15 kQ for PPOMC/GCE (d). These indicate
PP has block effect on [Fe(CN)s*™ redox
reaction, while OMC can form good electron
pathway between the electrode and electrolyte.
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However, these split the difference effect at the
PPOMC modified layer. It is probably attributed
to counteracts the functions of mixed modified
layer to the redox of [Fe(CN)e*"* [19].
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Fig. 4. EIS of bare GCE (a), PP/GCE (b),
OMC/GCE (c), and PPOMC/GCE in 5 mmol/L
Ks[Fe3(CN)s] + 0.1 mol/L KCI. Insert is equivalent
circuit for the modified electrode.

Electrochemical behaviors of estrogens

Fig. 5 described the electrochemical behaviors
of natural estrogens (including estradiol, estrone
and estriol) at different electrodes after 5 min
open-circuit accumulation. As shown in Fig. 5A,
CV of 2 x 10® mol L™ estradiol(E2) in 0.1 mol L™
PBS (pH 7.4) at the PPOMC/GCE(d) was
presented in comparison with that at the
correspondingly prepared OMC/GCE(c),
PP/GCE(b) and bare GCE(a). At bare GCE(a),
estradiol generated a very small oxidation peak,
while at PP/GCE(b) and OMC/GCE(c), estradiol
presented much larger oxidation currents.
However, a better formed anodic peak of
estradiol appeared at PPOMC/GCE(d), whose
oxidation peak current was about 20 times of
that at bare GCE(a). This demonstrates a
composite electrocatalytic activity of PP and
OMC towards the oxidation of estradiol. Since
only one peak occurred, it is an irreversible
electrode process for estradiol oxidation.
Estrone(E1) and estriol(E3) displayed similar
electrochemical behaviors on the different
electrodes because of the similarity of their
molecular structures (Fig. 5B and Fig. 5C).
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Fig. 5.  CVs in 0.1 mol L' PBS (7.4) containing 2
umol L™ estradiol E2 (A), 10 umol L™ estrone E1(B)
and 10 pmol L' estriol E3 at bare GCE(a);
PP/GCE(b); OMC/GCE(c); PPOMC/GCE(d). The
accumulation time is 5 min at open-circuit. Scan rate
is0.1Vs™

Linearity, detection limit and interferences
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Under the optimized conditions, the SWV after
5-min accumulation time were recorded in Fig. 6
and the inset of Fig. 6 was the calibration curve
for the determination of estradiol. The oxidation
peak current of estradiol was proportional to its
concentration over the range from 1.0x10™ to
2.0x10™° mol L™. Calibration equation can be
described as follows: I, (MA) = 1.025 + 16.23 C
(umol L"), with a correlation coefficient of 0.999.
And the limit of detection was evaluated to be
5.0x10™ mol L™ based on a signal-to-noise ratio
of 3 (S/N=3). Table 1 displayed the comparison
of PPOMC/GCE with other modified electrodes
for detecting estradiol previously reported [1-4,
6-7].
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Fig. 6. SWVs of the PPOMC/GCE in 0.1 mol L
PBS (pH 7.4) solutions containigsg different

concentrations of estradiol (a—i: 1.0x10 ° — 2.0x10°°
mol L'1) after accumulation 5 min; inset is the
calibration curve for the determination of estradiol.

Tab1 Comparison of the proposed method with others

Methods Linearrange LOD Ref.
(v M) (rM)
bare GCE 40-1000 10 11
CNT- 0.5-40 0.06 [2]
Ni(Cyclam)/GCE
Nano Pt- 0.5-15 0.18 [3]
MWNT/GCE
Nano Al,O;/GCE 0.4-40 0.08 [4]
MWNT- 0.25-10 0.01 [6]
Nafion/GCE
Poly-serine/ 0.1-30 0.02 [7]
GCE
PPOMC/GCE 0.01-2.0 0.005 This
work

The influences of other foreign species on the
peak current of estradiol were investigated and
the results were as the following. For 1 pmol L™
estradiol, 500-fold of Na*, K*, Mg*, Ca*, CI,
S0.%, Ac, glucose and sucrose, 100-fold of
dopamine, uric acid, ascorbic acid, epinephrine,
leucine, alanine, phenylalanine, cysteine and
phenol derivatives almost do not interfere with
the determination of estradiol. However,
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because of the overlapping peak potential, the serious.

influences of tyrosine and ftryptophan are
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