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The aim of this study was the development a simple and sensitive sensor for estriol detection in serum based on the combination of
multiwalled carbon nanotubes with polymer brushes that provides a nanocomposite with high electrochemical response. Scanning
electron microscopy was applied for characterization of the surface morphology of the modified electrodes and cyclic voltam-
metry, differential pulse voltammetry and electrochemical impedance spectroscopy were used to investigate the electrochemical
properties of the proposed electrode. Linearity between oxidation peak current and estriol concentration was obtained ranging from
2.0 x 107® M to 15 x 10~° M with a detection limit of 90 nM and sensitivity was calculated to be 0.15 wA/WM. The polymer
reinforced carbon nanotube displayed high selectivity, good stability and reproducibility, making it suitable for the routine analysis

of estriol in clinical use.
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Estrogen plays essential role in the development and differentiation
of organs, signal transduction control and metabolism adjustment.'
Estriol (E;3) is the most abundant estrogen circulating in serum of
pregnant women. These effects in women include actions related to
the development, neuroendocrine problems in the control of ovulation,
preparation for fertilization, and implantation in the reproduction.?
Assessment of E; concentration in serum, plasma and urine is of great
value for endocrinological investigation. Thus, the measurement of
E; and its metabolized substances in serum might be useful for the
investigation and biochemical monitoring.

For estriol detection, traditional chromatography procedures
are most used technique, but they are labor-intensive and time
consuming.’> Other traditional method for monitoring estriol is
radioimmunoassay.®’ While this method is reliable and sensitive, it
suffers from problems associated with restriction to use it in situ. It
is not possible to use this methodology without specially equipped
laboratories. Also, these methods have the disadvantages of pretreat-
ment and derivatization. With this in mind we have decide to develop
a new approach to detect estriol without any pretreatment by using
electrochemical devices.

Electrochemical sensors are one of the most powerful analytical
tools that have been developed. The fabrication of electrodes based
on conductive polymer reinforced with carbon nanotubes (CNT) has
gained great interest in sensing area, and it has been demonstrated that
the obtained nanocomposites possess properties of each constituents
with a synergistic effect.>!® They have attracted much attention for
their electrochemical potential to offer enhanced electrical and me-
chanical properties. These nanocomposites properties promote elec-
tron transfer between electroactive species and electrode surface with
good chemical stability, high surface area, and excellent electronic
properties. Lately, polymer brushes have emerged as a potential can-
didate to produce efficient electrodes. It has been used in multiple
task which include surface patterning with proteins,'' controlled en-
capsulation of drugs,'? control biocatalitic activity,'>'* and design
of sensor including tumor biomarker,'>!® protein,'” pH variation,'
glucose detection,' and hormone monitoring.”> Which make them
universally usable for clinical application.

Herein is described the synergy between multiwalled carbon nan-
otubes (MWNTs) and poly(vinylimidazole) (PVI) a polymer brush, to
construct a modified electrode for estriol detection. A high sensitivity
sensor with a good repeatability and reproducibility has been achieved.
The sensor performance for real sample analysis was assessed using
serum samples spiked with estriol. The use of this nanocomposite
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for diagnostic applications shows great promise to meet the rigorous
demands of the clinical laboratory for sensitivity, fast response, and
cost-effectiveness.

Experimental

Reagents and apparatus.—Poly (Vinyl Imidazole) was purchased
from Polymer Source. Multi-walls carbon nanotubes (MWNTs), es-
triol, ascorbic acid, sulfuric acid (98%), nitric acid (60%), ethy-
lene glycol, hexadecytrimethyl-ammonium bromide (Mw 364.45),
toluene, ethanol, ammonium hydroxide, butanone, hydrogen perox-
ide, 3-glycidyloxypropyl trimethoxysilane (MW 236.34), oxide tita-
nium indium (ITO) and ferrocene monocarboxylic acid (FcMA) were
bought from Sigma-Aldrich. Phosphate buffer PBS 0.1 mM was used
as an electrolyte for all electrochemistry experiments. Water used for
preparation of all aqueous solutions came from a Millipore Direct-Q
water purification system (resistivity, 18 MQ cm™2).

All electrochemical measurements were performed at room tem-
perature with a potentiostat pAutoLablll (Metrohm, NL). Electro-
chemical cell consisted of a three-electrode system, which contains
a working electrode (PVI-MWNTs), a reference electrode (Ag/AgCl
(3 M KCl)), and a platinum wire as counter electrode. All measure-
ments were carried out individually at least three times, and error bars
are displayed in the following figures. Electrochemical impedance
spectroscopy (EIS) was performed at an amplitude of 0.005 V in
the presence of 0.05 M FcMA solution containing 0.1 mM PBS
using a pwAutolab Type III/FRA2 response analyzer (Eco Chemie
BV) with a frequency range of 0.001-10 Hz and signal amplitude of
5 mV. Allimpedance spectra were fitted to equivalent electrical circuits
(Randles circuit) using FRA2 software.

Characterization of surface was done by Scanning electron mi-
croscopy (SEM) images taken with a Quanta200 (FEI company) field-
emission scanning electron microscope operating at an acceleration
voltage of 20 kV.

Electrodes preparation.—The ITO electrodes were chemically
modified with PVI-MWNTSs brushes using grafting-to method ac-
cording to following procedure.'®?! Briefly, 5% (m/m) of MWNTs
were diluted in 100 mL of ethanol and a solution of H,SO4:HNO3
(3:1) were used to hydroxylate the MWNTs, simultaneously PVI was
diluted in ethanol to cleave the polymer and mixed with MWNTs
solution forming a PVI-MWNTs complex and finally it was mixed
and added onto ITO for reaction with epoxy group and spread using
a spin coater. The process of adsorption of hybrid film onto ITO was
realized in oven in vacuum at 140°C for 4 h and after washed with
ethanol.
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Figure 1. (A) MWNTSs-PVI functionalization with Raw MWNTs; MWNTSs
functionalized in aqueous solution and PVI-MWNTSs. (B) Scanning electron
microscopy (SEM) of PVI/ITO. (C) Scanning electron microscopy (SEM) of
PVI/MWNTS/ITO.

Analysis of spiked serum samples.—The serum samples were
analyzed to demonstrate practical application of this methodology.
Serum sample was provided by local hospital biochemistry labora-
tory. Known amounts of the standard estriol solution were added to a
1 mL aliquot of serum samples, giving a final concentration of 10.0
wmol L~! estriol. No further sample treatment was done. The estriol
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content was determined by three successive additions of aliquots of the
standard estriol solution. Three duplicate experiments were performed
for all samples.

Results and Discussion

Characterization of PVI-CTNs.—The first step to overcome in
this work is getting a good dispersion of CNT in polymer solution.
Thus, a suspension containing 5 mg of MWNTs were with mixed
with 1 mL of polyvinylimidazole (PVI) to form a well dispersed
solution and remained stable for >2 months, and showed no evi-
dence of precipitation. Fig. 1A shows MWNTs with high solubility
after functionalization, while without this treatment MWNTSs were
hardly dispersed in water. The success of the strategy was primar-
ily verified by scanning electron microscopy (SEM) characterization.
SEM images of the PVI and PVI-MWNTs samples are shown in
Figs. 1B and 1C, respectively. Fig. 1B shows a well dispersed poly-
mer layer covering whole ITO surface and Fig. 1C represents the
complex MWNTSs-PVI demonstrating an enhanced layer with higher
surface area when MWNTSs was present on top of ITO sensor. More-
over, the PVI film linking the walls of the MWNTs is very smooth
and homogeneous, which may enhance the interaction between the
modified electrode and further improve the sensitivity and stability of
the PVI/MWNTs.

The electrochemical behavior of PVI and PVI-MWNTs electrodes
(in 0.1 mM PBS (pH 5.0)) in presence of estriol solution by cyclic
voltammetry experiments are shown in Fig. 2A. Redox peaks of es-
triol were observed at 0.44 V and 0.26 V and at 0.42 V and 0.25 V,
for PVI and PVI-MWNTs, respectively. It is observed that the peak
current response improved at the PVI-MWNTs with a shift in the
peak potential by about 20 mV toward to the less positive values as
compared with PVI response. On the basis of these observations, it is
clear that addition of MWNTs exerts a significant catalytic effect on
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Figure 2. (A) Cyclic voltammograms of bare ITO (black line), PVI/ITO (red line) and PVI/MWNTS/ITO (blue line). (B) Cyclic voltammograms of
PVI/MWNTS/ITO electrode at different scan rates (a—j: 20, 30, 40, 50, 60, 70, 100, 150, 200 and 250 mV/s) in presence of 0.01 mM of estriol in 0.1 mM
PBS buffer (pH 5.0). (C) Plot of redox peaks current versus square root of scan rate. (D) Peak-to-peak separation as a function of the potential scan current versus

square root of scan rate.
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Figure 3. Impedance spectroscopy of PVI/MWNTSs/ITO electrode. Nyquist
plots for PVI/ITO (m) and PVI/MWNTS/ITO (e) in presence of 0.05 mM of
FcMA in 0.1 mM PBS buffer (pH 6.0). Frequency intervals were from 0.1 Hz
to 1 mHz and measurements were carried out at 0.4 V vs. Ag/AgCl.

the electrochemical oxidation of estriol leading to decrease of overpo-
tential in the process and enhancement of the peak current is observed.
These results suggest that the reason for the better performance of the
PVI-MWNTs is due to the electronic structure and topological effects
of MWNTs. To characterize voltammetric behavior of PVI-MWNTSs,
a set of experiments was conducted using cyclic voltammetry. Fig.
2B shows cyclic voltammograms of PVI-MWNTs electrode at difter-
ent potential scan rates in the presence of 0.05 M FcMA in 0.1 mM
PBS buffer. The results obtained shows that with the increase of scan
rate, the redox peak current also increase gradually. Correlation of
redox peaks currents with scan rate was proportional to square root
of the scan rate (v'?), indicating diffusion controlled transfer reaction
(Fig. 2C). The peaks on the cyclic voltammograms were stable and
reproducible after many potential cycles and after electrode wash-
ing. To better understand this process, the reaction mechanism was
analyzed by plotting the peak potential versus scan rate. The peak-to-
peak (AEp) separation remained constant up to 80 mV, suggesting a
reversible electrochemical process was occurring on a confined sur-
face (Fig. 2D).

In addition to cyclic voltammetric results, this new nanocompos-
ite was analyzed by electrochemical impedance spectroscopy (EIS),
with measurements being performed in the presence of a redox agent
(FcMA). EIS can provide information on the impedance changes of
electrode surface during modification process. The interface can be
modeled by an equivalent circuit, also called a Randles circuit. This
equivalent circuit includes the ohmic resistance of electrolyte, R;, the
Warburg impedance, Z,,, the electron-transfer resistance, R, and the
constant phase element, CPE. In fact, R, and Z,, are not affected by
chemical transformations occurring at electrode interface, since they
represent bulk properties of electrolyte solution and diffusion of the
applied redox probe. The Cy changes are not sensitive to the electron-
transfer resistance. Fig. 3 compares electrochemical impedance spec-
tra (Nyquist plots, Z” vs. Z') in presence and absence of MWNTs in
the polymer network. The diameter of the semicircle represents the
charge-transfer resistance (R) at the electrode surface. As shown in
Fig. 3, the diameter of the semicircle, which corresponds to R, de-
creased in presence of MWNTs, suggesting that MWNTSs facilitate
electron transfer through the film. The calculated values of charge
transfer resistance were ~70 K2 PVI/ITO prior to modification with
MWNTs (black line) and ~50 K PVI/ITO after modification with
MWNTs (red line). This means that the inclusion of MWNTSs im-
proved conductivity of PVI network.

Electrochemical detection of estriol—Differential pulse voltam-
metry (DPV) was used to measure the estriol oxidation at different
concentrations. Fig. 4A show a single peak at 0.50 V vs. Ag/AgCl in
0.1 mM PBS buffer (pH 6.0). The dependence of the peak current on
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Figure 4. (A) DPV of PVI/MWNTS/ITO at the scan rate of 10 mV/s in 0.1
mM buffer and several estriol concentrations (a-g: 0, 2, 4, 6, 8, 12 and 14
wM). (B) Calibration plot obtained for PVI/MWNTS/ITO electrode showing
absolute value of the current as a function of estriol concentrations.

concentration results in the linear plot shown in Fig. 4B. The linear
relationship between Ip and estriol concentration can be described by
I, = 0.034 pA + 0.15 pA/mmol L™, and the correlation coefficient
was 0.998. The detection limit (S/N = 3) for estriol was 90 nM, cal-
culate by using a 3s/slope ratio, where s is the standard deviation of
the mean value for 10 voltammograms of the blank, as determined
according to [IUPAC recommendations. The repeatability is expressed
as the RSD (5.1%) value of the current obtained for five injections
of the same concentration of estriol at different times over 7 days by
daily testing our sensor. The present methodology shows a detection
limit and stability comparable with previous reports.?>?3

Interference analysis.—The ability to determine estriol in the
presence of other organic compound were investigated. The deter-
mination of estriol in presence of ascorbic acid (AA) was performed
when the concentration of one species changed, whereas the other
species remained constant. Fig. SA shows DPV curves of different
concentrations of estriol, in 0.1 mM PBS (pH 6.0), containing 10 pM
of ascorbic Acid. AA exhibits a well-defined oxidation peak at 0.1 V
vs. Ag/AgCl, under the same experimental conditions used for estriol
determination. The results showed that i, was increased proportion-
ality to the concentration of estriol in the range of 2.0 x 107 to
1.0 x 1073 mol L~!. It can be seen that even in the presence of AA
the PVI/MWNTSs electrode is sensitive enough to clearly separate the
electrochemical responses, indicating that it is possible determinate
estriol in the presence of AA.

Analytical applications.—In order to evaluate the validity of the
proposed method, estriol was determined in serum samples, with-
out any previous extraction, clean-up or pre-concentration steps. Un-
der same experimental conditions as described above, linear cal-
ibration curves were obtained for estriol determination in serum
samples, corresponding to linear relationship I, = 0.0034 pA +
0.13 pA/mmol/L~!, with a limit of detection of 70 nM (R? = 0.985)
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Table I. Comparsion of the electrochemical sensors for estriol detection.

Material Technique LOD (Mol/L) Linear Range Reference
BBD SWV 1.7 x 1077 2.0 x1077-2.0 x 1073 22
MMIPs NPs/CPE Cv 1.0 x 1077 6.0 x 1077 - 1.0 x 10~ 23
LAC/rGO/SB,05/GCE Amperometry 1.1x 1078 25%x1078-1.03 x 1076 24
NI-GCE cv 1.0 x 1077 50x107°-1.0 x 107* 25
PT/MWNTs/GCE SWV 6.2 x 1077 1.0x 1076-75x 1073 26
PPOMC SWV 5.0 % 107° 1.0 x 1078 -2.0 x 1076 27
PVI/CNTS/ITO DPV 9.0 x 1078 2x 107614 x 107° This work
1.2 Conclusions
1 Our study describes the use of polymer brushes reinforced with car-
0.94 f bon nanotubes enabling the detection of estriol. The resulting sensor
exhibited good electrochemical response to estriol in PBS and serum
sample. It also presented a number of other attractive features such as
g- 0.6 fast response, high reproducibility, and satisfactory anti-interference
= a ability when compared with traditional chromatographic techniques.
1 Moreover, it was efficient to monitor estriol in serum samples with-
0.3 ~ out any pretreatment, and obtained the lowest LOD reported in the
A \ literature. The sensor is easier to handle, very stable, reusable, and
0.0 AL - Y cost-effective when compared with other sensors.
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Figure 5. Intereference analysis of PVI/MWNTS/ITO electrode at the scan
rate of 10 mV/s in the presence of 10 WM of ascorbic acid as function of estriol
concentration (a-f: 0, 2, 4, 6, 8 and 10 wM).
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Figure 6. Calibration plot obtained for PVI/MWNTS/ITO electrode, showing
absolute value of the current as function of several estriol (0, 2, 4, 6, 8 and
10 uM).

(Fig. 6). The recovery experiments were carried out by adding a know
amount of estriol (1.0 x 10~7 M), minimizing dilution effects (<1%)
followed by standard additions from the estriol stock solution and
plotting the resulting analytical curve solution. All experiments were
performed in triplicate. The recovery of all measured samples was
between 94.5% and 96%. These results indicated that the proposed
biosensor system could be applied to estriol analysis in real serum
samples. Detection of estriol in complex media resulted in lower peak
when compared with buffer samples and it can be explain due to
unspecific proteins disrupting and interfering with electrochemical
signal inside the cell. Nevertheless, even with a lower linear range,
the limit of detection remained the same and it can be compared with
concentration found in human body. Furthermore, comparison of our
device with similar sensors found in literature (Table I), demonstrate
a new and robust tool for estriol detection in buffer and complex
samples with better stability and sensitivity.
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