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A B S T R A C T

A voltammetric method for fast and sensitive estradiol determination using carbon black modified glassy carbon
electrode (CBGC) is proposed. The use of carbon black as a modifying layer led to obtain low detection limit
(9.2·10−8 mol L−1 for a preconcentration time of 60 s) and stability of registered signals (measured as RSD is
1.3%, n= 7, estradiol concentration 0.5·10−6 mol L−1). Cyclic voltammetry study revealed that in phosphate
media estradiol suffers irreversible one-proton and one-electron oxidation process. Under the optimum condi-
tions, estradiol calibration curve was linear in the concentration range from 0.15·10−6 to 3.5·10−6 mol L−1. The
proposed method enable to determine estradiol content in different pharmaceutical formulation with good re-
covery. Amperometric measurements of estradiol were performed as well to indicate the possibility of its fast and
accurate determination under the flow conditions.

Introduction

17β-estradiol (E2) is a natural estrogen, belonging to the group of
natural steroidal hormones. It is produced endogenously by all mam-
mals, in ovaries in women and testes in men's body, and its level is
regulated by the availability of the androgenic precursors. Estradiol
controls numerous of physiological actions, such as body development,
menstrual cycle, mineral, carbohydrate, protein and lipid metabolism
for women, and has also significant role in males including effects on
bones, spermatogenesis and behavior [1–3].

A deficiency of estradiol is common during menopause and con-
nected with higher risk of heart diseases or osteoporosis. Therefore,
hormonal replacement therapy based on intake of synthetic estradiol is
used. However, E2 is still consider as a cancerogenic agent, increasing
the risk of ovarian and breast cancer. Thus, development of high sen-
sitive estradiol detection methods is desired in order to provide ap-
propriate replacement dose that can be administrated during treatment
[4–7].

A large number of high sensitive estradiol detection methods has
been developed such as HPLC [8,9], GC-MS [10,11], LC-MS [12,13],
immunoassay [14,15] and electrochemical methods [16,17]. However,
mentioned methods are also characterised by time consuming sample
preparation, expensive reagents and requires well trained staff. Most of
these inconveniences can be eliminated by choosing voltammetry for

analysis. Among the electrochemical methods, voltammetric techniques
deserves particular attention due to its simplicity and high sensitivity of
measurements [18–23]. Considering wide range of working electrodes,
estradiol has been determined on hanging mercury drop electrode [19]
glassy carbon electrode [22,23] glassy carbon electrode modified by
Al2O3 [24], graphite electrode [25], carbon nanotubes [20,21], gra-
phene modified electrode [18] and at electrodes modified by polymers
and metal nanoparticles [26,27] so far. In order to provide even better
detection limits, nowadays numerous nanomaterials such as carbon
nanotubes, metallic nanoparticles, graphene or carbon black are
gaining popularity as an electrode's modifiers both in voltammetry and
potentiometry [28–34]. One of the most popular modifier nowadays,
carbon black is a carbon nanomaterial attracting much attention in
electrochemistry field, due to its unique properties [35–40]. As a con-
sequence of high surface development, use of the carbon black elec-
trodes may cause in achieving lower detection limits in comparison to
electrode not modified. In this work carbon black modified electrode is
used in order to achieve high sensitivity of estradiol determination in
pharmaceutical products samples.

Materials and methods

Estradiol (≥98%, w/w) was obtained from Sigma (USA). Carbon
black was obtained from 3D-nano (surface area: 100m2 g−1, average
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particle size: 13 nm, Poland). Dimethylformamide was purchased at
Fluka (USA), dihydrogen phosphate (V) of potassium and dipotassium
phosphate were obtained from Merck (Germany).

Stock solution of the 0.01M estradiol were prepared in water –
ethanol solution (1:1) and stored at 4 °C. Solutions with lower estradiol
concentrations were prepared daily. All solutions were prepared with
double-distilled water.

Anodic stripping voltammetry (ASV) measurements were performed
using multipurpose Electrochemical Analyzer M161 and the electrode
stand M164 (both MTM-ANKO, Poland) with the EAGRAPH software.
The three-electrode quartz cell consisted of a glassy carbon electrode
(GC) modified with carbon black (CB) as the working electrode, a Ag/
AgCl/KCl (3 mol L−1) reference electrode and a platinum wire as an
auxiliary electrode. The CBGC electrode was prepared by applying 10 μl
of homogenised carbon black solution (suspension in DMF, 1mgml−1)
on the polished surface of glassy carbon electrode. During the pre-
concentration time stirring was performed using a magnetic bar ro-
tating at approximately 500 rpm.

ASV measurements were performed in 0.1M potassium phosphate
solution (0.75ml 1mol L−1 KH2PO4 and 0.25ml 1mol L−1 K2HPO4,
total volume of 10ml, pH 6.2), using an preconcentration potential of
100mV and preconcentration time of 10 s. Voltammograms were re-
corded by applying positive – going potential scan with potential step of
6mV and pulse amplitude of 50mV. Before each measurement a
cleaning step was performed by applying potential of 1 V for 5 s at the
working electrode.

Results and discussion

Voltammetric characterisation

The carbon black surface behavior of the prepared electrodes were
investigated in the 1mmol L−1 Fe(CN)6−3/Fe(CN)6−4 solution con-
taining 1mol L−1 KCl at a scan rate values in the range from 0.005 to
0.25 V s−1 by cyclic voltammograms (Fig. 1B). The active surface of
modified and unmodified electrodes has been calculated using the de-
pendence between ferricyanide peak current and square root of the scan
rate. For the modified electrode, the size of active surface was of about
0.0941 cm2, whereas for the unmodified electrode it was of about
0.0743 cm2. Also the morphology of the glassy carbon electrode surface
modified with carbon black nanoparticles was examined by SEM and
presented in Fig. 1. Estradiol behavior on CBGC electrode was in-
vestigated using cyclic voltammetry technique. The result of the scan
rate influence on estradiol oxidation peak in the range from 0.005 V s−1

to 0.5 V s−1 is presented in Fig. 2A. Absence of a reduction peak on the
cathodic scan proves that the electrode process is irreversible. Obtained
peaks were analysed by plotting dependences of peak current versus
scan rate and versus square root of scan rate value. Linear dependence
was obtained between square root of estradiol peak current on the scan
rate plot, therefore oxidation process is diffusion controlled.

Number of electrons taking part in electrochemical oxidation of
estradiol could be calculated from the slope of Ek vs. ln(v). Assuming α
as 0.5, the number of the transferred electrons could be calculated as 1.

The pH effect on the voltammetric response of 1.5 μmol L−1 estra-
diol on a carbon black modified electrode was evaluated. ASV vol-
tammograms recorded in buffer electrolytes in a pH range from 2.4 to 8
are shown in Fig. 3. The voltammetric effect of the estradiol oxidation
on CBGC electrode was studied considering the difference in peak
current and potential versus the solutions pH. The anodic peak current
was rising with increasing pH, reaching the maximum value of 0.68 μA
in solution of pH 6.2, and then slowly decreasing until pH of 8.0 was
obtained. Also estradiol peak potential was moving toward lower values
with increasing pH, according to the following equation:

= − +E pH0.056 0.98p

Obtained correlation implies that equal number of electron and
proton is involved in the electrochemical reaction. Scheme of possible
oxidation mechanism is proposed in Fig. 2B.

Influence of preconcentration time and potential on estradiol peak

In order to obtain high sensitivity and low detection limit, the effect
of preconcentration time and potential on estradiol oxidation peak was
examined in a wide range of values. Preconcentration potential, studied
in the range from −200 to 450mV did not affect estradiol peak current
which value was about 0.48 ± 0.03 μA (Fig. 4). Therefore, pre-
concentration potential of 100mV was chosen for further measure-
ments.

Dependence of preconcentration time on estradiol peak current on a
CBGC electrode is presented in Fig. 5. Estradiol oxidation peak current
is stable after reaching maximal values of current, vary for different
estradiol concentration from the range of 1–0.15·10−6 mol L−1; ex. for
1·10−6 mol L−1 maximum peak current was equal to 1.34 μA whereas
for 0.15·10−6 mol L−1 was equal to 0.79 μA (180 s of preconcentration
both).

Influence of base electrolyte composition on estradiol peak

In order to choose the most suitable environment for estradiol de-
termination, following solutions were examined: 0.05mol L−1 hydro-
chloric acid (pH 1.3), 0.05mol L−1 sulfuric acid (VI) (pH 1.1),
0.05mol L−1 phosphoric acid (V) (pH 2.0), 0.02mol L−1 acetate buffer
(pH 4.4), 0.05mol L−1 dihydrogen phosphate (V) of potassium (pH
4.6), 0.05mol L−1 dipotassium phosphate (pH 9.1) and 1mol L−1 bo-
rate buffer (pH 9.3) (Fig. not included). Comparison of obtained es-
tradiol signals exhibited the best properties of estradiol peak, such as
peak shape and relationship between peak and baseline current in so-
lution consisted of 0.75ml 1mol L−1 KH2PO4 and 0.25ml
1mol L−1 K2HPO4. Thus, this solution was chosen as a base electrolyte
for further studies.

Fig. 1. Cyclic voltammograms of 1 mM ferrocene in 1M
KCl electrolyte measured at GC electrode with scan rate in
the range from 5 to 250mV s−1 (A) for modified surface
(solid line) and unmodified surface at 100mV s−1 (dash
line) and morphology of carbon black layer surface on
glassy carbon electrode obtained by scanning electron mi-
croscope (B).
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