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The current study's objective was to create an electrochemical sensor based on molecularly imprinted
polymers (MIP) and carbon nanotubes (CNTs) modified glassy carbon electrode (MIP/CNTs/GCE) for
sensitive and precise detection of stanozolol (SNZ) as a doping agent in human plasma from athletes.
For preparation of the MIP/CNTs/GCE as an electrochemical sensor, a MIP thin film on GCE with
modified CNTs was prepared using the electropolymerization method. XRD and SEM structural
analyses of nanostructures revealed that MIP was electropolymerized on CNTs successfully.
Amperometry and differential pulse voltammetry (DPV) studies showed that CNTs and the
molecularly imprinted polymer matrix had a positive synergistic electrocatalytic effect to produce a
stable and selective determination of SNZ. Additionally, the linear concentration range of 0-120 uM
was established, and the sensitivity and detection limit of 0.30444pA/ng.mL™* and 0.009 ng/mL,
respectively, were estimated. Analytical results showed the recovery (99.30% to 99.60%) and RSD
(3.81% to 4.42%) values were acceptable, and this method was appropriate for valid and precise
practical analyses in blood plasma and clinical samples. The precision and validity of MIP/CNTs/GCE
were successfully examined for the purpose of determining the level of SNZ in blood plasma samples
from healthy volunteer bodybuilders who were taking SNZ medication.
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1. INTRODUCTION

The synthetic anabolic steroid Stanozolol (SNZ) is produced artificially by condensation of the
3-keto-aldehyde moiety of oxymetholone with hydrazine [1, 2]. It has androgenic action and is an
orally active anabolic steroid [3, 4]. In the liver, SNZ is converted into conjugates of glucuronide and
sulfate. SNZ works by lowering the production of a peptide known as bradykinin, which causes
inflammation and causes blood vessels to burst and leak [5, 6]. Hereditary angioedema, which
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produces episodes of swelling of the face, limbs, genitalia, intestinal wall, and throat, is treated with
SNZ [7, 8]. The frequency and intensity of these attacks might be lessened with SNZ. Additionally, it
is utilized to treat osteoporosis, anemia, and other health problems [9, 10].

Athletes can get stronger, gain muscle mass, increase acceleration, recover from exercises and
other physical stresses more quickly, and become more forceful by using the steroid SNZ, which
mimics testosterone and increases muscle mass [11-13]. One of the most often overused anabolic
steroids, SNZ has been linked to a number of physical and psychological side effects. Abuse of
anabolic steroids like SNZ can make people angry and result in high blood pressure, liver issues,
sagging breasts in women, impotence and decreased sperm production in males, kidney failure, and
heart disease [14, 15]. It can also make people more prone to aggression. The World Anti-Doping
Agency forbids its use in sports (WADA). Synthetic anabolic steroids were formerly only used for
doping by professional athletes and bodybuilders [16, 17].

Therefore, it is crucial to determine the SNZ level in clinical and pharmaceutical samples. The
determination of SNZ, however, has been studied using LC-MS/MS [18] , LC/MS [19], LC-EI-
MS/MS  [20], SPE-LC-HRMS [21] and ELISA [22]. Due to the presence of several chemical
components in biological fluids and pharmaceutical samples, the selectivity of these sensors is limited.
The development of imprinted binding sites in molecular imprinted polymer (MIP)-based
electrochemical sensors has been shown to result in high selectivity; hence, it would be helpful to
understand the chemical makeup of these sites [23-26]. The objective of the current study is to create
an electrochemical sensor based on CNTs and MIP-modified GCE for sensitive and precise detection
of SNZ as a doping agent in human plasma from athletes.

2. EXPERIMENT
2.2. Preparation of MIPs/CNTs/GCE

Prior to alteration, a mirror-like surface was achieved by 20 minutes of continuous polishing of
a GCE surface (3 mm in diameter) with Al>Os slurry powder (0.05 um, 99.99%, Sigma-Aldrich). The
GCE was then ultrasonically washed with deionized water before being exposed to a mixture of
ethanol (99 percent, Merck Millipore, Germany) and deionized water for 10 minutes. After being
homogeneously mixed with 50 mL of dimethylformamide (DMF, 99.8%, Merck Millipore, Germany)
for 15 minutes, 5 mg of CNTs (Jiaxing ACG Composites Co., Ltd., China) were placed onto the
surface of the GCE. The modified GCE was then dried under an infrared heat lamp in order to
evaporate the solvent. Then, on an electrochemical workstation potentiostat (made by Xiamen Tob
New Energy Technology Co., Ltd., China), electropolymerization was carried out in a standard three-
electrode electrochemical cell that contained clean CNTs/GCE as the working electrode, Pt wire as the
counter, and Ag/AgCI (3 M KCI) as the reference electrode [27]. The electrolyte was made with 0.1 M
phosphate buffer solution (PBS) containing 50 mM aniline (99.5%, Sigma-Aldrich) and 10 mM SNZ.
Through CV electropolymerization at a potential range of 0.15 to 1.1 V and a scanning rate of 20 mV/s
for 5 cycles, the MIP film was created on the surface of CNTs/GCE. Following electropolymerization,
the modified electrode was submerged for 5 minutes under magnetic stirring in a 9:1 volume ratio of
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methanol (99.9 %, Sigma-Aldrich) and acetic acid (99.0 %, Sigma-Aldrich) to remove the template
molecules from the polyaniline film.

2.2. Measurement instruments

A differential pulse voltammetry (DPV) and electrochemical workstation potentiostat
galvanostat (CS350, Wuhan Corrtest Instruments Corp., Ltd.,, China) was used to measure
amperometry. The electrochemical workstation has a three-electrode electrochemical cell with a
working electrode, a counter electrode, and a reference electrode made of Ag/AgCl (bare or modified
GCE). All electrochemical tests were conducted in 0.1M phosphate buffer solution (PBS) electrolyte
(pH 7.0), which was made from an equal amount of 0.1M NaH2PO4 (99%) and 0.1M Na2HPO4
(99%). A German Bruker D8-FOCUS X-Ray Diffraction system was used to obtain the X-ray
diffraction (XRD) patterns. Using a JEOL JSM 6060 microscope, scanning electron microscopy
(SEM) images of the sample morphology were provided.

2.3. Study the real sample

After injection, Winstrol (TN Pharma, USA) had 75 mg/mL of SNZ, according to the accuracy
and validity of MIP/CNTs/GCE for determining SNZ in prepared genuine samples from blood plasma
samples that originated from healthy volunteer bodybuilders. The active half-life of a SNZ injection is
roughly 24 hours. As a result, blood was drawn six hours following the SNZ injection. The blood
sample was centrifuged for 8 minutes at 1200 rpm. The supernatant from phase separation was filtered
and used to make 0.1 M PBS (pH 7.0). The solution was subsequently utilized as an electrochemical
electrolyte.

3. RESULTS AND DISCUSSION
3.1. Structural studies of CNTs and MIP/CNTSs nanostructures modified GCE

Figure 1 shows the XRD patterns of powder CNTs and MIP/CNTSs. As can be seen, the sharp
diffraction peak in both XRD patterns corresponds to the graphitic carbon in CNTs with plane (002)
(JCPDS card no. 75-1621) and is visible at around 26.10° [28]. However, the MIP/CNTs XRD
pattern's diffraction peak strength has somewhat diminished, indicating that amorphous MIP has
electropolymerized on the surface of CNTs [29, 30].
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Figure 1. The XRD patterns of powder CNTs and MIP/CNTSs

Figure 2 displays the SEM micrographs of the CNTs/GCE and MIP/CNTs/GCE. Figure 2a's
SEM micrograph of the CNTs/GCE shows that the GCE surface has been transformed by densely
enwrapped CNTs with distinctive tubular networks and an average diameter of 55 nm. According to
Figure 2b, MIP was successfully electropolymerized on CNTs since the average diameter of
MIP/CNTSs is 85 nm, which is larger than the average diameter of pure CNTs modified by GCE. A
wide accessible surface area is also provided by the 1D structure of CNTs, which makes them
excellent nanostructures to stop MIP from aggregating or restacking [31, 32].

Figure 2. The SEM micrographs of (a) CNTs/GCE and (b) MIP/CNTs/GCE.

3.2. Electrochemical studies

Figure 3 displays the DPV curves of unaltered GCE, CNTs/GCE, and MIP/CNTs/GCE at
potentials ranging from 0.10 V to 0.80 V at a scanning rate of 15 mV/s in 0.1 M PBS (pH 7.0), both
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with and without SNZ solutions. When there is no SNZ solution in the electrochemical cell, none of
the electrodes show any distinct peak in the DPV curves. Anodic peaks are observed on the DPV
curves of GCE, CNTs/GCE, and MIP/CNTs/GCE, respectively, at 0.57 V, 0.53 V, and 0.52 V when
the SNZ solution is added to the electrolyte of an electrochemical cell. It is hypothesized that these
peaks are brought on by the oxidation of stanozolol's hydroxy ketone [33, 34]. Casati et al. also
suggested that SNZ compounds, with a spacer arm at position 173-OH, can expose the pyrazole ring to
the sensing system which in the SNZ structures acts as a recognition region site and will allow
detection SNZ (Figure 4). It is clear that MIP/CNTs/GCE has a higher electrocatalytic current than
bare GCE and CNTs/GCE, and that its peak current occurs at the lowest potential. It demonstrates the
advantageous electrocatalytic synergy between CNTs and the molecularly imprinted polymer matrix.
To produce voids in the polymers that are sterically and chemically complementary to the templates,
monomers are first compounded with the templates (analytes) and then polymerized to make a
synthetic polymer matrix. After the templates are removed, the specially designed binding cavities can
distinguish the templates from their analogs [35, 36]. CNTs with excellent electrical conductivity, high
surface area, and chemical and mechanical stability can compensate for MIPs' lack of conductivity and
electrocatalytic activity [37-39]. The density of recognition sites and conductivity of MIP-based
sensors can be improved through electropolymerization of MIP on CNTs, which is essential to rebind
the analyte molecules and speed up the electron transmission [37, 40]. Moreover, CNTs defect sites
provide the functional groups that can react with reactive end groups MIP [41]. Therefore, the
modification of CNTs with MIP thin film promotes the electrocatalytic activity of MIP/CNTs/GCE.
Thus, MIP, CNTs, and GCE were subjected to the following electrochemical assays.
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Figure 3. the DPV curves of unmodified GCE, CNTs/GCE and MIP/CNTs/GCE at potentials between
0.10 V and 0.80 V at a scanning rate of 15 mV/s in 0.1 M PBS (pH 7.0) in both of absence
(dashed line) and presence (solid line) of SNZ solutions.
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Figure 4. The suggested oxidation mechanism of stanozolol

In an electrochemical cell containing 0.1 M PBS, Figure 5 shows the amprometric reactions of
MIP/CNTs/GCE following repeated injections of 5 ng/mL SNZ solutions at potentials of 0.52 V. (pH
7.0). With each injection of 5 ng/mL SNZ solution, it is demonstrated that the amprometric current
increases, demonstrating a quick and stable response from MIP/CNTS/GCE. A sensitivity of
0.30444pA/ng.mL* for MIP/CNTSs/GCE toward SNZ is achieved, as evidenced by the calibration plot
of Figure 5's inset, which shows that peak current intensities of amprometric responses climb linearly
over the concentration range of 0 to 120 uM. The detection limit can also be estimated to be 0.009
ng/mL. In Table 1, these sensing characteristics are contrasted with newly published SNZ sensor
results [42, 43]. As can be shown, MIP/CNTs/GCE demonstrates the lowest detection limit value
among LC-MS/MS, LC/MS, LC-EI-MS/MS, SPE-LC-HRMS, and ELISA-based sensors in addition to
having a relatively broad linear range. As a result, the combined use of MIP as selective
electrochemical platforms and CNTs as an electroactive redox probe at the surface of the MIP/CNT
modified electrode accounts for the present work’s significant innovation in comparison to other
published results of SNZ sensors.
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Figure 5. The amprometric responses and corresponding calibration plot of MIP/CNTs/GCE to
consecutive injections of 5 ng/mL SNZ solutions at potentials of 0.52 V in an electrochemical
cell containing 0.1 M PBS (pH 7.0).
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Table 1. The performance of electrochemical sensor for determination of SNZ in present work and
recently released outcomes of SNZ sensors.

Electrode Technique LOD Linear range Ref.
(ng/mL) (ng/mL)

MIP/CNTs/GCE Amperometry 0.009 0 to 120 present
work
C-18 column LC-MS/MS 0.125 0.125-25 [44]
C18 column LC/MS/MS 1 1-30 [18]
Supelcosil LC-8 DB column LC/MS 0.3 [19]
C-18e column LC-EI-MS/MS 2 5-250 [20]
Kinetex EVO C-18 column SPE-LC-HRMS 0.1 1-100 [21]
SNZ-Ab/SPE ELISA 0.175 0.64 -2 [22]

LC-MS/MS: Liquid chromatography tandem mass spectrometry; LC-MS: Liquid chromatography—
mass spectrometry; SNZ-ADb/SPE: anti-stanozolol/Screen Printed Carbon Electrode; LC-EI-MS/MS:
Liquid chromatography—electrospray ionization tandem mass spectrometry method; SPE-LC-HRMS:
Solid-phase extraction-liquid chromatography with high resolution mass spectrometer; ELISA:
enzyme-linked immunosorbent assay

The MIP/CNTs/GCE system's sensitivity as an SNZ electrochemical sensor was assessed in the
presence of numerous drugs and compounds that are present in biological fluid. The results of
electrocatalytic signal amperometric measurement employing MIP/CNTs/GCE at a potential of 0.52 V
in 0.1 M PBS (pH 7.0) in response to consecutive injections of 5 ng/mL SNZ solution and 20 ng/mL
interfering species are shown in Table 2. Interferences can happen when there is a lack of specificity in
the electrode surface and the kind of electrolyte, as well as when these substances decrease and/or
oxidize at potentials close to the SNZ [45, 46]. While adding interfering species to the electrolyte
solution does not provide any visible electrocatalytic signal, adding SNZ solution to an
electrochemical cell does produce a noticeable electrocatalytic signal. Molecular hosts that provide
cavities for selective binding with catalytically active functional groups within the cavity in the proper
vicinity to the reactive groups of the bound substrate are used during the electropolymerization of
molecularly imprinted polymer on CNTSs. It dramatically improves selectivity [47]. Additionally, better
accessibility of the particular receptor-recognition contacts for the analyte and less resistance to mass
transfer are provided by the synergistic effect of the recognition sites of MIP film on CNTs [35, 48].

Table 2. The outcomes of electrocatalytic signal of amperometric measurement using MIP/CNTs/GCE
at potential of 0.52 V in 0.1 M PBS (pH 7.0) to sequential injections of 5 ng/mL SNZ solution
and 20 ng/mL of interfering species.

Substance Added Amperometric signal RSD
(ng/mL) (nA) at 0.52 V

SNZ 5 1.5221 +0.0074

Ascorbic acid 20 0.0529 +0.0021

Dopamine 20 0.0201 +0.0015

Glucose 20 0.0406 +0.0019

Lactose 20 0.0224 +0.0017
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Folic acid 20 0.0311 +0.0018
Cholesterol 20 0.0293 +0.0012
Uric acid 20 0.0447 +0.0022
Lactic acid 20 0.0225 +0.0012
Acetaminophen 20 0.0195 +0.0019
Dehydroepiandrosterone 20 0.0325 +0.0019
Codeine 20 0.0374 +0.0018
Norepinephrine 20 0.0286 +0.0016
Albumin 20 0.0198 +0.0012
Fe?* 20 0.0263 +0.0011
Ca? 20 0.0320 +0.0015
Zn %" 20 0.0167 +0.0010
Mg?* 20 0.0353 +0.0012

In order to measure the concentration of SNZ in blood plasma samples from healthy volunteer
bodybuilders who were receiving SNZ injections, the accuracy and validity of MIP/CNTs/GCE were
investigated. Figure 6 shows the outcomes of an amperometric test carried out at a potential of 0.52 V
on blood plasma from bodybuilders prepared in 0.1 M PBS (pH 7.0). The SNZ level in the processed
sample is 0.16ng/mL, as shown by the appropriate calibration plot in inset Figure 6. The results of the
analysis using the conventional addition approach are shown in Table 3. The results show that the
recovery (99.30% to 99.60%) and RSD (3.81 percent to 4.42 percent) values are acceptable and that
this approach is suitable for practical studies in blood plasma and clinical samples that are valid and
accurate.
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Figure 6. The amprometric responses and corresponding calibration plot of MIP/CNTs/GCE to
consecutive injections of 5 ng/mL SNZ solutions at potentials of 0.52 V in in 0.1 M PBS (pH
7.0) prepared sample from bodybuilder blood plasma.
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Table 3. The obtained analytical findings of determination of SNZ in the prepared real samples of
bodybuilder blood plasma.

spiked (ng/mL) | detected (ng/mL) | Recovery (%) | RSD (%)
0.00 0.16 4.13
5.00 5.13 99.40 4.21
10.00 10.12 99.60 3.81
15.00 15.07 99.40 4.25
20.00 20.02 99.30 4.42

4. CONCULUSION

Finally, the current study described the synthesis of MIP/CNTs/GCE as an electrochemical
sensor for the precise and sensitive detection of SNZ in athlete blood plasma. MIP thin films were
prepared using the electropolymerization process and applied to GCE with CNT modifications. The
1D structure of CNTSs provided the optimal nanostructures to prevent the aggregation or restacking of
MIP in order to provide a broad accessible surface area, according to structural studies that showed the
electropolymerization of MIP on CNTSs to be successful. Electrochemical tests demonstrated the CNTSs'
and the molecularly imprinted polymer matrix's advantageous synergistic electrocatalytic effect on the
selective and stable determination of SNZ. Additionally, the linear concentration range of 0-120 uM
was established, and a sensitivity and detection limit of 0.30444uA/ng.mL? and 0.009 ng/mL,
respectively, were estimated. Analytical results showed the recovery and RSD values were acceptable,
and this method was appropriate for valid and precise practical analyses for detecting SNZ as a doping
agent in blood plasma and clinical samples of athletes. The precision and validity of MIP/CNTs/GCE
were successfully examined for the purpose of determining the level of SNZ in blood plasma samples
from Volcaneer bodybuilders who were taking SNZ medication.
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