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The current study sought to develop a molecularly imprinted polymer and graphene oxide
nanocomposite on glassy carbon electrode (MIP/GO/GCE) as an electrochemical sensor for the
selective detection of metandienone (MD) as a doping agent in wrestler biological fluid samples. The
MIP/GO nanocomposite on GCE was created using an electropolymerization technique. FE-SEM and
XRD structural and morphological studies confirmed the successful electropolymerization of MIP on
GO nanosheets in the MIP/GO nanocomposite which modified the GCE surface. Due to the synergistic
effect of GO and MIPs, electrochemical measurements using DPV and amperometry techniques
revealed highly selective MD determination and significantly enhanced electrocatalytic activity of
MIP/GO nanocomposite. MIP/GO/GCE linear response was measured from 0 to 2900 ng/mL. The
sensitivity and detection limit were calculated to be 0.01967uA/ng.mL™* and 0.07ng/mL, respectively.
Furthermore, when compared to the released outcomes of MD sensors in literetures, MIP/GO/GCE
demonstrated significant electrocatalytic performance with a broad linear range to MD concentrations
and an appropriate limit of detection value. The MIP/GO/GCE sensing system was evaluated as a
proposed sensing system for MD analysis in real samples prepared from wrestler urine. Analytical
studies revealed that the RSD values (3.15% to 4.73%) were suitable for valid and accurate practical
analyses in urine and other biological fluid samples.

Keywords: Graphene Oxide, Molecularly Imprinted Polymers; Specificity; Electropolymerization;
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1. INTRODUCTION

Metandienone (MD), also known as methandienone or methandrostenolone and sold under the
brand name Dianabol as anabolic steroids, is most commonly used by competitive athletes,
bodybuilders, wrestlers, and powerlifters for physique and performance enhancement [1, 2]. MD is a
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drug that has androgenic activity, which means it has the ability to increase muscle mass, leg
performance, strength, and tone [3, 4]. MD is ideal for mass gain because it rapidly increases muscle
size and strength. It also increases protein levels in the muscles, which aids in muscle growth and
recovery [5, 6]. MD is also effective at stimulating muscle growth. MD is on the WADA Prohibited
List from 2006. Furthermore, MD has a slew of negative side effects that can harm both men and
women [7, 8]. Gynecomastia (male breast enlargement), acne, increased aggression, heart problems,
liver damage, and stroke are the most common side effects of MD [9]. Furthermore, excessive MD use
can raise cholesterol levels, reduce sperm count in men, and cause infertility in women. Other MD side
effects in bodybuilding include insomnia, nausea, vomiting, muscle cramps, and high blood pressure
[10-12].

Spectrophotometry [13], mass spectrometry [14], capillary electrophoresis process [15], gas
chromatography-mass spectrometry (GC-MS) [16], gas chromatography—low-resolution mass
spectrometry with selected ion monitoring (GC-LRMS-SIM) [17], liquid chromatography tandem
mass spectrometry (LC-MS/MS) [18], enzyme-linked immunosorbent assay (ELISA) [19] and
electrochemical techniques [20-22] have all been used to determine MD concentration in
pharmaceutical and biological fluids samples. One of the most difficult drawbacks of these methods is
signal suppression due to fouling agents and interference from chemicals present in the sample matrix,
indicating low selectivity [23, 24]. According to research, molecular imprinting technology is a
technique for creating molecularly imprinted polymers (MIPs) with tailor-made binding sites that are
complementary to the template molecules in shape, size, and functional groups [25, 26]. It can be
described as a method of creating a molecular lock to match a molecular key, with the specificity
determined by functional group complementarity as well as the shape of the binding cavity in MIPs
[27, 28]. Thus, the current study aims to develop a GO and MIP-based electrochemical sensor for the
selective detection of MD as a doping agent in athlete biological fluid samples.

2. EXPERIMENT
2.1. Fabrication of MIP/GO nanocomposite modified the GCE surface

Electropolymerization technique was used for fabrication of MIP/GO nanocomposite modified
the GCE surface [29, 30]. To achieve a mirror-like surface, GCE (diameter 3 mm) was polished with 1
m and 3 m aluminum oxide slurry (99.99%, Zibo Linxi Chemical Co., Ltd., China) on a Buehler
Microcloth® pad. After polishing, the GCE was ultrasonically rinsed in deionized water for 8 minutes
and sonicated for 5 minutes in anhydrous ethanol (99%, Duter Co., Ltd., China). 2 mg of GO (99%,
Sigma-Aldrich) was homogeneously dispersed in 50 mL of dimethylformamide (DMF, 99.9%,
Shandong Near Chemical Co., Ltd., China) prior to electropolymerization. To obtain GO/GCE, 100 L
of the GO-DMF suspension was dropped on the GCE surface and dried under an infrared lamp.
Electropolymerization was carried out at 0.7 V for 4 minutes using an electrochemical workstation
potentiostat (RRDE-6A, Taizhou Hervey Instrument Co., Ltd., Jiangsu, China) in a three-electrode
system containing a working electrode (GO/GCE), a counter electrode (platinum mesh), and a
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reference electrode (Ag/AgCl (3 M KCI). In an equal volume ratio, 0.05 M pyrrole (98%, Merck,
Germany), 0.05 M metandienone MD (Sigma-Aldrich) as a template molecule, and 0.1 M H2SO4
(98%, Sigma-Aldrich) were combined to make the electropolymerization electrolyte. The polypyrrole
film was then oxidized using cyclic voltammetry (CV) in 0.1 M PBS (pH = 7.0) in a potential range of
-0.15 to 1.1 V with a scanning rate of 20 mV/s for 5 cycles. Finally, the electrode was thoroughly
rinsed with deionized water and immersed in 0.05 M oxalic acid dehydrate (99%, Sigma-Aldrich) for
30 minutes to remove the template molecules from the polypyrrole film.

2.2. Characterization

Amperometry and differential pulse voltammetry (DPV) measurements were performed using
an electrochemical workstation potentiostat (RRDE-6A, Taizhou Hervey Instrument Co., Ltd., Jiangsu,
China). All electrochemical measurements were performed in a 0.1M phosphate buffer solution (PBS)
electrolyte (pH 7.0) prepared from a 0.1M NaH2PO4 (99%) and 0.1M NaxHPO4 (99%) mixture. The
morphological and crystallographic properties of the nanostructures were evaluated using field
emission scanning electron microscopy (FE-SEM) and an X-ray diffractometer (XRD, X'Pert-Pro-
MRPD; Philips (Panalytical), Tokyo, Japan).

2.3. Preparation of the actual sample from the urine of wrestlers

To test the MIP/GO/GCE as a sensing system for MD analysis in real samples, urine samples
from four wrestlers were provided. The wrestlers were given a placebo Dianabol injection (40 mg/ml,
BioMed, UK) with an active half-life of 3-6 hours. Thus, urine samples were collected 2 hours after
the Dianabol injection. The urine samples were centrifuged for 5 minutes at 1000 rpm, filtered, and
then used to prepare 0.1 M PBS (pH 7.0). Finally, the 0.1 M PBS prepared from urine samples was
used as an electrochemical electrolyte.

3. RESULTS AND DISCUSSION
3.1. Structural and morphological studies of modified electrodes

Figure 1 shows FE-SEM micrographs of modified electrodes (GO/GCE and MIP/GO/GCE).
Figure la shows a FE-SEM micrograph of GO/GCE with laminated and overlapping flake nanosheets
on the surface, which has a fairly irregular surface that is thin, wrinkled, and typically curved. The FE-
SEM micrograph of MIP/GO/GCE (Figure 1b) shows that after electropolymerization, MIP
nanoparticles can be evenly dispersed on the nanosheet surface of GO, forming new rough-shaped
nanocomposite. Oxygen-containing functional groups on GO nanosheets, such as carboxyl and
carbonyl, generate polymerization sites and a high degree of cross-linking [31-33].
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Figure 1. FE-SEM micrographs of modified electrodes: (a) GO/GCE and (b) MIP/GO/GCE.
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Figure 2. The results of structural characterization of powders of GO and MIP/GO nanocomposite by

XRD.

Figure 2 depicts the results of the structural characterization of GO and MIP/GO
nanocomposite powders. The XRD pattern of GO corresponds to a characteristic diffraction peak at
10.88°, which is assigned to the (001) Bragg reflection plane of the hexagonal structure of CNTs [34].
The same diffraction peak of the (001) crystalline plane can be seen in the XRD pattern of MIP/GO
nanocomposite, but with a lower intensity [35, 36]. It was proposed that successful
electropolymerization of MIP on GO nanosheets could improve adsorption and conductivity
functionality [37, 38].

3.2. Electrochemical measurements

Figure 3 shows the DPV curves of MIP/GO/GCE, GO/GCE, and GCE at a scanning rate of 40
mV/s for a potential range of 0.20 to 1.25 V vs. Ag/AgCl in 0.1 M PBS at pH 7.0. The DPV
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measurements were carried out in the electrochemical cell in both the absence and presence of MD
solutions. In the absence of MD solution, none of the electrodes show a clear peak in the DPV curves.
Following the addition of the MD solution, there are anodic peaks at 0.62 V, 0.66 V, and 0.72 V on the
DPV curves of MIP/GO/GCE, GO/GCE, and GCE, respectively, which correspond to the suggested
electrochemical oxidation process shown in Figure 4 [21]. Gémez et al. [39] also suggested that MD
(17B-hydroxy-17-methyl-1,4-androstadien-3-one) can be oxidized under oxidation of 17-hydroxyl
group to 18-nor-17p-hydroxymethyl-17a-methylandrostl,4,13-triene-3-one. Furthermore, Figure 3
shows that the DPV peak current of MIP/GO/GCE is greater than that of GO/GCE and unmodified
GCE, and that the anodic peak is located at a significantly lower positive potential. It demonstrates that
the synergistic effect of GO and MIPs significantly improves the electrocatalytic activity of MIP/GO
nanocomposite [40]. The 2D structure of GO nanosheets with high conductivity, large surface area,
and electrocatalytic activity can act as a suitable support for the immobilization of MIP molecules in
sensor design and serve as a fast electron-transfer-shuttle in electrochemical reactions, increasing
sensitivity [41-43]. MIPs electropolymerize to form 3D complimentary cavities of a specific size and
shape for the recognition of analyte molecules. These MIPs have a special place for specific analyte
detection, as well as molecular recognition and catalysis mimics, and are capable of selectivity toward
a target intrinsic template molecule [44-46]. Therefore, further electrochemical tests were conducted
on MIP/GO/GCE.
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Figure 3. The DPV curves of unmodified (a and a’) MIP/GO/GCE, (b and b’) GO/GCE and (c and ¢’)
GCE at scanning rate of 40 mV/s for a potential range from 0.20 to 1.25 V vs. Ag/AgCl in 0.1
M PBS of pH 7.0 with and without MD solution.

Figure 4. The suggested electrochemical oxidatiom prosess of MD [21].
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Figure 5a shows the data obtained from amperometric measurements of MIP/GO/GCE using
successive injections of a solution containing 100 ng/mL of MD solution in a 0.1 M PBS (pH 7.0)
electrolyte solution at an applied potential of 0.62 V.
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Figure 5. (a) The obtained data from amperometric measurements and (b) calibration graph of
MIP/GO/GCE through successive injections of a solution containing 100 ng/mL MD solution
in 0.1 M PBS (pH 7.0) electrolyte solution at an applied potential of 0.62 V.

Table 1. The performance of electrochemical sensor for determination of MD in present work and
released outcomes of MD sensors in literetures.

Electrode Technique LOD Linear Ref.
(ng/ml) range
(ng/ml)
MIP/GO/GCE Amperometry 0.07 0—-2900 | Presen
t work
Carboxylated MWCNTSs/Nafion/ GCE DP-SCV 1 32704 [20]
0-phenylenediamine/Pt NPs/Au NWs/ DPV 0.12 | 0.6-2884 | [21]
ionic liquid
Electrochemically reduced GO/GCE DP-ASV 69.10 [22]
C18 SPE column Capillary 4.5 0.2-2.0 [15]
electrophoresis
HP-1 column GC-LRMS- 3 0.1-10 [17]
SIM
HP5-MS capillary column LC-MS/MS 0.002 0.002 — [18]
0.5
Ab-lgG-HRP/D-Bol-BAS/SPE ELISA 0.6813 | 0-1000 [19]

DP-SCV: Differential pulse cathodic stripping voltammetry; DP-ASV: Differential pulse anodic
square wave voltammetry; Ab-lgG—HRP/D-Bol-BAS/SPE: Anti-species IgG—HRP/boldenone—bovine
serum albumin/Screen printed electrode
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The results show that the MIP/GO/GCE responds quickly and sensitively to each addition of
the MD solution. By increasing the MD oncentration in an electrochemical cell, the amperometric
current increases linearly. Figure 5b shows a calibration graph with a linear response from 0 to 2900
ng/mL. The sensitivity of MIP/GO/GCE is obtained to be 0.01967 pA/ng.mL™. limit of detection
(LOD) can be determined according to the equation LOD = 306/S, where S is the slope of the
calibration curve and o is the standard deviation of blank solutions [47, 48]. The LOD is calculated to
be 0.07 ng/mL. Table 1 shows that MIP/GO/GCE exhibits significant electrocatalytic performance
with a broad linear range of MD concentrations and an appropriate LOD value when compared to the
released outcomes of MD sensors in literetures. It may be related to grafting MIP molecules onto the
surface of GO layers in order to increase surface area and improve sensing performance [49-51].

Table 2. The obtained data from amperometric measurements of MIP/GO/GCE through successive
injections of a solution containing 10 ng/mL MD and 100 ng/mL interference species solutions
in 0.1 M PBS (pH 7.0) at an applied potential of 0.62 V.

Substance Added | Amperometric signal RSD
(ng/mL) (UA) at 0.62 V

MD 10 0.1971 +0.0033
Testosterone 100 0.0439 +0.0020
Glutamic acid, 100 0.0426 +0.0014
19-Nortestosterone 100 0.0345 +0.0015
Boldenone 100 0.0261 +0.0011
Stanozolol 100 0.0436 +0.0017
Keto-testosterone 100 0.0253 +0.0011
Methylboldenone 100 0.0244 +0.0018
Progesterone 100 0.0320 +0.0019
Clenbuterol 100 0.0341 +0.0011
Methyltestosterone 100 0.0194 +0.0012
B-Estradiol 100 0.0240 +0.0012
a-Testosterone 100 0.0126 +0.0013
Acetaminophen 100 0.0175 +0.0010
Uric acid 100 0.0251 +0.0014
Dehydroepiandrosterone 100 0.0222 +0.0016
a-Nortestosterone 100 0.0304 +0.0018
a-Boldenone 100 0.0201 +0.0012
Keto-nortestosterone 100 0.0154 +0.0010

Before evaluating the proposed method for determining D-Bol in human biological fluid
samples, the specificity of the MIP/GO/GCE system was tested in the presence of various chemicals
and medicines that were found in biological fluid samples as interference species. Table 2 shows the
results of amperometric measurements of MIP/GO/GCE using successive injections of a solution
containing 10 ng/mL MD and 100 ng/mL interference species solutions in 0.1 M PBS (pH 7.0) at an
applied potential of 0.62 V. The results show that adding MD solution to an electrochemical cell
produces a significant electrocatalytic signal, but adding interference species to the electrolyte solution
has no effect on the electrocatalytic signal, indicating the high specificity of the MIP/GO/GCE system
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for determining MD in biological fluids samples. This specificity is due to MIP, which is created by
electropolymerizing functional monomers in the presence of a target analyte (template). After the
template is removed from the polymer, cavities are formed with a molecular memory that mirrors the
size and shape of the template and mimics the binding sites of the target analyte [52].

The MIP/GO/GCE sensing system was evaluated as a proposed sensing system for MD
analysis in real samples prepared from the urine of four wrestlers. Figure 6 depicts the data obtained
from amperometric measurements of MIP/GO/GCE at an applied potential of 0.62 V using successive
injections of a solution containing 100 ng/mL MD in 0.1 M PBS (pH 7.0) prepared from the urine
sample of the first wrestler (W1). The calibration graph in Figure 6b shows that the MD level in the
processed sample is 5.23 ng/mL. This method was used to analyze the remaining samples (W2-W4),
and the results are summarized in Table 3. As can be seen, the MD levels determined in urine samples
are close to each other. In addition, the outcomes of analytical studies in Table 3 illustrate that the RSD
values (3.15% to 4.73%) are appropriate for valid and accurate practical analyses in urine and other
biological fluid samples.
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Figure 6. (a) The obtained data from amperometric measurements and (b) calibration graph of
MIP/GO/GCE through successive injections of a solution containing 100 ng/mL MD in 0.1 M
PBS (pH 7.0) prepared from urine sample of first wrestler (W1) at an applied potential of 0.62
V.

Table 3. The obtained data from amperometric measurements to determination of MD level in
prepared real samples from wrestlers's urine samples undergoing administration injection of

Dianabol.
Sample Detected content of MD in prepared | RSD (%)
No. urine samples (ng/mL)
W1 5.23 +3.73
W2 4.96 +4.58
W3 5.05 +4.22
W4 4.56 +3.15
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4. CONCULUSION

In this paper, an electropolymerization technique was used to create a modified MIP/GO/GCE
as an electrochemical sensor for the selective determination of MD in wrestlers' biological fluid
samples. In the MIP/GO nanocomposite, structural and morphological studies confirmed the successful
electropolymerization of MIP on GO nanosheets. Due to the synergistic effect of GO and MIPs,
electrochemical measurements revealed highly selective MD determination and significantly enhanced
electrocatalytic activity of the MIP/GO nanocomposite. The MIP/GO/GCE linear response was
measured from 0 to 2900 ng/mL. The sensitivity and detection limit were calculated to be
0.01967uA/mg.mL? and 0.07ng/mL, respectively. Furthermore, when compared to the released results
of MD sensors in literetures, MIP/GO/GCE demonstrated significant electrocatalytic performance with
a broad linear range to MD concentrations and an appropriate limit of detection value. The
MIP/GO/GCE sensing system was evaluated as a proposed sensing system for MD analysis in real
samples prepared from the urine of four wrestlers. Analytical studies revealed that the RSD values
were suitable for valid and accurate practical analyses in urine and other biological fluid samples.
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