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Abstract. Here, we developed an impedimetric nanosensor by modifying the screen-printed carbon electrode using a
nanocomposite of molecularly imprinted polyaniline/gold nanoparticles/graphene oxide to facilitate the charge transfer
process and increase the specific surface area of the sensor. The electropolymerization and MIP fabrication process, as well as
the optimization of the electrode modification were optimized using a set of experiments. The surface morphology of the
modified electrode was characterized by field emission scanning electron microscopy, energy dispersive spectroscopy and
electrochemical impedance spectroscopy. The analytical assessments of the bupropion hydrochloride (BUP) electrochemical
nanosensor showed a linear range from 2.0 to 990.0 nM with the limit of detection of 0.5 nM. The results of selectivity tests of
the nanosensor showed a high specificity towards BUP compared to other similar molecules. Furthermore, the developed
sensor was successfully applied to detect BUP in tablets and urine samples with a good recovery percentage.
Keywords.
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Introduction

Bupropion hydrochloride (BUP) is an antidepressant
medicine that can increase the success of individual efforts
to quit smoking. BUP acts as a nicotinic antagonist of
acetylcholine and an inhibitor of synaptic reuptake for
dopamine and noradrenaline. It decreases the eagerness for
nicotine, reduces its withdrawal symptoms, then it could be
used as a replacement for nicotine [1–3].
Like any other pharmaceutical, there is a need to separate
and/or quantify the BUP drug in different biological specimens such as blood, serum and urine, to determine the
exact effective concentration, toxic concentration, etc. In
this way, a variety of analytical methods have been used,
including different versions/modifications of high-performance liquid chromatography (HPLC) and ultra-performance liquid chromatography [4,5], thin layer
chromatography [6], gas chromatography [7] and spectrophotometry [8]. These methods are relatively suffering

some technical problems in drug separation and detection,
such as cost- and time-consuming, needing large amounts of
sample and most importantly, separation of BUP by the
above-mentioned techniques needs purification and preconcentration. In fact, in previous studies of BUP quantification, they have used different methods such as liquid
chromatography-related techniques [5,9–11], capillary
electrophoresis [12], spectrophotometric methods [13] and
also electrochemical techniques [14]. Their detection limits
were in the range of micro-molar (lM), which seems not
good enough. In this context, electrochemical methods are
important due to their low cost, simple operation, fast
response and easy handling [15,16].
Many studies have reported that modification of electrodes using nanoparticles and molecularly imprinted
polymers (MIPs) is a key step for the design, fabrication and
performance of sensors and biosensors [17,18]. Nanomaterials can improve the sensitivity of the nanosensors by
enhancing electron transfer rate and also by expanding the
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actual surface area of electrode [19–21]. In addition, MIPs
have advantages such as simplicity, low cost and high
selectivity. At the same time, unlike other materials, they
are effective even in ultra-trace quantities [22,23].
Polyaniline (PANI) as a conductive polymer is widely used
in MIP-based electrochemical detection methods and it is
also combined with nanomaterials to form a nanocomposite
and pool the advantages of both MIP–PANI and nanomaterials [24,25]. PANI reported to have good electrical conductivity with low cost and high flexibility that makes it
interesting polymer in MIP-based electrochemical studies
[26,27].
Reduction potential of BUP compound has been reported
earlier, therefore MIP methods can be used for its separation
and pre-concentration [28,29]. To the best of our knowledge, few electrochemical sensors have been developed so
far for the determination of BUP. In 2012, research
explained developing a modified carbon paste electrode by
multi-walled carbon nanotubes (MWCNTs) and an ionic
liquid. The linear range was reported to be from 5.0 9 10-6
to 1.0 9 10-2 mol l-1 and the detection limit was calculated as 3.1 9 10-6 mol l-1 [14]. In 2017, Saini et al [29]
developed a simple electrochemical sensor using adsorptive
stripping voltammetry, which was able to detect BUP with
detection limit of 1.27 9 10-7 mol l-1.
Here we developed an electrochemical detection method
for BUP using an aniline MIP combined with AuNPs/
graphene oxide (GO)-modified screen-printed carbon electrode (SPCE) as an impedance electrochemical sensor. The
fabrication procedure was assessed using imaging and
electrochemical impedance spectroscopy (EIS) methods and
the detection of BUP was also based on EIS. The reason of
choosing screen-printed electrode for such study is that they
are reported to have higher sensitivity and reproducibility,
lower and simpler production cost, and capability of mass
production [15,30].

2.
2.1

Experimental

platinum and silver, respectively. The field emission
scanning electron microscopic (FESEM) characterization
and energy dispersive spectroscopy (EDS) were completed
by a MIRA3 TESCAN. Through the KBr method, the
binding of BUP molecules on the surface of the MIP-based
sensor was demonstrated by means of a Fourier transform
infrared spectrometer (FTIR) from Bruker Co. (Germany).

2.3

Fabrication of the MIP-based nanosensor

The schematic diagram of the stepwise procedure for fabricating the nanosensor is presented in scheme 1. The surface of the SPCE working area was first cleaned using
double-distilled water and then 2.5 ll GO solution was
placed onto the SPCE, and it was stored in room temperature until completely dried. Then, 3.0 ll of AuNPs suspension was placed on the GO/SPCE and the modified
electrode was incubated in a humid container until completely dried (the obtained electrode was named ‘AuNPs/
GO/SPCE’). Afterwards, the electropolymerization of aniline was performed in 0.075 M HNO3, 0.025 M H2SO4 and
0.1 M aniline, while 5.0 mM BUP was in the solution. The
recorded cyclic voltammogram (CV) of the electropolymerization was from –0.2 to ?1.0 V at the scan rate
34 mV s-1 for six repeated cycles, based on a previous
protocol [18]. After that, the prepared MIP-modified electrode was washed using ethanol/water mixture to dissolve
and extract the BUPs from PANI matrix. After extraction of
BUP, the remaining pores in the PANI are known as a
molecular imprint (MIP). The resulting electrode was
named ‘MIP/AuNPs/GO/SPCE’.
Each of the above fabrication steps was followed by EIS
in a 5.0 mM K3[Fe(CN)6]/K4[Fe(CN)6] containing 1.0 M
KCl (from 100 kHz to 0.01 Hz with amplitude 5 mV and
potential 0.27 V), for characterization. Furthermore, the
FESEM imaging were performed for nanoparticles-modified electrodes and also for MIP-modified electrode. In
addition, the EDS analysis was performed for nanoparticlesmodified electrode.

Materials

Graphene oxide (GO, 3.0 mg ml-1) and gold nanoparticles
(AuNPs, 1.0 mg ml-1) were purchased from Sigma-Aldrich
(USA), while other materials including bupropion
hydrochloride (BUP; cat. number 506239, purity of C99%)
were purchased from Merck Company (Germany).

2.2
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2.4

Electrochemical detection

The MIP/AuNPs/GO/SPCE was dipped in a 0.1 M phosphate buffer solution (pH 7.4) containing BUP at 100 rpm
stirred for 20 min. The electrochemical response of the
BUP accumulated on electrode surface was measured by
EIS by the same protocol explained previously.

Apparatus

Electrochemical experiments were performed by a potentiostat-galvanostat micro-Autolab III from Metrohm Autolab Co. (Netherlands), connected to a SPCE (Model DRPC110) from Dropsens Co. (Spain). In the SPCE, the
working, counter and reference electrodes were carbon,

3.

Results and discussion

Fabrication of the developed nanosensor is explained in
scheme 1. As it is shown, the pure SPCE electrode was
modified with GO and gold nanoparticles. Then, the
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Scheme 1. Fabricating steps for the impedance nanosensor based on electropolymerization of aniline.

electropolymerization of aniline was performed using CVs
on the surface of the GO/AuNPs-modified SPCE. The
formed MIPs after washing the template BUP molecules are
ready to collect BUP molecules in every solution for preconcentration and also detection of BUP using EIS method.
The FESEM imaging, as the main characterization method,
is shown for every modification steps.

3.1

Optimization of the experimental conditions

In MIP-based electrochemical detection methods, the optimization of electropolymerization conditions and optimization of accumulation conditions is necessary. Here, the
number of cycles for electropolymerization, sample pH and
accumulation time were optimized using the response surface methodology. Figure 1a shows the 3D plots of the
simultaneous effects of the quantity of CV cycles of electropolymerization process and sample pH on the oxidation
signal of BUP. The highest current value was achieved with
four scan cycles. In lower potentials, the sensitivity
declined, probably because of formation of a non-uniform
PANI and decrease of binding sites. On the other hand, the
oxidation current was also reduced when excessive scan
cycles were applied. This trend can be related to the lowconductive layer due to the oxidized PANI, which negatively affected the oxidation of BUP.

In addition, the oxidation signal of BUP steadily
improved by increase of pH from 2.0 to 7.5, and reduced in
pH 7.5 to 12.0. In lower pH, the lowest BUP oxidation
signal was exhibited and the signal reached its peak at pH
6.5. Therefore, the interaction between BUP and PANI can
be credited to pKa of BUP which was stated earlier as
pKa = 7.9 [24] and the PANI pKa = 4.6 [25].
The main functional groups of PANI (NH2) and BUP
(NH) are protonated in pH below 4.6. The repulsive energy
between species with the same charges inhibits appropriate
interactions of BUP with PANI surface functional groups.
Therefore, BUPs cannot gather at modified electrode surface and also when the pH value appeals to 8.0, the BUP
molecules are deprotonated and the repulsion of same
charges prevents accumulation of BUP molecules at the
modified electrode. Thus, BUP oxidation signals decrease.
As shown in figure 1b, the BUP oxidation signals
improved by increasing the accumulation time of BUP on
modified electrode and after a while they were stable. It can
be concluded that by increasing accumulation time, more
BUPs can be placed in their respected MIP. As a result of
optimization experiments, six cycles of CVs of electropolymerization, 11 min and a pH of 7.4 were selected as
the optimal conditions for electropolymerization conditions
by this method. Figure 2 represents a typical CV recorded
during the aniline electropolymerization in the presence of
BUP on the surface of AuNPs/GO-modified electrode. The

56

Page 4 of 10

Bull. Mater. Sci. (2021)44:56

Figure 1. 3D surface plots of interaction effect: (a) number of electropolymerization cycles
and sample pH (accumulation time was kept as 10 min) and (b) number of electropolymerization cycles and accumulation time of electrode (pH was kept at 7) at 100 lM BUP solution
on oxidation current of BUP.

oxidation/reduction peaks of each CV cycles were increased
continuously up to the sixth cycle.

3.2

Results of characterization

Figure 3 shows the FESEM images of the modified
electrodes including AuNPs/GO modified, MIP/AuNPs/
GO modified and NIP/AuNPs/GO-modified SPCE. The
GO can make a higher surface area and the AuNPs are
dispersed on the GO sheet (figure 3a). Thus, the actual
surface of the SPCE is increased to amplify the signals
and increase the electron transfer. GO can serve as a
suitable substrate for the immobilization of gold

nanoparticles and maybe causes fast and effective
electron transfer between them [31,32].
The SEM images of MIP- and NIP-modified electrodes
are presented in figure 3b and c, and there is a substantial
morphological difference between them. Comparing to NIP,
the MIP surface have more pores and rough configurations
and there is no hole on the NIP surface, while several deep
cavities can be observed on the MIP surface. These cavities
are formed by dissolution and extraction of the BUP
molecules from the polymer. In addition, the EDS elemental
analysis of the AuNPs/GO/PANI-modified SPCE electrode
is shown in figure 3d, which represents the presence of
elements Au, C and N, as a reconfirming method for being
sure of electrode modification steps.

Bull. Mater. Sci. (2021)44:56

Figure 2. Cycles of CVs for electropolymerization of the aniline
on the surface of AuNPs/GO-modified SPCE (scan rate,
34 mV s-1, number of cycles = 6).

FTIR spectra were used to confirm the binding of BUP
molecules onto the surface of the MIP-based sensor. As
shown in figure 4, spectrum b, the 1689 cm-1 peak is
attributed to the C–N bending vibration of the benzene ring.
The 1386 and 1069 cm-1 peaks, show C==C stretching
vibration and N–H stretching vibration of the benzene
ring, respectively. The 1066 cm-1 peak represents the
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N==Q==N (Q represents quinine). Lastly, the 908 cm-1 peak
is created by C–H bending vibration outside the plane of the
benzene ring. Overall, it can be concluded from these peaks
as a confirmation for PANI synthesis [24]. The FTIR difference spectrum of PANI and MIP/AuNP/GO/SPCE after
electropolymerization at 2380, 1668 and 1190 cm-1 as well
as 3100–3700 cm-1 (figure 4b and c) correspond to (O–
H ? N–H), N–H bending, C–N stretch and N–H stretch,
which are possible candidates for binding of the BUP
molecules and the functional groups of the PANI.
In order to evaluate the resistance of the electrode at
different stages, the modified working electrode was
immersed into a 0.1 M phosphate buffer (pH 7.0) containing K3[Fe(CN)6]/K4[Fe(CN)6], and the corresponding CV
and EIS analyses are shown in figure 5A and B, respectively. The CV analysis as a reliable electrochemical
method was used to assess the modified electrodes. For this,
the CV analysis was also performed in the solution of 0.1 M
phosphate buffer (pH 7.0) containing K3[Fe(CN)6]/
K4[Fe(CN)6] for every modified electrode and the comparison is shown in figure 5A. After addition of GO to the
SPCE (curve b; GO/SPCE), the peak current decreased
intensely compared to the pure SPCE electrode, due to the

Figure 3. FESEM image of the surface of (a) AuNPs/GO/SPCE electrode, (b) MIP/AuNPs/
GO/SPCE electrode after extraction of BUP, (c) NIP/AuNPs/GO/SPCE and (d) EDS spectra of
AuNPs/GO/PANI/SPCE.
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Figure 4.

FTIR spectra of (a) bupropion, (b) PANI and (c) MIP after polymerization.

insulating nature of the GO and also repulsion of the
Fe(CN)6]3-/4- anions towards electrode surface. In contrary, after adding the AuNPs, the conductivity of the
AuNPs provides higher peak current of CV for AuNP/GO/
SPCE electrode (curve c). Upon electropolymerization of
the PANI, as a very conductive polymer, the peak current is
increased dramatically to about 350 lA (curve e). After
removal of the BUP molecules from PANI polymer on the
electrode surface, the peak current increased due to the
elimination of the BUP molecules and porosity of the MIP
to about 580 lA (curve f). To make comparison, we have
added the MIP to the SPCE surface without adding nanomaterials. The resulted curve (d) showed slightly higher
current compared to the pure SPCE, which can be because

of conductivity of the PANI but the current is lower than the
curve c (SPCE/GO/AuNPs), which can be due to the effect
of adding nanomaterials.
For the EIS study, as observed in figure 5B, the semicircle diameter of the Nyquist curve of the pure SPCE is
very low. This suggests that there was not many restriction
on the cleaned SPCE, and the electron transfer resistance
was low. Subsequently, the Rct increased after GO immobilization on the electrode. This could be well ascribed to
the repellence of the redox probe from approaching the
electrode surface by the repulsive force between GO with
partially negative charges and Fe(CN)6]3-/4- anions. It can
also be because of insulating nature of the GO, which
decrease the electron transfer to the electrode surface. Upon

Bull. Mater. Sci. (2021)44:56
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Figure 5. (A) Cyclic voltammograms and (B) Nyquist plots of the modified electrodes in
[Fe(CN)6]3-/4- solution. Electrodes are (a) pure SPCE, (b) SPCE/GO, (c) SPCE/GO/AuNPs,
(d) SPCE/PANI with BUP, (e) SPCE/GO/AuNPs/MIP before extraction of BUP, (f) SPCE/GO/
AuNPs/MIP after extraction of BUP.

deposition of gold nanoparticles on the surface of GO/
SPCE, due to the rapid kinetics of electron transfer at the
electrode surface modified with the AuNPs/GO hybrid
composite, there is only one straight line observed in the
curve. This behaviour is predictable due to the high electrical conductivity of gold nanoparticles and increase in the
surface-to-volume ratio. Afterwards, upon electropolymerization of the PANI on AuNPs/GO/SPCE electrode the Rct
decreased dramatically, because of the electrical conductivity of the PANI as a conductive polymer. However, upon
extraction of the BUP molecules from PANI on the electrode surface, the Rct is decreased further caused by the
creation of cavities on the film surface due to the extraction
of BUP molecules. It was through these cavities that the
probe anions, as electro-active species, could have an access
to the electrode surface. In conclusion, in both CV and EIS
studies, it is clear that use of nanoparticles (GO and AuNPs)
and its combining with a conductive polymer PANI,
increased the peak current that can help the sensitivity of
the biosensor. In addition, we have used SPCE/PANI

electrode without using nanomaterials, in which the Rct is
slightly lower than SPCE that can be originated from
conductivity of the PANI.

3.3

Nanosensor function

Function of the nanosensor for detection of BUP was
assayed using EIS in different BUP concentrations, which
are shown in figure 6A. In addition, the calibration plots of
BUP concentrations vs. their respective DRct values are
represented in figure 6B. The Rct value was measured
before and after the accumulation of the BUP on the
nanosensor and change was calculated for each BUP concentration. In fact, each BUP solution was made by dissolving weighted BUP powder into the phosphate-buffered
saline buffer to achieve the final concentration that reported
here. As it can be seen, between 2.0 and 990.0 nM of BUP,
the proportion of DRct value vs. BUP concentration is linear,
therefore the linear range is defined between those
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Figure 6. (A) Nyquist plots correspond to the MIP/AuNPs/GO/
SPCE accumulated at different concentrations of BUP (inset
showing the fitted circuit). (B) The calibration graph of the
electrochemical nanosensor with error bars of three replications.

concentrations of BUP. In addition, the limit of detection
was calculated as 0.5 nM, based on previously reported
method.
The function of the proposed method is compared to
other previously reported and is shown in table 1. As it can
be concluded from comparison, the proposed electrochemical nanosensor was superior in most aspects to the most of
previous publications that used other electrochemical
methods (adsorptive stripping voltammetry and potentiometric) and also some other conventional methods such as
HPLC and capillary electrophoresis. This might be originated from the application of MIP/AuNPs/GO hybrid
nanocomposite on the SPCE electrode [5,9–12,14,33,34].
Table 1.
sensors.

Nanosensor specificity and reproducibility

Specificity of the nanosensor was assessed using similar
chemical structures and other species with a redox activity,
baclofen, uric acid, dopamine, ascorbic acid and amphetamine. Figure 7A shows comparison of EIS response of
prepared nanosensor in the presence of BUP and other
mentioned molecules. As it can be seen, there is a big difference between DRct of BUP and other molecules, their
structures are shown in figure 7B. This confirmed the MIP/
AuNPs/GO/SPCE had a high selectivity for recognizing
BUP. It can be concluded that the created cavities in the
PANI matrix act in a specialized manner, and only the BUP
molecules are capable of being inserted into the template.
For reproducibility of the nanosensor, four MIP/AuNPs/
GO/SPCEs were prepared separately and was accumulated
in 100.0 lM BUP and their EIS was recorded same as
previous sections. The mean and relative standard deviation
(RSD) were calculated as 4.35 kX with RSD 4.7%. The low
RSD value can be a proof for reproducibility of the
nanosensor preparation method.
The stability of the fabricated biosensor was evaluated by
preserving the fabricated biosensor in the refrigerator (4°C)
for 21 days after preparation. Every 3 days, a fabricated
biosensor was used from refrigerator to test a standard
sample of BUP containing concentration 275 nM. Each
experiments was repeated three times and RSD were calculated. Figure 8 is representing the results of the test,
which is compared to a freshly prepared biosensor (without
storage) as it is day number 1. As it can be seen, the percentage of the detection is decreased eventually and in the
21st day, 18.03% decrease in function is presented. Such
reduction in function after 21 days preservation can be good
enough for a biosensor, which modified with nanoparticles.

3.5

Test in simulated real sample

We analysed BUP in spiked diluted urine samples (obtained
from a healthy person, male, 32 years old without any

Comparison of some analytical parameters of the BUP quantitative determination using proposed nanosensor and some other

Technique
EIS
Adsorptive stripping voltammetry
Potentiometric
HPLC
RP-HPLC
LC
HPLC
Capillary electrophoresis

Electrode

Linear range (M)

LOD (M)

Real sample

Reference

MIP/AuNPs/GO/SPCE
Glassy carbon electrode
MWCNT/CPE
—
—

2.0 9 10-9 to 990.0 9 10-9
1.0 9 10-6 to 5.6 9 10-6
5.0 9 10-6 to 1.0 9 10-3
40.0 9 10-6 to 2.08 9 10-3
10.0 9 10-6 to 200 9 10-6
0.25 9 10-6 to 10 9 10-6
5.0 9 10-6 to 75.0 9 10-6
0.5 9 10-6 to 50 9 10-6

0.5 9 10-9
1.27 9 10-7
3.5 9 10-6
3.0 9 10-6
7.0 9 10-6
0.1 9 10-6
1.2 9 10-6
0.2 9 10-6

Urine
—
Tablet
Plasma-urine
Plasma
Plasma
Urine
Tablet-urine

This study
[29]
[14]
[9]
[10]
[11]
[5]
[12]

—
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Figure 7. (A) Bar chart of Rct of the SPCE/GO/AuNPs/MIP electrode in the presence of BUP
compared to others. (B) Structure of (a) bupropion, (b) baclofen, (c) uric acid, (d) dopamine,
(e) ascorbic acid and (f) amphetamine (inset shows the Nyquist plots with respect to each
compounds EIS measurement).
Table 2. Determination of various spiked BUP in urine samples
(n = 3) using the nanosensor.

Figure 8. Stability of the biosensor evaluated in 21 days period
(stored in 4°C) after preparation (error bars shown for three
replications).

previous use of BUP and has not detected with any main
diseases, 10 times diluted with a 0.1 M phosphate buffer,
pH 7.4). Later, these urine samples were used as a real
sample media to add spike concentrations and also perform
measurements in three replications, and their RSD were
calculated for each concentration. In fact, the experiments
were performed exactly same to previous parts, except the
sample here was spiked into the diluted urine instead of
PBS buffer. The results are shown in table 2, displaying

Founded in sample
(nM)

Spiked
(nM)

Founded
(nM)

Recovery
(%)

RSD
(%)

0.52

50.0
250.0
750.0

50.34
255.8
740.3

99.7
102.1
98.6

5.3
4.6
4.9

initial measurement, amount of spiking and also amount of
detection after spiking. As it can be seen, the recovery
percentages are fairly near to 100 percent and also their
relative standard deviations are low. These results are
suggestive of the fact that the nanosensor can be used in
future clinical studies for separation and/or detection of
BUP in real samples.

4.

Conclusion

Here we developed a novel electrochemical nanosensor
based on an MIP/AuNP/GO-modified screen-printed electrode to separate and quantify BUP. It is based on a SPCE
modified with a nanocomposite consisting of gold
nanoparticles, GO and a PANI prepared by electropolymerization to enhance the signal and also recognition ability
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of the nanosensor for BUP detection. In analytical experiments of the nanosensor, the wide linear range from 1.0 nM
to 1.0 mM and LOD of 0.29 nM was obtained for BUP
measurement. The nanosensor was used for separation and
quantification of BUP in tablets and urine samples, and
showed good performance in simulated real sample. In
comparison with other methods of BUP detection, the
proposed MIP-based electrochemical nanosensor displayed
a wider linear response and a very low detection limit, plus
it does not need any expensive amplification or separation
techniques. This nanosensor claims to be of practical
applications because it has been applied successfully to
detect BUP in urine samples.
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