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Abstract

Metal nanoparticles trapped in a biopolymer composite due to electrical conductivity properties improve electrochemical
sensors with biomedical and environmental applications. The study aims are to design a novel molecularly imprinted
polymer (MIP) composite based on magnetic graphene oxide (Fe O,—GO) modified silica (SiO,) and gold nanoparticles
(AuNPs) to electrochemically detect serotonin (5- hydroxytryptamlne 5-HT). A suitable amount of 5-HT is effective on
motivational functions and the environment because it is a serotonergic neurotransmitter. However, the desired nano-
composite may have a relatively low recognition, therefore the type of functional monomer must be carefully chosen. In
this regard, the design of the electrochemical sensor began with the synthesis of Fe O, -GO-5i0,—AuNPs nanocompos-
ite. Then, MIP electropolymerization was carried out by using p- amlnothlophenol (PATP) functionalized Fe O,—GO-
SiO,—AuNPs nanocomposite in the presence of sHT as a template molecule. Electrochemical polymerization of MIP
nanocomposite was developed using cyclic voltammetry (CV) and the electrochemical properties of 5-HT were studied
with the use of differential pulse voltammetry (DPV) technology in the sHT solution. After optimization of preparation
and measurement conditions on the designed sensor, the sHT concentration range was 0.1 pM to 10 uM linearly, and the
detection limit was 1 x 105 pM (S / N = 3). The wide concentration range and low detection limit presented with metal
nanoparticles functionalized MIP with the appropriate functional monomer have a great effect on the performance of the
sensor. Furthermore, PATP-functionalized metal nanoparticles increase the conductivity and recognition of the prepared
MIP electrochemical sensor to the quantification of 5-HT in biological samples with high selectivity and recovery.
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1. Introduction

Electrochemical sensors based on metal nanoparticles
and MIP composite are used in medical, pharmaceutical,
agricultural, and environmental areas (Parnianchi et
al., 2018). Metal nanoparticles are mine productions
such as iron and gold deposits that, after extraction and
separation, are used broadly in electrochemical sensors
for 5-HT detection in human blood and urine samples
(Gholamnejad et al., 2020). One of the most well-
known neurotransmitters is 5-HT in serotonergic neu-
rons and the effects on the growth and proliferation of
brain neurons (Wu et al., 2019). Although 5-HT was
discovered over 60 years ago, the study of 5-HT and its
receptors continues to yield new biological information
about the central nervous system (Berger et al., 2009).
The serotonergic system is vital in the regulation of vir-
tually all brain functions, and dysregulation of the sero-
tonergic system is associated with the pathogenesis of
many psychiatric and neurological disorders (Murphy
et al., 2006). Also, the 5-HT syndrome due to drug inter-
actions is very familiar with mild symptoms of life-
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threatening, habits of living, and destructive biochemi-
cal effects on the environment (Volpi-Abadie et al.,
2013). Therefore, accurate determination of 5-HT is vi-
tal for the diagnosis of various mental diseases.

Different analytical methods in this field have focused
on 5-HT detection, including high-performance liquid
chromatography (HPLC) (Chau., Patel, 2009), fluores-
cence (Hernandez-Mendoza et al., 2020), chemilumi-
nescence (Kong et al., 2021), and capillary-electropho-
resis (Roychoudhury et al., 2020). However, all these
methods involve some disadvantages, such as the use of
a large volume of solvents incompatible with the envi-
ronment, long working time, expensive devices, and
complicated experimental processes. These disadvan-
tages make it difficult to use these methods. Therefore,
electrochemical sensors have become the most preferred
method for detecting 5-HT, due to their prominent ad-
vantages, such as rapidness, low cost, facile operation
(Zhong et al., 2020), time-saving, and easy miniaturiza-
tion (Li et al., 2016).

The technology of MIP is a powerful tool in the com-
posite structure that makes electrochemical sensors the
preferred method of 5-HT determination over other ana-
lytical methods. Good selectivity and stability with a view
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to mechanical, thermal, and chemical stability is the main
characteristic in MIP-based electrochemical sensors
(Sharma., Kandasubramanian, 2020), although the use
of MIP due to long response times, low electrocatalytic,
and poor adhesion is limited. To improve the adhesion of
analytical methods based on MIP, some modifiers have
been investigated (Lowdon et al., 2020). Among these
factors, graphene has excellent applications for modifying
electrodes (Yainez-Sedeiio et al., 2017). Due to its many
remarkable properties, such as high mechanical strength
and electrical conductivity, graphene has been employed
widely in electrochemical sensors based on MIP nano-
composite (El-Maraghy et al., 2020). Graphene has a
honeycomb structure and sheets are composed of carbon
atoms (Ionita et al., 2017). Graphene oxide (GO) is made
from the oxidation of graphite in the form of multiple
stacked layers in protonated solvents (Qian et al., 2020).
Oxidized graphene has hydroxyl (—-OH), alkoxy (C-O-
C), carbonyl (C=0), carboxylic (-(COOH), and other oxy-
gen-based functional groups (Smith et al., 2019). How-
ever, graphene alone cannot improve the adhesion of elec-
trochemical sensors and we don’t know what substance
we could use in its place.

Therefore, after studying we found metal nanomateri-
als with specific catalytic activity and appropriate func-
tional monomers can be used for sensing applications of
MIP graphene composite, but in the following section
we will discuss the effectiveness of modified MIP com-
posite electrochemical sensors. Metal nanoparticles be-
sides graphene in MIP composite give many advantages,
such as excellent electrical conductivity (Baig et al.,
2019), catalytic effect (Torri et al., 2010) favorable en-
gineering properties, low toxicity, cost-effectiveness
(Santos et al., 2009), high sensitivity, selectivity, me-
chanical, chemical, and thermal stability (He et al.,
2019). Magnetic nanoparticles are used as the most im-
portant metal nanoparticles due to their biocompatibili-
ty, non-toxicity, catalytic activity, and high surface area.
Magnetic graphene oxide (Fe,0,—GO) is a good ana-
lytical choice because large additional GO surfaces have
been developed to hybridize with Fe,O, nanoparticles
(Afzali et al., 2020). Silica is a great modifying agent in
electrochemical sensors due to enhancing stability, re-
ducing the toxic effects of magnetic nanoparticles, and
lowering aggregation (Wondracek et al., 2016). Gold
nanoparticles doped with Fe,0,—GO-SiO, composite
matrix enhance the conductivity and the electron trans-
fer rate (Lu et al, 2009). The nanocomposite of
Fe,0,—GO-Si0,—AuNPs in MIP electropolymeriza-
tion can dope with PATP and PATP due to its unique
properties and protect the designed nanocomposite
against corrosion while increasing conductivity and rec-
ognition. So, MIP electrochemical sensors based on
Fe,0,—GO-Si0,—AuNPs are performed by three elec-
trodes for detecting biological molecules, as well as
drugs. A carbon paste electrode (CPE) modified by met-
al nanomaterials and MIP composite is used as the work-
ing electrode, platinum is employed as the auxiliary

electrode, and Ag/AgCl, KCl is used as the reference
electrode (Khalifa et al., 2020).

Researchers such as Battistelli et al. prepared a com-
posite of thermoplastic starch (TPS) based iron particles
that the conductivity of composite increased by the dis-
persion of iron filings on the surface of the composite
(Battistelli et al., 2020). Also, Karavasilis and Tsaki-
roglou synthesized aqueous suspensions of zero-valent
iron nanoparticles (nZVI) by mixing a plant extract solu-
tion with an aqueous solution of iron sulfate heptahy-
drate (FeSO, 7H,0) (Karavasilis., Tsakiroglou, 2019).
A composite of MIP modified multi-walled carbon na-
notubes (MWCNTSs), ionic liquid and platinum (Pt) na-
noparticles was prepared by Zhao et al (Zhao et al.,
2014). In all these studies, the conductivity and recogni-
tion elements of these composites modified metal parti-
cles are low because of the lack of a suitable functional
monomer in the polymeric composite.

In the current work, a new nanocomposite was de-
signed to determine 5-HT by combining functionalized
GO and MIP in real samples. First, GO from graphite
was synthesized. Next, the surface of GO by employing
magnetic nanoparticles was modified to separate nano-
composites easily from the reaction mixture. Then
Fe,0,—GO-SiO, was produced from the binding of
(3-mercaptopropyl)  trimethoxysilane  (MPS) on
Fe,0,—GO. The surface functional groups of GO could
couple with silane agents. Nanoparticles of gold were
dropped on the Fe,0,—~GO-Si0, to increase the electron
transfer between the sensor elements and the MIP. The
combination of AuNPs and S of MPS was suitable for
MIP synthesis in the presence of 5-HT. The work herein
presents a biometric sensor based on MIP for the detec-
tion of 5-HT. The potentiodynamic electropolymeriza-
tion using a solution containing PATP in the presence of
5-HT as a template molecule was carried out. The func-
tional monomer of PATP was first self-assembled on the
surface of CPE. The electropolymerization occurred by
CV in a solution containing PATP and 5-HT. The remov-
al of 5-HT from the resulted polymer matrix leads to
selective recognition cavities that can bind the analyte
from sample solutions. Techniques of SEM and FT-IR
were employed for checking the morphology of the
Fe,0,—GO-Si0,—AuNPs—MIP nanocomposite. The
electrochemical behavior of the designed sensor was
studied by CV, DPV, and electrochemical impedance
spectroscopy (EIS). As far as the author knows, this is
the first time that the electropolymerized MIP electro-
chemical sensor-based Fe,0,—~GO-SiO,—AuNPs and
PATP have been used to electrochemically measure SHT
in real biological samples with a high recovery rate.

2. Materials and Methods

2.1. Chemicals

Pure graphite powder, 5-HT, PATP, and MPS (purity
99%) were purchased from Sigma Aldrich Co. (St. Lou-
is, MO, USA). Hydrochloric acid (HCI), concentrated
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Figure 1: Preparation of electrochemical sensor based on MIP electropolymerized schematically
(synthesis of MIP modified nanocomposite on CPE as a working electrode by electrochemical polymerization)

sulfuric acid (H,SO,), sodium nitrate (NaNO,), potassi-
um permanganate (KMnO,), hydrogen peroxide (H,0,),
iron (II) chloride (FeCl,), iron (III) chloride (FeCl,),
chloroauric acid (HAuCl,), trisodium citrate, acetoni-
trile, toluene, methanol for the preparation of a standard
solution of 5-HT, 30% ammonia, lithium chloride (LiCl),
potassium nitrate (KNO,), potassium chloride (KCI), so-
dium chloride (NaCl), potassium hydroxide (KOH),
barium hydroxide Ba (OH),, zinc sulfate (ZnSO,) and
paraffin wax were all obtained from Merck (Germany).
All the chemicals were used without purification and all
the solutions were prepared with double ionized distilled
water.

2.2. Electrochemical and surface test methods

A Scanning Electron Microscope (SEM) (High mag-
nifier and accuracy of measurement: um) and FT-IR
spectra (wavenumber range 400 to 4000 cm™') were used
to study all nanocomposite materials. The electrochemi-
cal measurement was performed on Autolab PG-
STAT302N (Netherlands). The EIS measures the electri-
cal resistance (impedance) of the [Fe(CN), "] solution
over a wide frequency range (0.1 to 10000 Hz; signal

amplitude: 0.01 V). The electrochemical system con-
tained three-electrodes: MIP/CPE as the working elec-
trode, platinum as the counter electrode, and Ag/AgCl,
KCI as the reference electrode.

2.3. Synthesis of Fe O —GO-SiO,—AuNPs
nanocomposite

Graphene Oxide (GO) was synthesized from pure and
natural graphite powder using Hummer’s method (Chen
et al., 2013). Particles of Fe,O,—GO are synthesized by
chemical coprecipitations of 3.5 g FeCl,, 5 g FeCl,, and
0.05 g of GO in 100 mL of distilled water under an N,
atmosphere. The magnetic suspension was obtained af-
ter ultrasonic stirring and increasing the temperature and
pH. The Fe,O,—GO particles remained in a magnetic
field until the supernatant was separated and heated at
60°C under vacuum.

The Fe,0,—GO-SiO, composite was synthesized by
dissolving 0.1 g of Fe,0,—GO in 50 mL of toluene for
an hour and adding 3 mL MPS. The solution was heated
for 48 hours under an N, atmosphere, resulting in a solid
which was washed with toluene several times. The sedi-
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Figure 2: The SEM images of (a) GO, (b) Fe304—GO, (c) Fe304—GO0O-SiOz2,
(d) Fe304—GO-SiO2—AuNPs, (e) Fe304—GO-SiO2—AuNPs—MIP for characterization
of performance particles in the electrochemical sensor

ment was dried at 60°C in an oven to obtain salinization
modification of Fe,0,—GO.

Generally, in this work, AuNPs were produced by a
trisodium citrate reduction method with slight modifica-
tion (Dong et al., 2010). Briefly, 3.65 mL of 0.1 M HAu-
Cl, solution was dissolved in 150 mL of double ionized
distilled water and heated while stirring until boiling.
Then, 3 mL of tri-sodium citrate (1 wt%) was slowly
added to the aqueous solution. Finally, when the color of
the solution reached a red color, indicating the formation
of AuNPs, heat was removed so that the solid particles
were obtained at 4°C. All of the Fe,0,—GO-SiO, parti-
cles were added to 15 mL of the wine-red solution of
AuNPs and stirred vigorously for 2 hours until the solu-
tion became colorless. The solid particles were separated
in a magnetic field and dried in a vacuum at 60°C. Even-
tually, Fe,0,—GO-Si0,—AuNPs were gained.

2.4. Preparation of CPE and MIP electrochemical
polymerization

The CPE was applied to measure the analyte as a work-
ing electrode. Therefore, CPE was prepared from 0.04 g
of the nanocomposite material, 0.1 g of pure graphite, and
0.06 g of paraffin compacted at the end of a tube with a
diameter of 3 mm. A copper wire with a length of 5 cm
was plunged inside the electrode and kept for 12 hours at
room temperature to dry. The end surface of the electrodes
was polished using sandpaper. It was necessary to keep
the prepared electrode within methanol (pH = 1) as a
preparation solution for an hour before use.

To obtain a polymer matrix with selective recognition
cavities for 5-HT, the CPE waited in a 5.0x10> M PATP
methanolic solution for 12 hours at 4°C. After the self-

assembly of PATP, electropolymerization of MIP contin-
ued in a mixing solution containing 5.0x10* M PATP,
1.0x10* M 5-HT in the supporting electrolyte of 0.1 M
KNO, and methanol containing 1.0x10* M HCI, by cy-
cling the potential between -2 V and 2 'V, for 50 cycles,
with a scan rate of 0.1 V/s. To confirm the imprinting
process, a control experiment with a non-imprinted pol-
ymer-modified electrode (NIP) was prepared under the
same experimental conditions, but without the addition
of 5-HT. The modified electrodes were put in a solvent
of HCI: methanol pH 7.0 (2:1) without the addition of
5-HT and PATP, by cycling the potential between -2 V
and 2V, for 50 cycles, with a scan rate of 0.1 V/s after
removing the template molecules. According to Figure
1, synthesis and preparation steps of the electrochemical
sensor based on MIP electropolymerized was shown.
This electrochemical sensor in the same method for the
biological sample and heavy metal cations that are dis-
solved in water is prepared and used.

3. Results and Discussion
3.1. Characterization

The present study was performed to investigate the
effect of metal nanoparticles trapped in a polymer matrix
on the performance of an electrochemical sensor for
5-HT detection in biological samples. For this purpose,
first, the morphology and structural properties of synthe-
sized particles in the polymer matrix were studied by
SEM images and FT-IR spectrums.

The morphology of GO, Fe,0,—GO, Fe,0,—GO-
Si0,, Fe,0,—GO-Si0,—AuNPs, and Fe,0,—GO-
Si0,—AuNPs—MIP was characterized by SEM imag-
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Figure 3: The FTIR spectra of (a) GO, (b) Fe304—GO, (c) Fe304—G0-SiOz2, (d) Fe304—GO-SiO2—AuNPs,
(e) Fe304—GO-SiO2—AuNPs—MIP for characterization of performance particles in the electrochemical sensor

es. According to Figure 2a GO has a sheet-like struc-
ture, smooth and thick surfaces with wrinkles. These
wrinkles inhibit the aggregation of GO and increase the
surface area. The Fe,O, particles dispersed on the gra-
phene plates according to Figure 2b. An aggregation
formed between GO and iron particles compared to the
previous stage. The surface of Fe,0,—GO-SiO, parti-
cles according to Figure 2¢ showed tiny particles with
highly uniform size and a spherical shape. A high den-
sity was observed in Fe,0,—GO after modification with

MPS (see Figure 2c¢) that revealed oxidation and silani-
zation of Fe,0,—GO. The synthesis of AuNPs in Fig-
ure 2d showed the surface composite that causes a com-
posite with a high surface area compared to the previous
stage. Polymeric composite according to Figure 2e dis-
played the smooth and homogeneous MIP film deposited
over the CPE surface compared to the previous stage by
applying electropolymerization in 5.0x102 M PATP so-
lution containing 1x10* M 5-HT. After reviewing these
images and the results, it was found that metal nanopar-
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Figure 4: (A) Voltammetry cycles in solution of 5.0x10” M PATP, 1.0x10"* 5-HT, and 0.1 M KNO, (pH 7.0)
with 50 sequential cycles on the CPE for MIP electrochemical polymerization (scan rate 0.1 V/s) (B)
The effect of electropolymerization cycles on the peak current of 5-HT (C) The DPV responses on the (a) CPE,
CPE/MIP, CPE/MIP after removal 5-HT in solution of 1x10* M and 0.1 M KNO, (pH 7.0) (scan rate 0.1 V/s)
(D) Electrochemical impedance spectroscopy of 0.02 M [Fe(CN) ] 34 on the electrode of (a) CPE (b) MIP/CPE
(c) MIP after removal of 5-HT in solution of 1 x10* M 5-HT and 0.1 M KNO3 (pH 7.0) respectively (scan rate 0.1 V/s)

ticles and MIP film were successfully synthesized on the
composite. These results are consistent with previous
reports in this field (Ghanbari.,Roushani, 2018), and
with the formation of metal nanoparticles, the particle
size is almost constant but with the formation of MIP
film, particle size has somewhat increased, and thus the
recognition of nanocomposite has increased.

The FT-IR spectrum, as shown in Figure 3, included
GO, Fe,0,—»GO, Fe,0,—GO-Si0,, Fe,0,—GO-
SiO,—AuNPs, and Fe,0,—GO-SiO,—AuNPs—MIP.
The FT-IR peak at 1175.62 cm™ is related to the C-O
bond due to the oxidation of graphite. However, unoxi-
dized graphite shows a peak at 1626.03 cm™' related to
the C=C bond and water molecules contain hydroxyl
groups of graphite rising to the absorption peak at
3408.07 cm™ (curve a). The FT-IR peak at 571.05 cm™
is related to the Fe—O bond on the Fe,O,—GO (curve b).

The FT-IR at 1035.88 cm! is related to the Si—O-Si
bond on the Fe,0,—GO-SiO,, which vibrates asymmet-
rically (curve ¢). The FT-IR spectrum of Fe,O,—GO-
SiO,—AuNPs was similar to the previous spectrum with
the difference that a weak peak at 1260.06 cm™ in si-
lanized GO had low intensity. It was due to the connec-
tion of AuNPs to S on the Fe,O,—GO surface through
covalent bonding (curve d). Finally, the FT-IR spectrum
of Fe,0,—»GO-SiO,—AuNPs—MIP during the MIP
synthesis on the surface of the functionalized CPE
showed peaks at 1100 to 1300 cm™!, representing O-C-O
and C-O bonds, respectively. The carboxylic acid groups
appeared as peaks at 2000 to 3000 cm™! that related to the
C-H bond which vibrates symmetrically and asymmetri-
cally. In this spectrum, a peak at 1704.63 cm™!, which
covered all previous peaks, was related to the carbonyl
group (curve e). Therefore, the FT-IR spectrums con-
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Figure 5: (A) Type of supporting electrolyte effective on 5-HT peak current
(B) The DPV responses of 5-HT on the MIP modified electrode in 0.1 M KNO; containing 1.0 x10* M 5-HT,
pH from 1.0 (curve a) to 13.0 (curve g) (C) Relationship between pH and 5-HT peak current
in 01 M KNO, containing 1.0 x10* M 5-HT, pH from 1.0 to 13.0 (D)

firmed that Fe,O, particles were cited on GO success-
fully and after being modified by other nanoparticles,
MIP was successfully formed. Oxygen functional groups
were reduced during MIP polymerization and according
to previous studies (Ahmed et al., 2018) with the reduc-
tion of oxygen functional groups, the electrochemical
response was enhanced.

3.2. Electrochemical polymerization
and properties of proposed electrode

The cyclic voltammograms in Figure 4A show MIP
electrochemical polymerization in the solution of
5.0x10° M PATP, 1.0x10* M 5-HT, and 0.1 M KNO, as
the supporting electrolyte in methanol containing
1.0x102 M HCI (pH 7.0) on the CPE. An anodic peak
was observed at -0.5 V due to the OH groups of PATP
which reacted electrochemically on the surface elec-
trode. Another anodic peak was observed at 0.4 V, which
should be related to the redox reaction of the catechol
group on the 5-HT molecule (Gilbertson et al., 2018).

Increasing the number of scans led to an increase in peak
intensity, which shows the formation of the PATP-based
conducting polymer film. The results indicated that
PATP and template molecules were successfully copoly-
merized on the CPE electrode surface by electrochemi-
cal polymerization. The number of scan cycles during
electropolymerization affected the thickness of the MIP
membrane. In this study, CV responses of different scan
cycles were recorded in the number of 25 to 100 cycles,
as shown in Figure 4B. High peak current was observed
when the electropolymerization was performed by 50
CV scan cycles. Therefore, the number of scan cycles
was accepted as 50 cycles for the electropolymerization.

The electrochemical properties of 5-HT were studied
on the modified electrodes by DPV. As shown in Figure
4C, DPV measurements confirmed the current response
of 5-HT on the MIP/CPE (curve b) is much higher than
those on the CPE (curve a) and MIP/CPE after the re-
moval of 5-HT (curve c), which could be related to ex-
cellent MIP detection ability towards the template mol-
ecules (Peeters et al., 2012). This result showed that the
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Figure 6: The electrochemical redox reaction of 5-HT on the MIP modified electrode

MIP sensor exhibited a significantly enhanced current
response for the detection of 5-HT.

The impedance studies can provide abundant and val-
uable interfacial properties for electrochemical sensors
(Galandova et al., 2008). The EIS was measured on
CPE, MIP/CPE, and MIP/CPE after the removal of
5-HT in a [Fe(CN),*™] solution, respectively. The MIP/
CPE in Figure 4D showed a larger semicircle (curve b)
than CPE (curve a) at high frequencies. The results indi-
cated that the MIP film covered the electrode surface and
charge transfer resistance (R ) increased between the
[Fe(CN),?™*] solution and the modified electrode. After
removing the SHT template molecules from the MIP
membrane, the dense surface of the modified electrode
became porous and brittle (Li et al., 2015). As a result,
facilitated electron transfer between the [Fe(CN), "] so-
lution and the modified electrode caused a large decrease
of R  (curve c). The results of electrochemical properties
of the MIP electrode confirmed the MIP nanocomposite
modified metal nanoparticles, which confirmed previous
results (Georgescu et al., 2018), an increase in electro-
active surface area and peak current, but after removing
5-HT from the MIP matrix, the peak current relatively
decreased.

3.3. Type and pH of supporting electrolyte

Several 0.1 M salt solutions including, KNO,, LiCl,
KCl, and NH,CI were tested for a 5-HT determination as
supporting electrolytes by MIP/CPE. According to the
obtained results in Figure 5A, the KNO, solution that
has the highest peak currents was selected for further
experiments. The effect of pH was investigated on the

electrochemical responses of 5-HT by MIP/CPE by us-
ing DPV over the pH range from pH 1.0 to pH 13.0 in
the solution containing 1x10* M 5-HT, and 0.1 M KNO,.
The relationship between the current and potential peak
of 5-HT on the MIP modified electrode has been shown
in Figure 5B. According to Figure 5C, the peak currents
increased with an increase in pH up to pH 7.0, and then
suddenly decreased with the subsequent increase of the
pH solution. The idea for this was the role of protons in
the electrochemical reaction of 5-HT on the modified
electrode (Wang et al., 2015). Therefore, confirming re-
sults from pH 1.0 towards pH 7.0 with an increase in the
number of protons, peak currents improved, but after pH
7.0 with a decrease in protons, the peak currents also
decreased. Moreover, Figure 5D, shows the linearly de-
pendent potential oxidation peak of 5-HT on pH. The
slope of the linear equation is Ep = -0.0655pH+ 1.0166
that is toward -0.059V/pH base value besides showed
equality between the number of electrons transferred
and protons (Wu et al., 2003). That suggested the trans-
fer of two electrons and protons were involved in the
electrochemical reaction of 5-HT. The possible redox
reaction mechanism is depicted in Figure 6. As shown
in Figure 6, the role of protons in the electrochemical
redox reaction of 5-HT on the MIP modified electrode is
also obvious (Koluagik et al., 2018).

3.4. The analytical properties of the proposed
modified electrode

The DPV curve in best conditions was employed to
detect traces of SHT at different concentrations. There is
a direct and linear relationship in the concentration range
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Table 1: Electrochemical detection of 5-HT by different methods

Method Detection limit (nM) | Linear range (uM) | References
Nanocomposite based on graphite,
nanodiamonds and AuNPs 0.1 0.3t03 (Ramos et al., 2020)
G FE G R BT o) 550 1x102to 1.2 (Chaudhary et al., 2020)
oxide composite
Cgrbon nanop U ﬁmctlonahZfa 1x102 0.1to2 (Kundys-Siedlecka et al., 2019)
with sulfonic groups nanocomposite
Glassy carbon electrodes basgd on 5.0%10° 1.0x107 tol (Kim et al., 2011)
carbonnanotube nanocomposite
MIP/CPE 1x10 0.1to 10 This work
500 500
B
400 400
% 300 300 -
= 200 200 #1(A) =17.77 ¢ (uM) +224.05
g R2=10.9934
o 100 100 -
0
0 T T
Potential (V) 0 Seuyp 10 15

Figure 7: (A) The DPV curves of sHT on the MIP/CPE electrode in 0.1 M KNO, (pH 7.0). sHT concentration
(from a to j curve): 0.01, 0.02, 0.04, 0.06, 0.08, 0.1, 0.3, 0.5, 0.7, 1, 4, 6, 10 pM (B) The linear relationship
between the anodic peak currents and the concentrations of 5-HT (concentration range of 5-HT)
was 0.1, 0.3, 0.5, 0.7, 1, 4, 6, 10 pM

of 0.1 to 10 uM between the current response and 5-HT
concentration with a correlation coefficient of 0.9934
(see Figure 7). According to Table 1, which depicts the
obtained results, this concentration range was wider and
the detection limit of MIP/CPE was lower than other
analytical methods. Consequently, the effect of the nan-
oparticles in MIP/CPE is better than other modified fac-
tors applied in summarized electrodes. After regression
analysis, I (LA) = 17.77 (uM) + 224.05 equation with
1x107° uM detection limit (S/N=3) was obtained. It can
be seen that this proposed MIP sensor displays a compa-
rable linear range and detection limit for the quantitative
determination of 5-HT.

The determination of SHT was carefully studied by
conducting selective experiments using coexisting sub-
stances such as ascorbic acid (AA) and uric acid (UA).
The DPV responses were recorded for the determination
of 6uM 5-HT with 10-fold concentrations of (AA) and
(UA) by the MIP/CPE, MIP/CPE after removal 5-HT,
and CPE, respectively. According to observations, the
peak current of 5-HT at the MIP/CPE electrode was
much higher than MIP/CPE after the removal of 5-HT,

400
m MIP/CPE
300 - m MIP/CPE after
removal 5-HT

m CPE

5-HT AA UA

Figure 8: Comparison of the current responses of 5-HT
and the structural analogs in 0.1 KNO3 (pH7.0) at MIP, MIP
after removal 5-HT and CPE electrode, respectively
(5-HT by MIP/CPE has a high current)
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while CPE had the lowest current (see Figure 8). How-
ever, the 100-fold concentration of Na*, Mg 2", Al ¥, NO
*, and SO,* did not influence the current of 5-HT. There-
fore, the current responses of the MIP modified electrode
with metal nanoparticles toward 5-HT were much higher
than other analogs, indicating a good recognition ability
for the template molecules (Wang et al., 2014).

3.5. Measured 5-HT on real samples

The analytical application of the electrochemical pro-
posed sensor designed by a metal nanoparticle and poly-
mer matrix is an assessment of 5-HT value in human
urine and blood samples. For preparing bio real samples,
a mixture of ZnSO,~Ba(OH),, and solution acetonitrile
was used. After centrifuging, the interfering proteins
were deposited. The standard addition method was per-
formed, and the concentrations of 5-HT were detected
using DPV and calibration curves. According to Table 2,
satisfactory results were obtained with a relative stand-
ard deviation (RSD) of 1-3% and a recovery of 98-102%
(For three repetitions of each concentration analysis, n =
3). Due to the spike and found concentrations in the ap-
plicable solution for 5-HT, good RSD was acquired and
recovery for 3 repetitions of spike concentration analy-
ses were obtained. These optimal results depend on the
standard added volume to an applicable solution that re-
duced the matrix effect (Zhang et al., 2017). These re-
sults indicate that the proposed sensor is precise and reli-
able. Human urine and blood samples were used because
the amount of 5-HT in the neuronal system for the pre-
vention of motivational diseases is vital. All laboratory
experiments were performed in agreement with Guide-
lines IR.JAU.REC and the ethics committee at the Is-
lamic Azad University. All research participants were
informed with the aim of the research and fully consent-
ed before giving the blood and urine samples.

Table 2: Determination of 5-HT in the real samples by the

MIP sensor
Samples |Added Found Recover
Ao Ao aouwy o) RSP
0.009 0.0089 98 1.37
Urine 0.0025 0.00245 |98 1.57
0.0048 0.0048 98 1.35
0.1 0.1 100 1.0
Blood 3.6 3.7 102 2.1
1.6 1.584 99 1.20

4. Conclusions

In this work, a new electrochemical platform for elec-
trochemical detection of 5-HT was designed. The elec-
trochemical synthesis of MIP has improved by using
Fe,0,—GO-Si0,, AuNPs, and PATP. Electric conduc-
tion of sensor and electron transfer between the analysis

solution and the working electrode were improved by
AuNPs. A composite of Fe,0,—~GO-Si0, enhanced sta-
bility, catalytic activity, surface area and reduced the
toxic effects. A polymeric film of MIP was also devel-
oped for the selectivity, stability, and diagnosis of the
proposed sensor. Moreover, another unique feature of
this sensor is the easy preparation of MIP with the sim-
ple removal of a template molecule by CV scans, no
need for washing agents. The proposed electrochemical
sensor is an accurate electrochemical measurement
method based on a combination of metal nanoparticles
and a molecularly imprinted polymer composite for
which Fe,O,, GO-SiO,, AuNPs, and PATP were used for
MIP synthesis. All these factors provide a new platform
for 5-HT in real samples with high recovery and selec-
tivity.
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SAZETAK

Novi elektrokemijski senzor temeljen na metalnim nanocesticama
i molekularno utisnutom nanokompozitnom polimeru s primjenom u biologiji

Metalne nanocestice zadrzane u biopolimernome kompozitu zbog elektri¢ne vodljivosti poboljsavaju svojstva elektroke-
mijskih senzora u biomedicini i izu¢avanju okoli$a. Ovdje je prikazan novi molekularni utisnuti kompozitni polimer
temeljen na grafenskom oksidu (Fe}O4—>GO), modificiranome silicijevim dioksidom (SiO)) i nanocesticama zlata
(AuNPs), a s ciljem elektrokemijskoga opaZanja serotonina (5-hidroksitriptamin, 5-HT). Odredeni iznos 5-HT-a utjece
na motivaciju i dozivljaj okoli$a jer se radi o neurotransmiteru sredi$njega zivéanog sustava. Kod odabira nanokompozi-
ta, a zbog ucinkovitosti, funkcionalni monomer mora biti pazljivo odabran. Stoga je molekularno utisnuti polimer
(MUP) generiran uporabom p-aminotiofenola (PATP), funkcionalnoga nanokompozita Fe O,—GO-5i0,—AuNPs, u na-
zoc¢nosti sHT-a kao templatne molekule. Elektrokemijska polimerizacija nanokompozitnoga MIP-a nacinjena je upora-
bom cikli¢ke voltametrije (CV). Elektrokemijska svojstva 5-HT-a izu¢ena su uporabom razli¢itih tehnologija pulsne vol-
tametrije (PV) u njegovoj otopini. Nakon optimizacije mjernih uvjeta i senzora, koncentracija 5-HT-a linearno je mije-
njana u rasponu o,1 - 10 pM, uz granicu opazanja 1 x 105 uM (S / N = 3). Sirok raspon koncentracije i nizak prag opazanja
te koriStene metalne nanocestice MUP-a uz odabrani monomer imali su velik utjecaj na svojstva senzora. Nadalje, me-
talne ¢estice funkcionalizirane PATP-om povecale su vodljivost i mogu¢nost opazanja elektrokemijskih senzora na MIP
te kvantificiranje sadrzaja 5-HT-a u biolo§kim uzorcima s velikom to¢no$cu.

Kljuéne rijedi:
elektrokemijski senzor, metalne nanocestice, molekularno utisnuti polimer, p-aminotiofenol
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