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Selective and sensitive detection of dopamine (DA) is imperative for the diag-
nosis and management of a wide range of neurological disorders, given its vital
19 June 2023 role as a critical neurotransmitter in the central nervous system. In this study, a

series of non-enzymatic electrochemical voltammetric sensors based on
© The Author(s), under polyaniline (PANI), PANISilicene, PANI:Coronene, and PANILRubrene
exclusive licence to Springer =~ nanocomposites (NCs) were developed for the detection of dopamine. The
Science+Business Media, LLC, results showed that the PANI:Silicene NCs-based sensor exhibited a highly
part of Springer Nature 2023 sensitive response towards DOP, with a sensitivity of 197.84 pAUM ™' cm ™% and
the lowest limit of detection (LOD) of 0.0385 uM. The incorporation of silicene
significantly enhanced the sensor’s performance in terms of both sensitivity and
LOD. These findings demonstrate the potential of PANI-Silicene NC-based
sensors for highly sensitive and specific detection of DOP.

1 Introduction and renal hormonal system [1]. As it is known,

dopamine levels can be classified into three stages:
Dopamine (3,4-dihydroxy phenylalanine) (DOP) isa 10 nM (activating normal resting/primeval effector
naturally produced neuromodulatory molecule in the cells), 0.1-10 pM (affecting T cells), and 0.1-1 mM
human body that acts in the cardiovascular system, (non-specific and even toxic) [2]. DOP controls vari-
central nervous system, peripheral neural system, ous neurochemical and neurohormonal biological
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functions, such as milk production, lactation, motor
control, reinforcement, cognition, reward, nausea,
and arousal. Therefore, the development of sensitive
and selective DOP sensors is urgently needed to
monitor trace levels of DOP in the diagnosis of var-
ious diseases, including COVID-19 complications,
cancer, Alzheimer’s, HIV infection, Parkinson’s,
Huntington's disease [3-7]. Consequently, the detec-
tion of DOP concentrations in blood has gained
considerable attention [8-11], and the electrochemical
process strategy has received considerable critical
attention. Instead of expensive and difficult-to-apply
methods, non-enzymatic conductive polymer-based
sensors that do not require enzyme immobilization
are being preferred due to their ultra-selectivity,
specificity, cost-effectiveness, portability, and high
reproducibility [12-14].

To improve the electrochemical performance, var-
ious materials have been investigated as electrode
modifiers, including carbon dots [11], carbon quan-
tum dots/copper oxide nanocomposite [15], TizC,
MXene [16], iron decorated multiwalled carbon nan-
otube (CNT) composite [17], polyaniline (PANI)/
hemin/reduced graphite oxide (rGO) composite [18],
poly(3,4-ethylenedioxythiophene) (PEDOT)/gold
hollow nanospheres [19], polyfluorinated azoben-
zene/niobate composite [20], and others. Recently,
PANI-based electrodes have been used in sensor
applications due to their controllable electrical con-
ductivity, environmental stability, commercial avail-
ability, and easy processability [21]. Functionalized
PANI sensing systems, including ZnO decorated
PAN/rGO nanocomposites [22], NiO/CuO/PANI
nanocomposite [23], Ti/Ti-W-reinforced polyaniline
[24], and CuO/GO/PANI nanocomposite [25], have
been published in the literature for electrochemical
detection of DOP. In 2020, Paulraj et al. [26] devel-
oped a novel Ag-doped PANI NCs sensor to detect
hydrogen peroxide (H,O,) and dopamine. Electro-
chemical results showed that the LOD of H,O, and
DA were 0.03 pM and 0.12 uM, respectively. In
another study, Deffo et al. [13] prepared an eggshell/
CaCO3/PANi/rGO NC sensor to detect DOP, ascor-
bic acid, and uric acid. The LOD value of the sensor
against DOP was 0.01 pM, ascorbic acid was
10.81 uM, and uric acid was 0.04 pM.

Silicene exhibits excellent electrical and biological
properties [27]. Additionally, coronene is a remark-
able material due to its high degree of D6h symme-
try-bound semi-condensed polycyclic aromatic
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hydrocarbon (PAH), good load carriers, high ther-
mostability, and strong photoluminescence proper-
ties. It consists of six benzene rings arranged in a loop
molecule. Rubrene (5,6,11,12 tetraphenylnaph-
thacene) is a small organic semiconductor known for
its charge carrier mobility, exciton emission length,
and photocurrent generation efficiency [28]. It con-
sists of phenyl (C¢Hs) tatracen (four conjoined ben-
zene rings) base bonded to both sides of two central
benzene (C¢Hg) rings and exhibits p-type semicon-
ductor properties [29]. Furthermore, functionalized
PANI sensors can facilitate fast electron transfer for
detecting DOP through a redox reaction. The elec-
trochemical performance of the prepared DOP sen-
sors was evaluated in phosphate buffer (PBS) at pH
7.4 by simulating body fluid. Silicene, coronene, and
rubrene-functionalized PANI, as well as non-func-
tionalized PANI, showed linear responses against
DOP between in concentration ranges of
0.3125-5 uM. To the best of our knowledge, there are
no reports on the electrochemical oxidation of DOP
using prepared PANI: Silicene, PANI: Coronene and
PANI: Rubrene NCs-based sensors.

2 Experimental

Coronene (molecular weight: 300.35 g/mol, 97%) and
rubrene (molecular weight: 532.67 g/mol, 98%) were
purchased from Sigma Aldrich Company. Silicon (Si)
microparticle precurser (95%, 2 pm) was purchased
from Nanografi. Isopropyl alcohol IPA) and
N-Methyl-2-Pyrrolidone (NMP) (ACS, 99.84%) were
purchased from Merck Company. The gold trans-
ducers were purchased from Ebtro Electronics.
Deionized water with 18.2 MQ resistance was used.
The FTIR spectra of conducting polymer blends were
measured as dispersed in KBr pellets, using Varian
1000 FTIR Spectrometer. Scanning electron micro-
scopy (SEM) (Hitachi SU 1510, Japan) is utilized for
surface characterization studies. Ebtro Electronics
Potentiostat was used for all electrochemical mea-
surements. All measurements were conducted under
ambient conditions (25 °C).

To prepare the silicene nanosheets, 100 mg of Si
microparticles were sonicated in a mixture of 50 mL
IPA and 50 mL deionized water at 200 W for 4 h in a
nitrogen (N,) flow-controlled cabin during the
physical exfoliation process. The Si particles were
then centrifuged at 5000 rpm and 12,000 rpm for
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15 min, and the silicene nanosheets were collected
and dried in a vacuum oven at 50 °C. To obtain the
PANI: Silicene, PANI: Coronene, and PANI: Rubrene
nanocomposites, 1 mg of silicene, 1 mg of coronene,
and 1 mg of rubrene were separately mixed with
1 mg of polyaniline (PANI) in 2 mL of NMP solution
and sonicated for 5 min. The gold transducers were
cleaned using ethanol, the prepared nanoparticles
were drop-casted on the gold transducers, and dried
at 40 °C to obtain non-enzymatic sensors. The
responses of the sensors were tested against 10 mM
DOP concentration in PBS. I-V characteristics of the
sensors were obtained by applying [—1, + 1] V with
50 mV /s scan rate at 25 °C. Then, the detection limits
of the sensors were calculated using their sensitivity
values.

3 Results and discussion

In this study, the morphology and lattice spacing of
the silicene were investigated using selected area
electron diffraction (SAED), high resolution trans-
mission electron microscopy (HRTEM), and fast
Fourier transform (FFT) techniques (Fig. 1). Few-
layered free standing silicene nanosheets are shown
in Fig. la—c. The silicene nanosheets have a highly

Fig. 1 a—c HRTEM analysis
images, d the SAED pattern,
e the profile, and f the FFT
pattern of the silicene
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ordered hexagonal honeycomb lattice (Fig. 1d) and
the inter-planar distance was found to be approxi-
mately 4 = 0.3 nm. Furthermore, the profile analysis
shows that silicene nanosheets have a similar profile
(Fig. 1e). The FFT pattern of the silicene has distinct
circles of spots, each including six spots with
hexagonal symmetry (Fig. 1f). All these results are
the signature of silicene.

The XRD pattern of the silicene was given in Fig. 2.
The analysis shows the characteristic peaks of silicene
which corresponding to (111), (220), and (311) planes
of centrosymmetric cubic crystal silicene with Fd-3 m
(227) space group (JCPDS Card No. 73-1665). The unit
cell parameters of the silicene are a =5.431 A,
b =5.431 A, and ¢ = 5.431 A. Moreover, the rubrene
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molecule has three different phases (monoclinic,
orthorhombic, and triclinic). It can crystallize, but
crystallizing in the orthorhombic phase is easier than
the others [30, 31]. Du et al. indicated the XRD pattern
of rubrene crystals for four diffraction peaks at
2 h =6.58, 13.08, 19.80, and 26.40. The d-spacing is
calculated to be 13.47 + 0.05 A, which is consistent
with the half c-axis length of an orthorhombic unit
cell (26.97 A) [32]. Xiao et al. indexed the coronene in
space group P2;/n, the unit cell parameters of the
coronene are 7 = 10.122 A, b = 4.694 A, c = 15.718 A,
and § = 106.02 A [33]. The sharp diffraction peak was
observed at 20 = 9.34 [34].

Chemical characteristics of the PANI nanocom-
posites with Coronene, Silicene, and Rubrene were
investigated by FTIR analysis (Fig.3). The FTIR
spectra of PANI showed peaks at 1560 cm™' and
1480 cm™!, attributed to the C-C stretching of the

J] Mater Sci: Mater Electron (2023) 34:1374

quinonoid and benzenoid rings, respectively [35].
The FTIR spectra of PANI: Coronene showed peaks
at 1590.62 cm™' and 1492.73 cm™', while the FTIR
spectra of PANI: Silicene showed peaks at
1590.32 cm™' and 1494.10 cm™'. FTIR spectra of
PANL Rubrene has peaks 1590.99 cm™' and
1492.21 cm™ . These peaks related to the PANI matrix
in the nanocomposites shift to higher wavenumbers.
These shifts may arise from n—n interaction and
hydrogen bonding between PANI and coronene, sil-
icene and rubrene. The PANI-Silicene nanocompos-
ites showed a higher shift to higher wavenumbers
than other composites, possibly due to stronger n—n
interaction hydrogen bonding between Silicene and
PANI. In previos works, the bands at 1295 cm ™},
1241 cm ™', and 1125 cm ™" were assigned to C-H and
C-N bending of quinoid rings and benzenoid for
PANI [36]. These are characteristics absorption bands
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Fig. 3 FTIR spectra of a PANI: Coronene, b PANI: Silicene, and ¢ PANI: Rubrene
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of PANI The FTIR spectrum of PANI: Coronene,
PANI: Silicene and PANI: Rubrene showed absorp-
tion bands at 1292.61, 1296 and 1286.21 cm™},
respectively. The FTIR spectra of all nanocomposites
are almost the same as the FTIR spectrum of PANI
[36].

A study based on obtaining a new tightly packed
nanocomposite material as a result of filling con-
ductive polymers between two-dimensional inor-
ganic nanosheets has been carried out. Placing a
conductive polymer between the nanosheets pro-
vides the advantages of providing a smooth structure
to the polymer, ensuring continuity in the structure in
terms of electrical conductivity, and increasing the
sensor surface area. In this study, dopamine sensing
characteristics of two-dimensional nanosheets cor-
onene, rubrene and silicene were investigated com-
paratively. Compared to coronene and rubrene, the
very easy and low cost preparation of silicene in a
mixture of IPA: deionized water by physical exfolia-
tion of silicon microparticles played a driving role in
the use of silicene in this study.

The schematic representation of sensing mecha-
nism for PANI: Coronene, PANI: Silicene and PANI:
Rubrene non-enzymatic electrochemical sensor are
given in Scheme 1. At this time, Scheme 1 a-c show
SEM images of PANI: Coronene, PANI: Silicene and
PANI: Rubrene, respectively. From the SEM image of
PANI: Coronene (Scheme 1a), coronene particles are
observed and the PANI: Silicene is easily agglomer-
ated from the SEM image of the PANI: Silicene
(Scheme 1b). The lamellar structures are shown from
the SEM image of the PANI: Silicene (Scheme 1c).

Electrochemical measurements were carried out to
detect [0.3125- 5] uM DOP for PANI, PANI: Silicene,
PANI: Coronene, and PANI: Rubrene sensors (Fig. 4).
All sensors have two prominent current density
peaks in voltammetry measurements resulting from
redox reactions of DOP with the electrode material.
The results indicated that PANI: Coronene, and
PANI: Rubrene sensors have similar current density
peaks values. PANI: Silicene sensor, on the other
hand, detected DOP with higher sensitivity due to
enhanced redox mechanism resulting from silicene.
The current density—voltage curves of the sensors for
all concentrations are shown in Fig. 5a-d. The mea-
sured peak values of the current densities decreased
with the decrease in DOP concentration for all
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Scheme 1 Schematic representation of sensing mechanism
a PANI: Coronene, b PANI: Silicene and ¢ PANI: Rubrene non-
enzymatic sensor with the SEM images of PANI: Coronene,
PANI: Silicene and PANI: Rubrene layer
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Fig. 4 Electrochemical measurement characteristics of the sensors
against 5 pM DOP

sensors. The peak values of current densities versus
DOP concentrations were plotted for all sensors to
obtain the sensitivities from the slope of the curves
(Fig. 6). The CV curves almost overlap for higher
concentrations. However, there are partial deviations
at higher concentrations (Figs. 4 and 5). This situation
is caused by the high number of electrons coming out
of the reaction due to the high concentration and
these electrons creating imbalances on the sensing
material while reaching the electrode surface.
Another possible situation is partial deviations that
may occur in the reaction mechanism at high con-
centrations. The sensors detected dopamine in the
concentration range of 0.3125-5 pM, with the sensi-
tivities of 134.04, 197.84, 124.65, and 133.65
pApM ! em ™2 for PANI, PANI: Silicene, PANI: Cor-
onene, and PANI: Rubrene sensors, respectively.
Using thsese sensitivity values of the sensors, LOD of
the PANI, PANI: Silicene, PANI: Coronene, and
PANI: Rubrene sensors were calculated as 0.151 puM,
0.0385 uM, 0.122 pM, and 0.137 pM. Although the
LOD values of the sensors were slightly improved by
the effects of coronene and rubrene, close sensitivity
values to the sensitivity of PANI-based electrode
were observed. Additionally, the sensor measure-
ments revealed that silicene considerably enhanced
the sensor.

The use of modified electrodes in the electro-
chemical oxidation of dopamine is an effective strat-
egy for inducing the desired redox reaction. When a

@ Springer

f J Mater Sci: Mater Electron (2023) 34:1374

voltage is applied to the modified electrode, an
electrical field is generated at the surface, causing
dopamine molecules to move towards the electrode.
At the electrode surface, the dopamine molecules
undergo an electrochemical reaction called oxidation,
which results in the loss of two electrons and two
protons. This reaction converts the dopamine mole-
cule into a highly reactive intermediate called dopa-
mine -0-quinone molecule. During  the
electrochemical process, two electrons and two pro-
tons are transferred from the dopamine molecule to
the electrode surface, resulting in the formation of
dopamine-o-quinone. The electrochemical oxidation
of dopamine on modified electrodes, such as
PANTI:Silicene, PANI:Coronene, and PANI:Rubrene,
is a highly active area of research, and the specific
mechanisms involved may vary depending on the
experimental conditions. These electrodes contain
PANI and aromatic hydrocarbons that function as a
support and offer a large surface area for the dopa-
mine detection. The electro-oxidation of dopamine on
PANI:Silicene and PANI:Coronene involves the
adsorption of dopamine on the electrode surface,
followed by the transfer of electrons between the
electrode and dopamine. In PANI:Silicene, the PANI
component acts as a redox-active mediator, whereas
in PANI:Coronene, the coronene component pro-
vides additional electron transfer pathways. Both
pathways result in the oxidation of dopamine to
dopamine-o-quinone molecule, which can be detec-
ted by the modified electrode [37]. PANI: Rubrene
consists of rubrene, which enhances the sensitivity of
DOP sensing due to its excellent electron transport
properties. The electro-oxidation process on PANI:
Rubrene also involves the adsorption of DOP on the
electrode surface, followed by electron transfer facil-
itated by Rubrene. This transfer increases the sensi-
tivity and stability of the sensor. In summary, the
modified electrodes containing PANI and aromatic
hydrocarbons, such as Silicene, Coronene, and
Rubrene, are effective electrocatalysts for DOP sens-
ing due to their redox-active properties and ability to
facilitate electron transfer between the electrode and
DOP. Consequently, the developed non-enzymatic
electrochemical voltammetric sensors based on
PANI, PANI:Silicene, PANI:Coronene, and PANI:R-
ubrene NCs have shown promising results for the
detection of dopamine. Among the NCs, PANLSil-
icene exhibited the highest sensitivity and lowest
limit of detection, indicating its potential for highly
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Fig. 5 Electrochemical measurement characteristics of the a PANI, b PANI: Silicene, ¢ PANI: Coronene, d PANI: Rubrene sensors

against [0. 3125 -5] pM DOP concentration

sensitive and specific detection of dopamine in neu-
rological disorders.

4 Conclusion

The detection of trace levels of dopamine is essential
for the diagnosis and management of various dis-
eases, including COVID-19 complications, cancer,
HIV infection, Alzheimer’s, Parkinson’s, and Hunt-
ington’s disease. The development of sensitive and
selective sensors for dopamine detection is therefore

crucial. In this study, PANI: Silicene, PANI: Cor-
onene, and PANI: Rubrene sensors were developed
for the rapid and sensitive detection of dopamine.
The results showed that the PANI: Silicene sensor
had the highest sensitivity of 197.84 pApM ' cm ™2
and the lowest LOD of 0.0385 uM. The use of silicene
significantly improved the sensor’s performance.
These sensors could potentially be used for the early
diagnosis and treatment of dopamine-related neuro-
logical disorders, thus improving patient outcomes.

Further studies are needed to optimize the

@ Springer
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nanosensor design and evaluate their performance in
real-life scenarios.
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