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Dopamine, an essential neurotransmitter in the central nervous system, plays a key role in neurological
disorders such as Parkinson's disease, making its accurate monitoring critical for effective prevention,
diagnosis, and management. This study introduces a novel and cost-effective electrochemical sensor for
dopamine detection, leveraging molybdenum disulfide—chitosan (Cs—MoS,) nanohybrids synthesized via
a simple liquid-phase exfoliation (LPE) method. Chitosan nanoparticles were dispersed in a solution
containing molybdenum disulphide (MoS,) nanosheets to form the Cs—MoS, nanohybrids. These nano-
hybrids were extensively characterized using UV-visible spectroscopy, Fourier transform infrared (FTIR)
spectroscopy, Raman spectroscopy, thermogravimetric analysis (TGA), and atomic force microscopy
(AFM), confirming their successful synthesis and unique properties. Commercial screen-printed electrodes
(SPEs) were modified with the Cs—MoS, nanohybrids and evaluated for dopamine sensing through cyclic
voltammetry (CV), electrochemical impedance spectroscopy (EIS), and differential pulse voltammetry
(DPV). The sensor exhibited high sensitivity, with two distinct linear response ranges: 4.48 pA uM~t em—2
for 0-40 pM and 1.67 pA uM~* cm™2 for 40-440 pM. The limit of detection (LOD) was determined to be
0.8 uM. These performance metrics demonstrate superior analytical capabilities, including excellent selec-
tivity against common interfering species in body fluids, good stability, and reproducibility. The findings
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1. Introduction

Researchers in the ever-advancing field of nanotechnology have
acclaimed nanocomposites as ground-breaking materials defin-
ing the twenty-first century." These remarkable materials are
characterized by their dimensions within the nanoscale range.
Compared to conventional materials, nanocomposites exhibit
unique properties surpassing their constituent elements.” This is
attributed to their significantly higher surface-to-volume ratio,
which leads to enhanced interactions. As a result, nanocompo-
sites display distinctive physical, chemical, optical, mechanical,
magnetic, and electrical characteristics.

Dopamine (DA) plays a crucial role in the functions of human
beings and the determination of DA as an essential basis of
clinical diagnosis has attracted much interest.>* DA is a crucial
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light their potential for practical applications in biomedical diagnostics.

neurotransmitter that facilitates chemical signal transmission
between cells.” Its brain secretion is intricately linked to human
emotions, desires, and sensations, serving as a conduit for
transmitting feelings of excitement and happiness.® Disruptions
in dopamine’s normal functioning in the human body can
contribute to the development of various neurological disorders,
including Parkinson’s disease, Huntington’s disease, and
schizophrenia.” For these reasons, different methods have been
used for DA analysis, including flow injection, chromatography,
electrolysis, and chemiluminescence.® Since DA functions as a
redox-active neurotransmitter, electrochemical techniques offer a
practical solution for DA detection, due to their affordability,
ease of miniaturization, and enhanced sensitivity. Consequently,
electrochemical sensors have emerged as the standard choice,
characterized by their low cost, rapid response time, and ability
to integrate with circuits, facilitating accurate quantitative
measurements.” However, the presence of other biologically
relevant biomolecules, such as ascorbic acid, glucose, and uric
acid, can significantly impact the selectivity and sensitivity of
electrochemical sensors, thereby posing a challenge in accurately
quantifying DA levels."> Numerous nanomaterials, including
noble metal nanoparticles,'" carbon nanotubes,'* graphene and
its derivatives,"”® metal-organic alloy nanoparticles,"* and metal

© 2025 The Author(s). Published by the Royal Society of Chemistry
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oxides,"> have been identified to exhibit enzyme-like activity.'®
The catalytic behaviour observed in 2D materials involves
facilitating chemical reactions by providing reactive surfaces
for molecular interactions, thereby reducing activation energy
barriers, facilitating bond formation or cleavage, and improving
reaction kinetics and selectivity.">'® These characteristics parallel
the functional role of enzymes in biological systems."'®

The catalytic activity exhibited by 2D materials involves
facilitating chemical reactions by providing a surface for mole-
cules to interact, lowering the activation energy barrier, pro-
moting bond breaking or formation, and enhancing reaction
rates and selectivity, like the function of enzymes in biological
systems. For these reasons, these materials represent a promising
class of artificial enzymes identified as “nanozymes” due to their
nanoscale dimensions. Nanozymes demonstrate exceptional
catalytic activity, remarkable chemical and thermal stability,
straightforward preparation methods, and the ability to be stored
for extended periods without significant degradation.”'® Due to
their numerous advantages, nanozymes have been regarded as
highly promising alternatives to natural enzymes in various
applications such as sensors, imaging, disease diagnosis, and
therapy.'®*° Molybdenum disulfide (MoS,) is a two-dimensional
layered nanomaterial with a graphene-like structure that has
garnered significant attention due to its distinctive properties and
structure.”* Recent studies have revealed that MoS, nanosheets
exhibit peroxidase-like activity, making them promising candi-
dates for the development of electrochemical sensors for chemical
and biological molecule detection.?”>® A highly effective approach
to enhancing the MoS, enzyme-like activity is using MoS,-based
nanocomposites by integrating functional groups into MoS,
nanosheets. This hybridization strategy has demonstrated signifi-
cant potential in boosting the enzyme-like performance of MoS,-
based materials. For example, Zribi et al. prepared a novel hybrid
composite based on a carbon cloth (CC) matrix that was functio-
nalized with 2D-MoS, nanosheets and MoOs. The incorporation
of these materials into the CC matrix resulted in improved
sensing abilities for riboflavin detection.”” The compelling
findings mentioned above have served as inspiration for the
synthesis of MoS,-based nanocomposites, which proves to be an
efficient approach for developing nanozymes exhibiting excep-
tional enzyme-mimicking activity.

Chitosan (Cs) is a cationic linear polysaccharide with a
random distribution of B-(1-4)-linked p-glucosamine and N-
acetyl-p-glucosamine units,”® and is both biocompatible and
biodegradable. Chitosan-MoS, heterojunctions have gained
considerable attention for their potential applications in elec-
trochemical sensors. The combination of chitosan with MoS,
offers unique properties that can enhance the performance of
electrochemical sensors.”® The presence of MoS, in the nano-
composite can provide a large surface area, high electrical
conductivity, and excellent electrocatalytic activity, making
it suitable for the detection of various analytes, including
dopamine, while the chitosan matrix acts as a stabilizing agent,
providing biocompatibility and enhancing the adhesion of the
nanocomposite onto the electrode surface.”>*° Chitosan-MoS,
nanocomposites offer several advantages for electrochemical
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sensors, such as improved sensitivity, selectivity, and stability.
The presence of chitosan can also enhance the biocompatibility
of the sensor, making it suitable for biomedical applications.*

Herein, this study introduces a novel electrochemical sensor
based on chitosan-MoS, (Cs-MoS,) nanocomposites for the
sensitive and selective detection of dopamine. This is the first
report on the use of Cs-MoS, nanocomposites for DA sensing.
The Cs-MoS, nanocomposite not only enhances the electro-
catalytic activity but also provides a biocompatible matrix that
improves the adhesion of the material onto the electrode sur-
face. The primary goal of this work is to address the challenges
of selectivity and sensitivity in dopamine detection, leveraging
the unique properties of Cs-MoS,. The novelty of this approach
lies in the innovative hybridization of MoS, with chitosan,
offering an advanced material for biomedical applications.
The desired outcome is to establish a simple, cost-effective,
and efficient sensor capable of accurate DA quantification,
paving the way for its application in clinical diagnostics and
neurological research.

2. Experimental section
2.1 Synthesis of 2D-MoS, nanosheets

MoS, powder and sodium cholate were used to synthesize 2D-
MoS, via liquid phase exfoliation.?’ In this process, MoS,
powder (5 mg mL ') was dispersed in a SC watery solution
(1.5 mg mL ™~ "). This solution was horn sonicated (Branson 250)
for 30 min. To decrease the heating effects of sonication, the
sample was kept in an ice bath. The dispersion was allowed to
be decanted in a flask overnight. Afterward, 20 mL (typically the
half-top part) of the solution was centrifuged for 90 minutes at
1500 rpm. The supernatant, rich in a few layers of MoS,
nanosheets, was collected and the obtained solution remained
stable for months.*!

2.2 Synthesis of the chitosan-MoS, nanocomposite

First, the chitosan solution was prepared by dissolving 20 mg of
chitosan in 20 mL of acetic acid (1%) with magnetic stirring until
a clear solution was obtained. Then, to prepare the Cs (25, 50,
and 75)-MoS, nanocomposite, different amounts of the chitosan
solution were added to pre-synthesized MoS, nanosheets, fol-
lowed by sonication for 25 minutes.

2.3 Characterization

Ultraviolet-visible spectroscopy was carried out using a Lambda
365 UV-vis spectrophotometer from PerkinElmer within the
wavelength range of 200-800 nm under ambient air conditions
at room temperature.

The atomic force microscopy (AFM) investigation was per-
formed using a Nanosurf instrument equipped with an Easy-
scan 2 Controller, operating in tapping mode at room
temperature. Tapping mode parameters were configured to
employ Tap 190 Al-G cantilevers with a frequency of 190 kHz
and a force of 48 N m™'. The designation “Tap 190 Al-G”
denotes the specific type of cantilever utilized for tapping mode
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imaging, typically comprising a silicon base with an aluminum
coating. To investigate the shape of the nanosheets, the dis-
persions were diluted at a ratio of 1:10 with distilled water and
subsequently deposited onto glass substrates. The specimens
were subjected to air drying at ambient temperature before
conducting the experiments.

FTIR spectra were recorded using a spectrum two FTIR
spectrometer (PerkinElmer, Inc.) fitted with a universal ATR
sampling module. Measurements were performed at room tem-
perature over a spectral range of 4000-500 cm ', employing a
scanning rate of 2 mm s~ " and a resolution of 4.0 cm ™. A total of
20 scans were accumulated, with no prior sample preparation. The
TGA analysis was performed using a PerkinElmer TGA4000 ther-
mogravimetric analyzer. The procedure was as follows: isothermal
at 50 °C for 1 minute, followed by a temperature scan (ramp from
50 to 100 °C at 20 °C min '), isothermal at 100 °C for 10 minutes,
and then a ramp from 100 to 600 °C at 40 °C min~". To acquire the
Raman spectra, 2D-MoS, and 2D-MoS,/Cs were drop-cast onto a
glass substrate, while chitosan was drop-cast onto a gold substrate
to quench the fluorescence effect. Raman spectra of the three
samples were acquired using a 532 nm excitation wavelength with
a 100x objective, focusing the laser spot on a sub-micron area.

2.4 Sensor preparation and electrochemical measurements

Electrochemical analysis was conducted utilizing commercial
screen-printed carbon electrodes (SPCEs) procured from Drop-
Sens, Spain (DRP-100). The SPCEs were modified with Cs-MoS,
nanocomposite solutions of varying proportions of chitosan
solution (25, 50, and 75%), as well as with pure MoS, dispersion
and pure chitosan solution, achieved through drop-casting of
appropriate volumes (10, 20, 40, and 60 pL) onto the working
electrode surface. Subsequently, the modified electrode was
allowed to dry at room temperature before further use.
Electrochemical tests, including cyclic voltammetry and
differential pulse voltammetry, were performed using a Drop-
Sens pStat 400 potentiostat, controlled using DropView 8400
software for data acquisition. Electrochemical impedance
spectroscopy was conducted utilizing a potentiostat/galvano-
stat. All experiments were carried out at room temperature.

3. Results and discussion

3.1. Optical and morphological characterization

The optical properties of pure samples and their hybrid nano-
composite were studied using UV-vis spectroscopy. Fig. 1 shows
the UV-vis spectra of pure MoS, nanosheets (a), pure chitosan
solution (b), and the Cs-MoS, hybrid nanocomposite (c), covering
the wavelength range from 200 to 900 nm. To minimize the effects
of multiple scattering during measurements and enable accurate
concentration estimation using Beer’s law, samples were diluted
at a 1:10 v/v ratio in SC before analysis.>"**** All materials have
unique absorption spectra, with modest differences in absorption
maxima. MoS, nanosheets (Fig. 1a) exhibit four transitional
peaks denoted as A and B excitonic peaks at 673 nm and
613 nm, respectively, and a C-excitonic band at 400-460 nm,
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Fig. 1 UV-vis spectra of MoS; (a), chitosan solution (b), and the Cs—MoS,
hybrid nanocomposite (c).

superposed on a continuum scattering background. The signal
is consistent with what was expected for few-layered 2H-MoS,
nanosheets.”"**** Pure chitosan solution (Fig. 1b) has maximal
absorption at 274 nm, attributed to the intrinsic bandgap of
polysaccharide molecules. This peak corresponds to the n —
o* electronic transitions primarily associated with the chitosan
structure’s amino and hydroxyl functional groups.*>*® The
absorption peak observed at 320 nm, which is atypical for pure
chitosan, can be attributed to residual reagents, trace impu-
rities, or possible structural modifications introduced during
the synthesis or processing steps. These modifications may
include forming unsaturated or aromatic groups, which could
result in additional electronic transitions and contribute to the
observed absorption in this region. The UV-visible absorption
range of the chitosan-MoS, hybrid nanocomposite (Fig. 1c) is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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260-440 nm, confirming the existence of chitosan-MoS, mole-
cules inside the nanocomposite.*

The presence of A and B modes, located at 673 nm and
613 nm, respectively, is ascribed to direct excitonic transition at
the K-point of the Brillouin zone of MoS, nanosheets.>”*® These
modes confirm the spin-orbit splitting of the d-orbital of the
molybdenum (Mo) atom. The A-B separation energy is around
0.18 eV, which is inconsistent with the previous studies.*®

This energy separation (AE = Ex — E,) is dependent on the
number of layers. However, only the A-mode position is closely
related to this number. In contrast, the B-mode position is
unaffected. Thus, it is considered as a thickness indicator.***!
According to Backes et al., the wavelength of the A-mode (1,)
increases when the number of layers per nanosheet increases
due to confinement effects.*> We observed two excitonic bands
in the higher energy range, which are denoted as C and D
modes located at 452 nm and 3 nm, respectively. This doublet
is ascribed to the interlayer coupling by van der Waals forces
that involve the p-orbital of S-atoms.** According to the
research of Castellanos-Gomez, the C-peak position signifi-
cantly depends on the layer number.*!

According to the UV-vis spectrum, the size, thickness, and
nanosheet concentration in the dispersion can be estimated
using empirical metrics mentioned by Backes et al**** and
Varrla et al.** The nanosheet thickness ({(N)) can be estimated
based on the wavelength of the A-band (1, (nm)):

(N) = 2.3 x 10°® exp[—54 888/14] (1)

The average nanosheet size ((L)) was estimated from the ratio
between the intensity of the local minimum extinction at
350 nm (Ext 350) and the intensity of the B-exciton (Ext B)
using the following equation:

EXtax

35 x g =014

(L(nm)) = i )
115 - —
Extmin

Using Beer’s law, the nanosheet dispersion concentration C can
be determined by considering the extinction coefficient &350 =
69 mL mg ' cm™ " at the local minimum (350 nm, [Ext]3s0) and
[=1cm.

c= [EXt]sso/lgsso [3)

The sample’s characteristics extracted from the UV-vis spec-
trum of MoS, nanosheet dispersion are as follows: (N) = 9; (L) =
30.3; and C (ug mL™") = 2.4.

AFM analysis was conducted to elucidate the morphological
properties of the samples. In Fig. 2, we present the AFM images of
MoS, nanosheets and the Cs-MoS, nanocomposite, as well as
pure chitosan solution deposited on a glass substrate. A closer
examination of the AFM images demonstrates that the integration
of chitosan into MoS, nanoflakes resulted in a noticeable change
in the surface morphology compared to pure MoS,. Notably, the
addition of chitosan led to a rougher surface morphology.

Moreover, the height profile analysis of MoS, nanoflakes
indicated a thickness of approximately 4.7 nm. Given the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 AFM images of composites deposited on a glass substrate: (a) MoS,
nanosheets, (b) the Cs—MoS, nanocomposite, and (c) chitosan solution,
and (d) and (e) the line profile.
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theoretical thickness value of monolayer MoS, as 0.65 nm, it
can be inferred that the exfoliated MoS, sample comprises
either seven or eight layers. These findings align with the
results obtained using UV-visible spectroscopy.
Thermogravimetric analysis (TGA) is an essential tool for
characterizing composites, providing critical information on
their thermal stability and decomposition behaviour. From the
thermal stability analysis of the Cs-MoS, composite (Fig. 3a), a
first weight loss (a) is observed between 50 and 100 °C, likely
due to the moisture content, which is confirmed by the FTIR
spectrum showing the presence of OH groups. The thermal
degradation leads to a second stage of decomposition (b),
resulting in a weight loss of about 40% in the 255-350 °C
range, attributable to the degradation of chitosan polymer
chains. This is followed by a third weight loss at temperatures
above 460 °C (c). This behaviour is supported by ref. 35 and 45.
The FTIR spectra (Fig. 3b) confirm the successful synthesis of
the composites. The characteristic stretching vibrations of
MoS,, typically observed in the range of 450-500 cm ", exhibit
slight variations in intensity, indicating interactions between
the MoS, nanosheets and the functional groups of chitosan.
Specifically, the bands at 613 cm™" and around 900 cm™*
correspond to MoS, groups.*®*” The distinctive peaks asso-
ciated with carbon are located approximately at 1560, 1414 and
1080 cm ™', which correspond to the vibrations of C=C, COO™,
and C-C bonds, respectively.*®* The broad band in the range of
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Fig. 3 (a) Thermal stability of the Cs—MoS, composite and (b) FTIR

spectra of Cs (black line), MoS; (red line) and the Cs—MoS, composite
(blue line).
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Fig. 4 Raman spectra recorded at 532 nm of dry drops of (a) 2D-MoS,
nanosheets, (b) chitosan, and (c) the MoS,/Cs composite.

3000-3600 cm ™ *

vibrations.

The Raman spectra of MoS, nanosheets, the chitosan
solution, and the MoS,-chitosan nanocomposite were analysed
to elucidate their structural and vibrational properties as shown in
Fig. 4. The spectrum of the MoS, nanosheets exhibited prominent
peaks at ~386 cm™ " and ~410 cm ™', corresponding to the in-
plane E}, and out-of-plane A, vibrational modes, respectively.>>*’

The Eég mode results from the opposite vibration of two S
atoms with respect to the Mo atoms in the layers, whereas the
A;; mode involves the vibration of only the S atoms out of the
layers along the c-axis.***° These modes are typically characteristic
of the 2H phase on a few layers of MoS,.>® The spectrum of the
chitosan solution displayed characteristic peaks at ~1380 cm™*
and ~1600 cm™?, attributed to the stretching vibrations of C-N
and C=O0 groups, respectively.>’ In the MoS,~chitosan composite,
both MoS, and chitosan peaks are present, with noticeable shifts
and broadening. The shifts in the Eig and A;; modes of MoS,,
coupled with modifications in the chitosan peaks, indicate strong
interactions between MoS, nanosheets and the chitosan matrix,
likely mediated by hydrogen bonding and electronic coupling.***>
These observations confirm the successful functionalization of
chitosan on the MoS, nanosheet surfaces and suggest modifica-
tions to the vibrational and electronic properties of the composite,
which may enhance its functional performance.*>*

is typically associated with O-H stretching

3.2 Electrochemical behaviour of Cs-MoS,/SPCE

Cyclic voltammetry (CV) and electrochemical impedance spectro-
scopy (EIS) measurements were first carried out to examine the
significant characteristics of the modified electrodes, such as
electrical conductivity and electrocatalytic features. Both experi-
ments were carried out in 0.1 M KCI containing 5 mM of the
[Fe(CN)s]**~ redox probe at room temperature. Fig. 5 compares
the CV curves of the bare SPCE (black line) and modified SPCEs
(coloured lines) in 5 mM of [Fe(CN)s]> "*~ at a 50 mV s * scan
rate. A pair of well-defined redox peaks were observed in the bare
SPCE due to the characteristic reversible redox behaviour of the
[Fe(CN)s]**~ system. The anodic peak current of the modified
electrodes decreases at first with a low concentration of Cs going

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 CV curves of the bare SPCE (black) and the SPCEs (colored lines)
modified with different Cs—MoS, dispersion ratios. Measurements were
performed in 0.1 M KCL solution containing 5 mM of [Fe (CN)gl>~/4~.

from 57.24 pA for the bare electrode to 32.32 pA for 25% of Cs,
suggesting that low Cs hampered the charge transfer at the
interface. Reaching 50% of Cs in solution, the anodic peak current
undergoes a dramatic increase from 32.32 pA to 78.25 pA. Beyond
this optimum ratio between 2D-MoS, and Cs, a decrease of the
peak current is noted. This finding suggests that SPCEs with 50%
of Cs provide the best electroanalytic sensitivity among all the
presented modified electrodes. We also observed some shifts in
the redox peak potentials of the model ferro/ferricyanide redox
couple, particularly the anodic peak, at electrodes decorated with
various Cs-MoS, ratios. However, apart from the sample Cs(50)-
MoS,, which displays a larger increase in the anodic peak
potential with respect to the bare and pure MoS, ones, the other
samples show a modest decrease. This unclear trend is hard to
explain, and further investigation is needed in to formulate a
plausible explanation.

The Randles-Sevcik equation was used to determine the
electroactive surface area of bare and modified electrodes.”®

Ia = 2.686 x 10°n*”ACD"?9"* (4)

where I, is the current (in Ampere), n is the number of
electrons involved in the redox process (n = 1 in our case), A
is the effective area of the SPCE (in cm?®), C is the concentration
of electroactive species (5 x 10~% mol cm ), D is the diffusion
coefficient of potassium ferricyanide (7.6 x 10~° cm® s~ '), and
9 is the scan rate (in V. s™).

Fig. 6 shows the electroactive surface area (ESA) of bare and
modified SPCEs computed using eqn (4). An increase in the
active surface area yields an increase in the number of active
sites suitable for electrochemical reactions. Consequently, more
molecules undergo redox reactions at the surface of modified
SPCEs. Data suggested that at a Cs-MoS, ratio with 50% Cs the
ESA is maximized. At higher ratios, the presence of Cs will act as
a blocking layer and minimize the electrochemically active sites.

CV tests were performed at different scan rates ranging from
10 mV s~ to 300 mV s~ ' (Fig. 7a). Fig. 7b shows the anodic
(black) and cathodic (red) peak currents plotted against the
square root of the scan rate. As expected, a linear behaviour is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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observed, with correlation coefficients (R*) of 0.9987 and
0.9904, respectively, proving that the diffusion-controlled elec-
tron process is dominant at the ferrocyanide and Cs-MoS,/SPC
interface.

The Nyquist plots are commonly used in electrochemistry to
analyse the impedance of electrochemical systems. They graphi-
cally represent the imaginary component (Z’) of impedance
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Fig. 7 (a) CV recorded at different scan rates on Cs—MoS,-SPCEsin 0.1 M

KCl containing 5 mM of [Fe(CN)¢l*~/4~; (b) plots of the anodic (black) and
cathodic (red) peak currents vs. the square root of the scan rate.
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against the real component (Z) on a Cartesian coordinate
system.”” Typically, the Nyquist plots exhibit a semi-circular
arc followed by a linear tail at high frequencies. The semicircle
corresponds to the charge transfer resistance (R.) at the electrode-
electrolyte interface, with larger semicircles indicating higher R..
435 Superior electrodes are characterized by smaller semi-
circular arcs and extended linear tails, suggesting faster electron
transfer kinetics and improved electrochemical performance.>

Conversely, poorer electrodes display larger semi-circular arcs
and shorter linear tails, indicating slower charge transfer kinetics
and inferior behaviour. Analysis of the Nyquist plots commonly
involves the Randles equivalent circuit, comprising solution resis-
tance (Rg) in series with a parallel combination of double-layer
capacitance (C4) and Warburg impedance.””” Fitting experimental
data to this circuit allows the determination of various electroche-
mical parameters critical for assessing sensor performance.>*”
The charge transfer resistance (R.) is a key parameter directly
linked to redox reaction kinetics: larger R. values imply slower
kinetics, while smaller values indicate faster kinetics.>*

Fig. 8a shows the Nyquist plots of the EIS conducted on the
bare SPCE, Cs(25)-MoS,-SPCE, Cs(50)-MoS,-SPCE, Cs(75)-MoS,~
SPCE, as well as pure MoS, and chitosan modified SPCEs, which
were obtained in 5 mM [Fe(CN)e]> "~ solution containing 0.1 M
KCI. Notably, the arc diameter of the Cs(50)-MoS,-SPCE appeared
to be the smallest, indicative of reduced resistance to charge
transport compared to bare and other modified SPCEs. However,
the arc diameter proportionally increased as the Cs content
increased in the hybrid nanocomposite. The observed semicircu-
lar pattern in the high-frequency region corresponds to the charge
transfer resistance at the electrode-electrolyte interface.*® A smal-
ler diameter of the semi-circular arc suggests lower charge
transfer resistance and relatively higher capacitance.*®

In this study, the obtained results were fitted into the model
of an RC circuit, as illustrated in Fig. 8b, wherein R, represents

values.

U T T T T T T T
i“o Bare SPCE |

4| @ mos2 |
8000 | @ Cs-Mos2/sPCE(25% Cs)|
| @ cs-Mos2/5PCEE0% Cs)|
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2" Q)

4000+
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Fig. 8 (a) The Nyquist plots and (b) simulated equivalent circuit of bare
and modified SPCEs.
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Table 1 Charge transfer resistance of the different electrodes

Electrode R (kQ)
Bare SPCE 14.9
Pure MoS, 2.4
Cs(25)-MoS, 11.8
Cs(50)-MoS, 1.8
Cs(75)-MoS, 49.5
Pure Cs 120

the interfacial charge-transfer resistance of the photoanode/
electrolyte interface. As presented in Table 1, a reduced charge
transfer resistance was observed for the Cs(50)-MoS,/SPCE
compared to the Cs(25)-MoS,/SPCE, Cs(75)-MoS,/SPCE, and
the bare SPCE. This result indicates the enhanced electron
transport nature of the Cs(50)-MoS,/SPCE, attributed to the
integration of 50% Cs in the composite, facilitating easier and
more rapid electron exchange between the electrode surface
and electrolyte interface.””

This finding implies that the nanocomposite-modified
electrode exhibits faster electron transfer behaviour, possibly
attributed to the positive charge of the electrode-electrolyte
interface, which is associated with a higher degree of
amidation.’® In this instance, the degree of amidation refers
to the extent of amide group incorporation within the chitosan
structure. Amidation involves transforming some carboxyl
groups in chitosan into amide groups, potentially leading to a
higher positive charge at the electrode-electrolyte interface.
This increased positive charge can enhance the electrochemical
properties of the electrode, facilitate faster electron transfer
kinetics, and ultimately improve the performance of the chit-
osan-MoS,-modified electrode in electrochemical reactions.**

In this study, we observed that varying the chitosan content in
the chitosan-MoS, hybrid nanocomposite significantly impacts
its electroactive surface area (ESA) and charge transfer resistance
(Ret)- Pure MoS, exhibited high ESA due to its large surface area,
but its lack of stability without a binder was a limiting factor.
Conversely, pure chitosan, being insulating, demonstrated low
ESA and high R... Incorporating 25% chitosan into the compo-
site decreased ESA, likely due to insufficient chitosan to prevent
MoS, aggregation, leading to a reduced active surface area.
However, the composite with 50% chitosan displayed the highest
ESA and the lowest R, indicating an optimal balance where
chitosan provided sufficient mechanical support and dispersion
of MoS, without excessively blocking its active sites. In contrast,
a 75% chitosan content led to significant encapsulation of MoS,,
reducing ESA and increasing R due to the insulating nature of
the polymer. These findings indicate that the composite’s elec-
trochemical performance depends on achieving an optimal
chitosan-to-MoS, ratio, with 50% chitosan offering the best
synergy between stability and electroactivity.

3.3 Optimization of experimental conditions

Preliminary tests for investigating the performances of the bare
and modified electrodes were carried out by cyclic voltammetry
in 0.01 M PBS (pH 7.4) containing 100 pM of DAata 50 mV s "

© 2025 The Author(s). Published by the Royal Society of Chemistry
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scan rate (Fig. 9). At the Cs(50)-MoS,-SPCE, anodic peak
currents (I,,) occur at more negative potentials compared to
the bare SPCE, while cathodic peak currents (I,,.) are observed
at more positive potentials. Specifically, the anodic peak cur-
rent at the Cs(50)-MoS,-SPCE was 13.06 pA, compared to
3.42 pA at the bare SPCE, indicating improved conductivity
due to the hybrid composite. The observed negative shift in
anodic peak potentials (Ep,) indicates improved electrochemi-
cal performance of the Cs(50)-MoS,-SPCE, attributed to
enhanced electron transfer kinetics and increased electroactive
surface area.’®> Conversely, the bare SPCE is more susceptible
to fouling, resulting in compromised electron transfer kinetics
over time.*®®° The peak-to-peak separation of the anodic and
cathodic peak potentials (AEp) is considered an index of the
redox reaction reversibility and electron transfer kinetics.’® The
obtained AE, values (97 mV for the bare SPCE and 47 mV for
the Cs(50)-MoS,-SPCE) confirm that the modified electrode
supports more reversible DA redox processes, faster electron
transfer kinetics, and better catalytic activity. The Cs-MoS,
composite may facilitate n—n interactions between DA and the
aromatic moieties in chitosan, along with potential electro-
static interactions due to oxygen-containing functionalities,
enhancing conductivity and sensitivity in DA detection.

The effect of Cs(50)-MoS, hybrid nanocomposite loading,
deposited on SPCEs, was investigated concerning its sensing
behaviour towards dopamine using the DPV test. Carbon SPCEs
were modified by adding various volumes of the as-prepared
hybrid nanocomposite dispersion, ranging from 10 to 60 pL.
The results of the electrochemical investigation with Cs-MoS,/
SPCE are presented in Fig. 10. In the range of 10 puL to 60 uL, the
sensitivity increased with the increasing modified volume of
Cs-MoS, suspension deposited onto the SPCE surface. The
further increase in the modified volume will cause a gradual
decrease in the sensitivity of our sensors. Therefore, the elec-
trode containing 10 pL of Cs(50)-MoS, suspension was selected
as the best electrode to carry out the subsequent experiments.

The effect of the scan rate on the redox peak currents of DA
oxidation at the Cs-MoS, modified SPCE surface was studied

104

Current (pA)
()]

o

Cs(50)-MoS2-SPCE
Bare SPCE

-10 T T T
-0.2 0.0 02 04

Potential (V)

Fig. 9 CV of 100 pM DA recorded on the bare SPCE and Cs(50%)-MoS,—
SPCE in 0.01 M PBS (pH 7.4) at a 50 mV st scan rate.
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Fig. 10 The effect of different amounts of the active electrode material
(Cs(50)-MoS;) on sensitivity towards the detection of dopamine using the
DPV test.

using cyclic voltammetry. Cyclic voltammograms were recorded
with Cs(50)-MoS,/SPCE (10 pL) at scan rates from 20 to
200 mV s~ in 0.01 M phosphate buffer saline (PBS) containing
100 pM DA as shown in Fig. 11a. The DA redox peak current
increased with the square root of the scan rate and a linear
correlation was observed. In addition, as the scan rate
increases, there is a discernible shift of the oxidation and
reduction peak potentials towards the positive and negative
regions, respectively. This occurrence is indicative of a reduced
rate of electron transfer at faster scan rates. At the same time,
the AE, values increased, suggesting that, at higher scan rates,
the electron transfer process becomes quasi-reversible. Fig. 11b

T T
-0.1 0.0 0.1 0.2 03 0.4
Potential (V)

Ipa= 82.657v - 9.033
R?=0.99243

Ipc= -72.544Vy + 10.387 |
R?=0.98701

0.10 04I15 0,‘20 O.éS 0.;50 o.lss 0.110 0;%5

?Scan rate (V/s)"?
Fig. 11 (a) Cyclic voltammograms in the presence of 100 uM DA at
different scan rates with Cs—MoS, (50% Cs, 10 ulL) SPCE. (b) The plots of
peak currents vs. the square root of the scan rate.
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presents the regression equations that can be expressed as follows:
Ipa = 82.66(v)"% — 9.03 (R* = 0.992), I,c = —72.54(v)"* + 10.39 (R* =
0.987), which confirms that the electrochemical process at the
modified electrode surface is controlled by diffusion.®*

The electrochemical performance of the bare SPCE, MoS,—
SPCE, and Cs-MoS,-SPCE for dopamine detection was investi-
gated also by DPV. This technique exhibits higher sensitivity
and a lower limit of detection compared to the CV technique for
quantitative analysis, applying a small voltage pulse super-
imposed on the linear voltage sweep and sampling the differ-
ential current shortly after the pulse.*"°> Consequently, DPV
was utilized to evaluate the performance of the Cs-MoS, matrix
for the quantitative determination of dopamine in 0.01 M PBS
containing 100 uM DA as shown in Fig. 12.

On the bare SPCE surface, a small peak corresponding to DA
oxidation was observed. However, upon modification of the
SPCE with MoS,, a significant enhancement of the DPV response
was achieved. Notably, the Cs-MoS,-SPCE exhibited the highest
response compared to both the bare SPCE and the MoS,-SPCE
in terms of dopamine oxidation. This result demonstrates the
superior electrochemical performance of the Cs-MoS, modified
electrode, suggesting the effective synergistic interaction
between chitosan and MoS, in enhancing the catalytic activity
and sensitivity towards dopamine oxidation by providing a
higher surface area and more active sites and also facilitating
the electron transfer between the analyte and the electrode.

Calibration curves derived from the DPV test were used to
compare the bare SPCE and Cs-MoS,-SPCEs (0%, 25%, 50%,
and 75% chitosan) in various DA concentrations ranging from 0
to 100 uM (Fig. 13a). The sensitivity (extracted from the slope of
calibration curves) towards dopamine increased sharply with
the increase in the amount of chitosan, up to 50% (Fig. 13b).
This behaviour can be attributed to the presence of chitosan.
Increasing the amount of chitosan in the nanocomposite
provides more active sites and functional groups for analyte
adsorption. Improved electrochemical performance leads to
enhanced signal generation and improved sensitivity in elec-
trochemical sensors. However, since chitosan is an insulating

T T

Bare SPCE
——MoS,-SPCE

—— Cs-MoS,-SPCE

40

100uM DA

20+

Current (MA)

-0.1 0.0 0.1 0.2
Potential (V)

Fig. 12 DPV response on 100 uM DA recorded on bare, MoS,, and Cs—
MoS, modified SPCEs in 0.01 M PBS.
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Fig. 13 (a) Calibration curves from the DPV technique of bare and
modified SPCEs with different amounts of chitosan. (b) The effect of
different amounts of chitosan on sensitivity.

polymer, at high content, it can slow down mass transport and
sensitivity. Excessive chitosan content can also reduce the
effective active surface area available for analyte adsorption
and interaction, limiting the contact between the analyte and
the electrode surface. In addition, chitosan contain functional
groups that can interact with different compounds. This could
lead to non-specific adsorption or interference from other parts
of the sample. Higher chitosan amounts may increase the
likelihood of non-specific interactions, compromising the sen-
sor’s selectivity and sensitivity for the target analyte. Thus, the
nanocomposite synthesized with 50% of Cs content was
selected for further investigations.

3.4 Quantitative determination of dopamine

The DPV responses of the optimized sensor in various DA
concentrations in 0.01 M PBS are depicted in Fig. 14a. The
peak current corresponding to DA oxidation increases with
increasing DA concentration from 0 to 440 uM. These findings
validate the successful performance of our sensor in detecting a
wide range of DA concentrations. The observed increase in the
peak current in the lower and higher DA concentration ranges
confirms the reliable detection and quantification of DA using
the DPV method. These results provide valuable insights into
the dynamic range and sensitivity of the sensor for DA analysis.

The calibration curve shows the presence of two distinct
linear operating ranges (Fig. 14b). The first linearity range is
from 0 to 40 uM (red line, R* = 0.991) where the sensor exhibits
a sensitivity of 4.48 pA pM~* ecm 2. The second linear range is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 (a) DPV curves on Cs—MoS,—-SPCE at various concentrations of

DA (0-440 pM) in 0.01 PBS. (b) Calibration curves of Cs—MoS,-SPCE
towards dopamine concentration.

from 40 to 440 pM (yellow line, R* = 0.959) and the calculated
sensitivity is 1.67 pA pM ™" cm ™. The limit of detection (LOD)
of this sensor is 0.8 uM. Overall, the electrode devised in this
study exhibits suitability for use as a dopamine sensor.

The sensitivity, LOD and linear dynamic range (LDR) of the
proposed Cs-MoS,-SPCE based sensor were compared with the
most recently reported dopamine electrochemical sensors as
presented in Table 2. Our Cs-MoS,-SPCE sensor is shown to
have remarkable performance characteristics, with the best
sensitivity in the lower concentration regime.

3.5 Effect of potentially interfering species

A crucial aspect determining the applicability of a biosensor is

its capacity to selectively differentiate analytes from

View Article Online
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interferents. In this study, the electrochemical responses of
100 uM DA on Cs-MoS, in the presence of various interferents
was studied. The impact of various bioorganic species, including
L-tyrosine, uric acid, urea, ascorbic acid, and glucose, as well as
common inorganic ions such as Na* and K', on the electrochemi-
cal response of dopamine was investigated. The results are
shown in Fig. 15, revealing that there were no significant changes
in the current response of dopamine in the presence of L-tyrosine,
uric acid, glucose, urea, ascorbic acid, sodium ions, and
potassium ions.

These findings indicate that the sensor exhibits excellent
selectivity for the determination of dopamine (DA) even in the
presence of various interfering bioorganic and/or inorganic ions.

3.6 Reproducibility and repeatability

The reliability of the developed sensor was evaluated through
assessments of the signal reproducibility and fabrication
repeatability. The reproducibility of the sensor was examined
by conducting four consecutive measurements of the peak
current for DA oxidation using the same electrode (Fig. 16a).
Meanwhile, the relative standard deviation (RSD, n = 4) was
calculated and found to be 0.06. Additionally, two distinct Cs—
MoS, electrodes were prepared to investigate the repeatability
of the sensor’s fabrication methodology (Fig. 14b). The relative
standard deviation (RSD n = 2) was computed to be 0.02. These
observations collectively demonstrate the satisfactory reprodu-
cibility and repeatability of the prepared electrode.

3.7 Real sample analysis

The practical application of the fabricated sensor was assessed
within biological matrices, specifically human serum and saliva
samples. Blood serum and saliva specimens were obtained
from healthy volunteers and subsequently subjected to centri-
fugation at 3000 rpm for 10 minutes. Following centrifugation,
1 mL of each sample was diluted 100-fold with 0.01 M
phosphate-buffered saline (PBS) at pH 7 as a strategy to reduce
nonspecific interferences,”” and a known concentration of
dopamine was introduced as a spike using the standard DA
addition method.®® The detection of dopamine in the spiked
real samples was conducted using the differential pulse vol-
tammetry (DPV) technique. The recovered concentration of DA
in the spiked samples was 97.49% for blood serum and
105.76% for saliva of the one added, indicating that the
detection of dopamine using this procedure is almost free from
interferences present in the biological sample matrices.

Table 2 Sensing performance comparison with published works regarding Cs—MoS,-based dopamine electrochemical sensing

Materials Linear range (LM) Sensitivity (WA uM " cm?) LOD (uM) Technique Ref.

Au/rGO 6.8-41 — 1.4 DPV 63

MosS, 250-4000 0.77 0.3 CvV 8

CAuNE 1-100 — 5.83 CvV 64

Mos, 1-100 1.044 0.085 DPV 65

Au nanospikes 0.2-50 0.056 0.33 AMP 66

Cs-MoS, 0-40 4.482 0.8 DPV This work
40-440 1.672

© 2025 The Author(s). Published by the Royal Society of Chemistry Mater. Adv., 2025, 6, 6038-6051 | 6047
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Fig. 15 (a) Interference test of the fabricated sensors in the detection of

100 uM DA in 0.01 M PBS using the differential pulse voltammetry
technique; (b) interference test of the fabricated sensors in the detection
of 100 uM DA in 0.01 M PBS using the chronoamperometry technique.

The resulting findings and recoveries are tabulated in
Table 3. Ultimately, the Cs-MoS,-SPCE demonstrated promis-
ing efficacy for real-time applications. These results suggested
that electrochemical sensors based on Cs-MoS,-SPCEs, as
illustrated, could be applied to the determination of dopamine
in real samples.

4. Conclusions

In conclusion, we have modified commercial SPCEs through
the deposition of Cs-MoS, hybrid materials onto the working
electrode surface and tested their sensitivity for the electro-
chemical sensing of DA. The fabrication process of this sensor
ensures reliable and efficient production. Through the electro-
analytical experiments, it was observed that the Cs-MoS,
modified electrode outperformed both the bare electrode- and
MoS,-based sensors in the determination of dopamine (DA)
with good sensitivity and LOD values of 4.482 pA pM ' cm ™2
and 0.8 pM, respectively. Overall, this study successfully
demonstrated the utility of the proposed hybrid material as a
modifier for fabricating enzyme-free electrochemical sensors
for the qualitative and quantitative determination of dopamine
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same conditions, (b) repeatability test of the same sensor at a fixed
concentration.

Table 3 Analyses of real biological samples with a Cs—MoS,—-SPCE sensor

Concentration Concentration Recovery RSD (n =
Sample added (uM) found (uM) (%) 5)
Blood 4 3.89 97.49 0.06
serum
Saliva 4 4.23 105.76 0.44

even in the presence of other interferent species. Such sensors
hold significant potential for electroanalytical applications,
particularly in the monitoring of biochemical substances.
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