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Abstract: In this research, a novel interdigitated gear-shaped, graphene-based electrochemical biosen-
sor was developed for the detection of dopamine (DA). The sensor’s innovative design improves
the active surface area by 94.52% and 57% compared to commercially available Metrohm DropSens
110 screen-printed sensors and printed circular sensors, respectively. The screen-printed electrode
was fabricated using laser processing and modified with graphene polyaniline conductive ink (G-
PANI) to enhance its electrochemical properties. Fourier Transform Infrared (FTIR) Spectroscopy and
X-ray diffraction (XRD) were employed to characterize the physiochemical properties of the sensor.
Dopamine, a neurotransmitter crucial for several body functions, was detected within a linear range
of 0.1–100 µM, with a Limit of Detection (LOD) of 0.043 µM (coefficient of determination, R2 = 0.98)
in phosphate-buffer saline (PBS) with ferri/ferrocyanide as the redox probe. The performance of the
sensor was evaluated using cyclic voltammetry (CV) and Chronoamperometry, demonstrating high
sensitivity and selectivity. The interdigitated gear-shaped design exhibited excellent repeatability,
with a relative standard deviation (RSD) of 1.2% (n = 4) and reproducibility, with an RSD of 2.3%
(n = 4). In addition to detecting dopamine in human serum, the sensor effectively distinguished
dopamine in a ternary mixture containing uric acid (UA) and ascorbic acid (AA). Overall, this novel
sensor design offers a reliable, disposable, and cost-effective solution for dopamine detection, with
potential applications in medical diagnostics and neurological research.

Keywords: printable sensor design; flexible sensor applications; sensor coatings; dopamine

1. Introduction

Dopamine (DA), also known as 3-hydroxytyramine, is a vital catecholamine neuro-
transmitter in the central nervous system of mammals, playing a significant role in both
the central nervous and cardiovascular systems [1]. Often referred to as the “feel-good” or
“happy hormone”, dopamine is associated with various vital functions, including motor
control, hormone production, cognition, learning, and reward [2]. In healthy individuals,
the concentration of dopamine in the blood is extremely low, ranging from 0 to 0.25 nM,
while in urine, it ranges from 0.3 to 3.13 µM [3]. Abnormal levels of dopamine, whether
too high or too low, can lead to various neurological disorders, including Parkinson’s
disease, elevated blood pressure, epilepsy, increased heart rate, schizophrenia, arrhythmia,
and Alzheimer’s diseases [4–6]. Also, it is considered one of the most common stress
biomarkers in bodily fluids [3]. Therefore, it is essential to detect dopamine in bodily fluids
using a selective, sensitive, simple, and cost-effective method. The detection of dopamine
is particularly challenging with conventional electrodes due to its low concentrations in
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bodily fluids and the presence of ascorbic acid (AA) and uric acid (UA), which can be easily
oxidized at similar potentials to dopamine [6].

Electrochemical immunosensing has emerged as a promising label-free detection
technology due to its high sensitivity, ease of fabrication and use, cost-effectiveness, and
ability to selectively respond even in complex environments [7–10]. This method operates
on the principle of detecting changes in the electrical properties of a conductive substrate
when an analyte binds to a surface functionalized with specific antibodies. The observed
electrical changes result from variations in the concentration of electroactive redox species
at the electrode [11,12]. For the electrodes of electrochemical sensors, various conductive
polymers [13,14] carbon and metal nanomaterials [15,16], and paper with conductive
coatings [6,15] can be used. Commercial polymer films can be used to produce and pattern
porous graphene films known as laser-induced graphene (LIG), which exhibit high electrical
conductivity and can be easily patterned into electrodes [16]. Thus, LIG has attracted
considerable interest and has been extensively studied in the field of electroanalytical
chemistry for biochemical sensing and device fabrication. The performance of these LIG
sensors can be improved by modifying the working electrode with various conductive
polymers like poly(3,4-ethylenedioxythiophene) (PEDOT) [17], polypyrrole (PPy) [18], and
polyaniline (PANI) [19,20] etc. Among them, PANI is a common π-electron conjugated
conductive polymer widely employed in sensing, energy storage, anti-corrosion, and
adsorption applications. It also offers advantages such as excellent electrical conductivity,
environmental stability, chemical durability, ease of synthesis, and low cost [21,22].

Minta et al. [23] utilized PANI for the electrochemical detection of dopamine in a
linear range between 0.8 and 20 µM, achieving an LOD of 430 nM. Ghosh et al. [24]
modified a screen-printed electrode sensor using graphene polyaniline (G-PANI) ink to
detect dopamine within the linear range of 1–5 µM in human serum. Baytemir et al. [25]
and Mahalakshmi et al. [26] also used PANI for the detection of dopamine. These methods
showed promising results, but their linear range does not fall in the biological range, using
complex processes to fabricate, and are not cost-effective.

With this motivation, in this research, we have developed a novel, graphene-based
electrochemical biosensor that is easy to fabricate, utilizing a simple one-step process that
does not require a clean room setup. For the first time in the literature, this type of design
was introduced, which increases the surface area by 94.52% compared to commercially
available Metrohm DropSens 110 screen-printed sensors. The sensor integrates graphene
conductive ink-polyaniline (G-PANI) with a laser-induced graphene (LIG) electrode to form
the LIG/G-PANI sensor. The performance of this novel sensor has been evaluated using
cyclic voltammetry (CV) and Chronoamperometry. The sensor demonstrates successful de-
tection within a linear range of 0.1–100 µM, which exceeds the performance of most sensors
discussed in the literature. The LOD using CV is 0.095 µM, and for Chronoamperometry,
it is 0.043 µM in a buffer solution. In addition to its impressive LOD, the sensor exhibits
excellent repeatability and strong reproducibility. Furthermore, the sensor is capable of
detecting dopamine in human serum and can selectively differentiate dopamine from a
ternary mixture of dopamine, uric acid, and ascorbic acid.

2. Related Work

The performance analysis of various electrochemical sensors for dopamine detection,
including the one presented in this work, is summarized in Table 1. In comparison to the
other sensors discussed here, our proposed sensor provides a broader linear range and a
lower LOD, offering notable improvements in dopamine detection capabilities.

The table highlights the fact that most of the electrodes discussed here require lengthy
and complex preparation processes. For example, Yang et al. fabricated an alkali-activated
graphitized carbon (a-GC) electrode using fish scales as precursors via enzymolysis, activa-
tion and the two-step pyrolytic carbonization method, with K3[Fe (CN)6] as the catalyst.
Similarly, Zhang et al. used a multi-component modification process involving 3D flake
nickel oxide/cobalt oxide with porous carbon nanosheets, carbon nanotubes, and elec-
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trochemically reduced graphene oxide composites to enhance a glassy carbon electrode,
resulting in a costly and time-intensive method. Additionally, most sensors have a linear
detection range starting at 1 µM, which is insufficient for the biological range starting at 0.3
µM. In contrast, our study used an easy-to-fabricate graphene sensor that took nearly one
minute to achieve a screen-printed sensor and detected dopamine from 0.1 µM to 100 µM,
covering the full biological range. This was made possible by the novel interdigitated
electrode design introduced in our paper, which offers a larger active surface area for ligand
attachment—a unique approach not previously reported in the literature.

Table 1. Comparison of dopamine detection performance for different biosensors.

Electrode Technique Linear Range (µM) Limit of
Detection (LOD) Reference

Pretreated bare
cardboard-screen-printed

electrodes (PBC-SPEs)

Differential Pulse
Voltammetry (DPV) 5–1000 1.25 µM [27]

PVA-ZnO.
Modified screen-printed

electrodes
Cyclic voltammetry (CV) 100–600 0.1208 mM [28]

Au-CNFs. Modified
screen-printed electrodes

Cyclic voltammetry (CV),
Differential Pulse

Voltammetry (DPV), and
Chronoamperometry (CA)

2–16 0.4 µM [29]

Alkali-activated graphitized
carbon (a-GC). Modified

screen-printed carbon electrode
(a-GC/SPCE)

Differential Pulse
Voltammetry (DPV) 1–1000 0.25 µM [30]

CeO2:BaMoO4
nanocomposite-based
3D-printed electrode

Cyclic voltammetry (CV) 5–1000 4.52 µM [31]

Ti3C2 Nano Layer-Modified
Screen-Printed Electrode Cyclic voltammetry (CV) 0.5–600 0.15 µM [32]

β-cyclodextrin/Ni-MOF/glassy
carbon electrode

Differential Pulse
Voltammetry (DPV) 0.7–310.2 0.227 µM [33]

NiO/CoO@PCNs/CNTs/erGO/GCE DPV 0.1–22.0 0.045 µM [34]

Modified designed LIG/G-PANI CV 0.1–100 0.095 µM Current research

Modified designed LIG/G-PANI Chronoamperometry (CA) 0.1–100 0.043 µM Current research

3. Materials and Methods
3.1. Materials

Dopamine hydrochloride (CAS No: 62-31-7), Kapton polyimide film (HN type, 0.152 mm
thickness), graphene nanoflakes (specific surface area: 20 to 40 m2/g, conductivity: 8000 S/m),
phytic acid (CAS No: 83-86-3), polyaniline (CAS Number: 62-53-3), silver ink, potassium
hexacyanoferrate (III) (CAS No: 13746-66-2), potassium hexacyanoferrate (II) trihydrate
(CAS No: 14459-95-1), Phosphate-Buffer Solution(10X, pH = 7.4), and human serum (H3667)
were attained from Sigma Aldrich, St. Louis, MO, USA. The uric acid, 99% (CAS No: 69-
93-2) and L-(+)-ascorbic acid, ACS, 99+% (CAS no: 50-81-7) were purchased from Thermo
Fisher Scientific Chemicals Inc., Wyman Street, Waltham, MA, USA. The polydimethylsilox-
ane (PDMS) was prepared by mixing the SYLGARDTM 184 Silicone Elastomer Base with
the SYLGARDTM 184 Silicone Elastomer Curing Agent in a ratio of 10:1. The commercial
sensors were obtained from Metrohm Dropsens, Riverview, FL, USA, with dimensions of
3.38 cm × 1.02 cm × 0.05 cm. The working electrode (WE) had a diameter of 4 mm, with
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both the WE and the counter electrode (CE) made of carbon, while the reference electrode
(RE) was composed of silver.

3.2. Apparatus and Software

The three-electrode system was designed using AutoCAD software version: 24.2 named
Autodesk Inventor (2023). LIG sensors were fabricated using a Glowforge Pro (CO2 Laser,
45 watts) from Glowforge, Seattle, WA, USA. All electrochemical experiments were carried
out with an Autolab Potentiostat PGSTAT302N from Metrohm, Riverview, FL, USA. The
software used for PGSTAT302N is Nova 2.1. We obtained the FTIR data with a Thermo
Scientific Nicolet iS5 FTIR Spectrometer (Thermo Scientific, Waltham, MA, USA). For the
XRD analysis, we utilized the RIGAKU MiniFlex600 XRD machine (Rigaku Americas Cor-
poration, Woodlands, TX, USA). The Zeiss field emission scanning electron microscope
from Zeiss, Oberkochen, Germany, was employed to extract Scanning electron microscopy
(SEM) images. For a uniform graphene polyaniline ink solution, a Hauschild SpeedMixer
(Farmington Hills, MI, USA, SMART DAC 250-2000) was utilized. All the graphs were
plotted using Origin Pro (Origin Lab Corporation, Northampton, MA, USA).

3.3. Synthesis of Graphene–Polyaniline Ink

To produce G-PANI ink, 1 g of graphene nanoflakes (GNF), 2 mL of polyaniline,
4 mL of phytic acid, and 6 mL of deionized (DI) water were combined using a planetary
mixture (Figure 1e). To create an acidic environment for the enhancement of the electrical
conductivity of PANI, phytic acid was used.
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3.4. Fabrication of the Electrode

A biosensor with dimensions of 19.13 mm in length, 9 mm in width, and a WE
diameter of 5 mm was designed using Autodesk Inventor Figure 1a. This experiment
employed a three-electrode system, as presented in Figure 1b, consisting of a reference
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electrode (RE), working electrode (WE), and counter electrode (CE). The RE serves as a
standard for measuring and regulating the WE potential, but it does not pass any current.
The CE conducts all the current needed to balance the current at the WE. The design
aimed to combine a conventional three-electrode system with an interdigitated electrode
system to improve the active surface area of the biosensor, which would eventually provide
more active sites for dopamine binding, thereby increasing the likelihood of detecting the
biomolecule at significantly lower concentrations. The effective surface area was calculated
using a quasi-Randles–Sevcik equation [35].

Iquasi = 0.436 nFArealC

√
nFDv

RT

Here, n is the number of electrons that appeared in the half reaction for the redox pair,
v is the scan rate (V/s), F is the Faraday’s constant (96,485 C/mol), Areal stands for the
electroactive area of the electrode (cm2), R is the gas constant (8.314 J mol−1 K−1), T is the ab-
solute temperature (K), and D is the diffusion coefficient of dopamine (6.74 × 10−6 cm2/s).
The effective area of the commercial sensor (shown in Figure 1c) was calculated to be
0.2028 cm2, while the novel interdigitated gear-shaped electrode had an effective area
of 3.7044 cm2, successfully increasing the effective surface area by 94.52% (Figure 1d).
Compared with the printed circular one, it showed an increase in the surface area of 57%.

We used the direct laser writing process on Kapton film using a 3D laser printer
Glowforge Pro at a speed of 800× (i.e., 113 mm/s) and a precision power setting of 70% of
the full 45-watt power for the fabrication of laser-induced graphene. In total, 70% isopropyl
alcohol (IPA) was used for the initial wiping of the film. After manufacturing, we used our
synthesized G-Pani ink to modify the WE (Figure 1f). The justification behind using G-Pani
ink for the further modification of WE is briefly described in our previous paper [24]. After
that, silver ink was manually applied to the contact pad of CE and WE as well as to create
the reference electrode. The hydrophobic PDMS coating was then applied between the
working zone and the contact pads to avert the analyte from flowing from the working
zone to the contact pads. Once the sensor was fully prepared, it was left to dry overnight at
room temperature (~25 ◦C).

3.5. Solution Preparation of Dopamine, Uric Acid and Ascorbic Acid

First, 10× PBS was diluted with deionized (DI) water to prepare 1× PBS. Dopamine
hydrochloride was then mixed with 1× PBS to prepare a dopamine stock solution. A range
of dopamine concentrations from 0.01 µM to 100 µM was prepared using the serial dilution
method. For the selectivity test, dopamine hydrochloride, uric acid, and ascorbic acid were
mixed with the 1× PBS solvent.

3.6. Electrochemical Analysis of Dopamine

The screen-printed electrode was connected to the Autolab Potentiostat using a three-
electrode system cable connector. The potentiostat can handle a maximum current range of
2A and is integrated with Nova 2.1 software for electrochemical measurements. For the
performance analysis of the novel interdigitated gear-shaped electrode, cyclic voltammetry
(CV) and Chronoamperometry were conducted. The parameters for CV were set from
−0.3 V to 0.5 V with a scan rate of 8 mV/s. For both CV and Chronoamperometry analysis,
10 µL of each concentration was applied to the WE, followed by a 10 min waiting period.
After 10 min, another 10 µL of the same concentration, 10 µL of Ferrate (Fe2+), and 10 µL
of the Ferric (Fe3+) solution (both prepared using 1× PBS solvent) were added, and the
experiment was run. After each concentration test, the sensor was washed with 1× PBS
and DI water before testing the next concentration.
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4. Results and Discussion
4.1. Characterization

The intrinsic nanostructure and morphology of LIG combined with G-PANI ink, as
well as the ink itself, were examined using scanning electron microscopy (SEM). The
cross-sectional SEM image of the LIG/G-PANI ink revealed three distinct layers: the intact
Kapton film layer, a middle layer of laser-induced graphene, and a porous layer of graphene–
polyaniline ink (Figure 2a). From Figure 2b, a very porous top layer of the G-PANI ink is
observed. It indicates a large surface area which can interact with the biomolecules.
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the ink. (d) Fourier Transform Infrared Spectroscopy (FTIR) spectroscopy of the LIG/G-PANI sensor.

The structural morphology of the designed LIG/G-PANI sensor analyzed by X-ray
diffraction (XRD) shown in Figure 2c features a peak centered at 25.4◦, corresponding to
the (0 0 2) plane. The interlayer spacing (Ic) was calculated to be 3.5 Å using the equation
nλ = 2dsinθ, indicating a high degree of graphitization in the LIG sensor [36].

Figure 2d of Fourier Transform Infrared Spectroscopy (FTIR) provides comprehensive
details on the chemical bonds found in G-PANI conductive ink. N-H stretching vibrations,
which are commonly linked to amine groups, are represented by the band at 3480 cm−1 [37].
A prominent peak at 1708 cm−1 indicates N = Q = N stretching, likely due to quinonoid
structures in polyaniline. The peaks at 1498 cm−1 and 1373 cm−1 belong to C=C stretch-
ing and C-N bond stretching within the benzene ring of polyaniline [38]. The peaks at
815–516 cm−1 are due to the bending of the aromatic C-H bond [39]. These peaks validate
the successful synthesis and inclusion of polyaniline (PANI) in graphene-based ink.

4.2. Determination of Dopamine and Analytical Merits

In this study, the performance of the proposed novel interdigitated gear-shaped laser-
induced Kapton sensor was evaluated by detecting dopamine. Both cyclic voltammetry
(CV) and Chronoamperometry were used in the evaluation. CV was employed due to its
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effectiveness as a widely used electrochemical technique for investigating the reduction
and oxidation processes of molecular species [40]. Chronoamperometry, on the other hand,
was employed to measure the current–time dependence for diffusion-controlled processes
at an electrode, which varies with analyte concentrations [41].

The oxidation peak of the dopamine quasi-reversible redox couple typically occurs within
the range of 0.1–0.3 V at a pH of approximately 7.4, particularly when graphene-based working
electrodes are used [42]. As illustrated in Figure 3a, cyclic voltammograms (CVs) for dopamine
concentrations ranging from 0.1 µM to 100 µM were analyzed using 1M PBS at a pH of 7.4 and
a constant scan rate of 8 mV/s. Analyzing the curves for various dopamine concentrations, as
presented in Figure 3a, a tendency is displayed for a declining WE oxidation current as the
concentration rises. The linear regression equation I (µA) = −56.23 + 605.09 logC [dopamine
concentration] and the coefficient of determination, R2 = 0.94, explicitly demonstrate a linear
relationship between the peak currents and the concentrations (Figure 3b). It is plausible
that at very high concentrations, the diffusion of dopamine to the electrode surface became
limited, leading to a lower effective concentration of dopamine at the electrode surface
and, consequently, a lower current, even though the electrode surface was cleaned after
each concentration [43]. The LOD was also calculated to be approximately 0.095 µM using
the formula LOD = σ/S (where σ is the standard deviation of the response and S is the
slope = 0.13 × slope of the semi-log plot) [44].
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Figure 3. (a) CV curve of different concentrations of dopamine on interdigitated gear-shaped LIG/G-
PANI sensor in 1M PBS (pH 7.4); (b) Linear relationship between peak current and concentration of
dopamine; (c) Chronoamperometry curve of different concentrations of dopamine on interdigitated
gear-shaped LIG/G-PANI sensor in 1M PBS (pH 7.4); (d) Linear relationship between stable WE
current and concentration of dopamine.

Chronoamperometric measurements of dopamine at the LIG Kapton sensor were per-
formed with the WE potential set at 0.3 V for both the first and second potential steps. The
Chronoamperometric studies of dopamine solutions in PBS for ranges of concentrations
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(0.1 µM–100 µM) are presented in Figure 3c. During the 20 s Chronoamperometric proce-
dure, it was noted that the electrode’s current rapidly dropped during the first 10 s, followed
by rapid stabilization. The current decreased with the increasing dopamine concentration,
following a similar trend of CV graphs. A possible reason for the decreasing current could
be the polymerization of dopamine into polydopamine, which can coat the electrode sur-
face, reducing the electroactive area and blocking electron transfer, particularly at higher
concentrations. The interdigitated electrode design, with its closely spaced fingers, could
also lead to increased resistance as the dopamine concentration rises, impeding efficient
conductivity. These factors together contribute to the current drop. Figure 3d demonstrates
a good linear response between the WE current and time. The coefficient of determination
was found to be R2 = 0.98, with the regression equation being I (µA) = −18.28 + 69.32 logC.
The LOD was determined to be 0.043 µM.

4.3. Detection of Dopamine in Human Serum

Figure 4a illustrates that the novel interdigitated biosensor exhibits an almost linear
trend for dopamine detection in human serum, comparable to the result of PBS. A lower
current was seen for all serum concentrations, most likely because of the complex character
of the serum, which influences the electron transfer process and restricts the amount of
dopamine available for the interaction at the electrode surface. The calibration curve shown
in Figure 4b for CV measurements in the serum is described by the regression equation,
I (µA) = −38.5 + 293.2 logC, with a correlation coefficient of 0.958. Each concentration for
dopamine was repeated four times to assess precision. This indicates that the sensor can
successfully detect dopamine in human serum.
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4.4. Selectivity of the Sensor

Selectivity refers to the ability of a bioreceptor to identify a specific analyte in a
sample that contains various admixtures and contaminants, making it one of the most
critical features of a biosensor [45]. For sensors designed to detect dopamine, selectivity is
particularly important, as dopamine, ascorbic acid, and uric acid coexist in human serum
as well as other extracellular body fluids. Most importantly, these three molecules tend to
oxidize at nearly the same potential [46].

Figure 5a depicts the CV curve obtained using a ternary mixture of 0.5 mM dopamine
(DA), 1 mM ascorbic acid (AA), and 0.8 mM uric acid (UA) in a 1M PBS solution at an
8 mV/s scan rate. As anticipated, the oxidation peak potentials of these three compounds
are extremely near to one another and are distinctly observed at 0.28 V, −0.043 V, and 0.41 V,
respectively. The peak potential separation (∆E) between dopamine and AA is 0.33 V,
dopamine and UA is 0.13 V, and UA and AA is 0.45 V. The bar graph (Figure 5b) makes it
clear that there was no discernible change in the dopamine current level when a mixture
of AA and UA was present. These noticeable variations in the anodic peak potentials
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of dopamine, AA, and UA imply that the designed interdigitated gear-shaped biosensor
measures dopamine selectively when the other two elements are present.
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Figure 5. (a) CV curves measured for interdigitated gear-shaped LIG/G-PANI sensor using 0.1 M
phosphate-buffer solution of pH 7.4 containing 1 mM ascorbic acid (AA), 0.5 mM dopamine (DA),
and 0.8 mM uric acid (UA) (b) Bar graph corresponding to peak current of AA, UA, and dopamine.

4.5. Evaluation of Repeatability and Reproducibility of the Sensor

To evaluate the repeatability of the biosensor, 200 nM of dopamine in 0.1 M PBS (pH 7.4)
with Fe2+/Fe3+ redox couples was applied to the sensor. Four cyclic voltammograms were
recorded successively at a scan rate of 8 mV/s using the same biosensor (Figure 6a). The
histograms for repeatability shown in Figure 6b show that almost the same peak working
electron current was observed for each measurement. The relative standard deviation (RSD)
was calculated to be 1.2%, demonstrating that the sensor exhibits good repeatability.
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variation with respect to number of experiments. (c) CV responses of 100 nM of dopamine in 0.1 M PBS
(pH 7.4) with Fe2+/Fe3+ redox probes when applied to four different electrodes. (d) Corresponding
histogram showing the peak W.E. current variation with respect to different sensors.
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Additionally, to assess the reproducibility of the proposed dopamine sensor, four
sensors were independently fabricated under identical conditions, and their cyclic voltam-
metry (CV) responses to 100 nM dopamine were measured, as presented in Figure 6c. The
analytical responses were consistent, with a relative standard deviation (RSD) of 2.3% for
peak current (Ip) values (n = 4), indicating that the biosensor exhibits high reproducibility.
The smallest variability that is found in the reproducibility current may be due to the
manual preparation of the sensor.

5. Conclusions

In this work, a novel sensor design was developed for rapid and efficient dopamine
detection, offering enhanced performance due to its increased working area compared
to commercially available sensors. SEM, XRD, and FTIR analyses confirmed the suc-
cessful formation of laser-induced graphene in the presence of G-PANI ink. The sensor
demonstrated a strong linear correlation between dopamine oxidation peak currents and
concentrations ranging from 0.1 µM to 100 µM, while those examined by cyclic voltam-
metry and Chronoamperometry had an LOD of 0.043 µM in PBS. The result validated
the better performance of this method compared to our fabricated sensor without the
interdigitated gear-shaped electrode [24]. This indicates that the improved biosensor could
be promising for the early detection of serious diseases, i.e., Parkinson’s disease. The sensor
also demonstrated high selectivity for dopamine in the presence of interfering substances
like ascorbic acid (AA) and uric acid (UA), and it performed effectively in human serum,
mimicking real-world testing conditions. Consistency in the repeatability and reproducibil-
ity tests was observed, though the manual addition of the G-PANI and silver ink leaves
room for slight improvements in reproducibility. Future work will focus on making the
sensor wearable and more user-friendly to expand its practical applications. By making
the device portable and integrating it with smartphones, we can develop a system capable
of continuously monitoring dopamine levels, providing a valuable addition to sensor and
actuator networks.
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