:' frontiers ‘ Frontiers in Lab on a Chip Technologies

’ @ Check for updates

OPEN ACCESS

EDITED BY
Felismina Moreira,
Polytechnic Institute, Portugal

REVIEWED BY
Abraham Samuel Finny,

Waters Corporation, United States

Gabriela Vasconcelos Martins,

School of Engineering of Polytechnique School
of Porto, Portugal

*CORRESPONDENCE
Gymama Slaughter,
gslaught@odu.edu

RECEIVED 21 December 2024
ACCEPTED 14 March 2025
PUBLISHED 25 March 2025

CITATION

Shinde M and Slaughter G (2025) Advanced
nanocomposite-based electrochemical sensor
for ultra-sensitive dopamine detection in
physiological fluids.

Front. Lab Chip Technol. 4:1549365.

doi: 10.3389/frlct.2025.1549365

COPYRIGHT
© 2025 Shinde and Slaughter. This is an open-
access article distributed under the terms of the
Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Lab on a Chip Technologies

TvPE Original Research
PUBLISHED 25 March 2025
Dol 10.3389/frlct.2025.1549365

Advanced nanocomposite-based
electrochemical sensor for
ultra-sensitive dopamine
detection in physiological fluids
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'Center for Bioelectronics, Old Dominion University, Norfolk, VA, United States, Department of
Electrical and Computer Engineering, Old Dominion University, Norfolk, VA, United States

This study presents a novel point-of-care electrochemical sensor for dopamine
(DA) detection, featuring a flexible laser-induced graphene (LIG) modified with a
unique nanocomposite comprising Nb4CsT, MXene, polypyrrole (PPy), and iron
nanoparticles (FeNPs). The LIG-Nb4C3sT, MXene-PPy-FeNPs is characterized by
scanning electron microscopy to confirm the successful surface modification.
The electrochemical performance of the fabricated sensor via cyclic voltammetry
showed significant electrochemical activity upon Nb4CsT, MXene-PPy-FeNPs
nanocomposite modification of the LIG surface with an increased peak anodic
current (I,) from 43 pA to 104 pA. The sensor demonstrated high electrocatalytic
activity and a wide linear detection range of 1 nM to 1 mM DA with excellent
sensitivity of 0.283 yA/nM cm™2, and an ultralow detection limit of 70 pM. The
LIG-Nb4C3sT, MXene-PPy-FeNPs sensor exhibited good recovery in biological
samples and a remarkable selectivity for DA, effectively distinguishing it from
common interfering compounds such as uric acid, ascorbic acid, glucose,
sodium chloride, and their mixtures. This flexible LIG-NbsC3T, MXene-PPy-
FeNPs sensor platform provides a reliable and accurate approach for
detecting DA, even in complex biological matrices at point-of-care
applications highlighting its potential for advanced biosensing applications.
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dopamine, point-of-care, laser-induced graphene, MXene, polypyrrole, iron
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1 Introduction

Dopamine (DA) is a critical neurotransmitter in the brain, playing an essential role in
motor control, behavior, and emotional regulation (Vallone et al., 2000; Hornykiewicz,
1966). Dopaminergic neurons are primarily located in regions such as the substantia nigra
and ventral tegmental area, with DA also found in peripheral tissues like the sympathetic
ganglia and renal glomeruli. Imbalances in DA levels have profound physiological and
pathological implications (Teng et al., 2021; Sonne et al., 2024; Latif et al., 2021; Cassidy
etal,, 2020). Elevated DA levels are linked to cardiotoxicity, rapid heart rates, hypertension,
and heart failure, whereas reduced DA levels in the central nervous system are strongly
associated with neurodegenerative and psychiatric disorders such as Parkinson’s disease,
schizophrenia, Alzheimer’s disease, stress, and depression (Bucolo et al, 2019). In
Parkinson’s disease, for example, the degeneration of dopamine-producing neurons in
the substantia nigra leads to decreased DA in the basal ganglia, resulting in the characteristic
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motor dysfunction of the disease (Salvatore, 2024). Consequently,
the accurate monitoring of DA levels is of significant clinical
importance (Balkourani et al., 2023).

DA can be detected in various bodily fluids, including blood,
urine, and sweat (Louleb et al, 2020; Liu and Liu, 2021).
Conventional analytical techniques for DA quantification, such as
enzyme assays, liquid chromatography, mass spectrometry, and
capillary electrophoresis, provide high sensitivity and accuracy.
Among these, high-performance liquid chromatography (HPLC)
coupled with tandem mass spectrometry (MS/MS) is widely
regarded as a gold standard. However, these methods are often
expensive, require specialized equipment, and are not suitable for
point-of-care applications. The typical physiological range of DA
concentrations in blood and urine are 0-0.25 nM and 0.3-3 pM,
respectively, stressing the need for sensitive and selective detection
techniques (Shinde et al., 2024). Notably, urine is a favorable sample
matrix for non-invasive DA monitoring due to its relatively high DA
levels, primarily derived from circulating DOPA, a
dopamine precursor.

Electrochemical biosensors have emerged as an attractive
alternative for DA detection, offering advantages such as cost-
effectiveness, rapid response, high sensitivity, and suitability for
point-of-care applications (Liu and Liu, 2021). Within this field,
non-enzymatic electrochemical sensors are particularly promising
due to their durability, ease of use, and robustness compared to
enzymatic counterparts. The development of advanced electrode
materials has been a critical focus for enhancing sensor performance
(Liu and Liu, 2021; Berni et al., 2022). Modifying electrode surfaces
with
electrocatalytic activity, leading to enhanced sensitivity and
selectivity for DA detection. Key strategies include the deposition

nanostructured materials can significantly improve

of nanomaterials as redox mediators, functional groups to facilitate
charge transfer, and nanostructures with high surface areas to
increase sensitivity (Arjun et al., 2023).

The integration of laser-induced graphene (LIG) with two-
dimensional (2D) nanomaterials, particularly MXenes, has
emerged as a promising approach to enhance the sensitivity and
specificity of electrochemical biosensors (Xu et al., 2020). MXenes,
despite lacking the three-dimensional network structure of
graphene, possess a unique combination of properties that make
them highly suitable for sensing applications (Ali et al., 2024). These
include excellent mechanical strength, a large surface area, and
superior electrical conductivity, all of which contribute to
improved stability and efficient signal transduction in sensors.
Among MXenes, Nb,C;T, MXene has garnered attention for its
remarkable chemical sensing capabilities, positioning it as a
promising material for electrochemical biosensing (Shinde et al.,
2024). Recent studies have demonstrated its effectiveness in
detecting DA. Ti;AlC, and Nb,AIC derivatives exhibit synergistic
potential when combined with LIG and other MXenes, offering a
versatile platform for biosensor development. By tailoring the
composition of MXenes and incorporating complementary
nanomaterials or dopants, highly sensitive and selective sensors
suitable for a wide range of biological and clinical applications can be
realized (Sarode et al, 2024). Additionally, the combination of
MXene and carbon nanotubes (CNTs) has been reported to
produce synergistic composites with enhanced performance,
leveraging the complementary characteristics of both materials.
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MXene contributes high electrical conductivity and a chemically
active surface, while CNTs provide exceptional electron mobility
and mechanical robustness. Together, they form a three-
MXene
restacking, while also promoting strong interfacial adhesion and

dimensional interconnected network that mitigates
uniform dispersion. This structural and chemical synergy enhances
charge transfer efficiency, increases the available surface area for
electrochemical ~processes, and significantly improves the
composite’s sensing capabilities and catalytic activity (Mohajer
et al., 2023).

Several studies have explored the synergistic integration of LIG
and MXene materials to enhance sensor performance, particularly in
terms of limit of detection (LOD), sensitivity, and selectivity. For
instance, Zhang et al. demonstrated that nitrogen- and sulfur-co-
doped Nb,C MXene nanosheets significantly improved the
sensitivity of DA detection under acidic conditions. The material
exhibited enhanced hydrophilicity and electrochemical activity,
achieving a remarkably low LOD of 0.12 uM (Zhang et al,
2023). Similarly, Mahmood et al. developed LIG formed from a
biomass-based film composed of kraft lignin and cellulose
nanofibers film on glassy carbon electrode for the detection of
DA and the reported linear detection range (LDR) of 5-40 uM
with a sensitivity of 4.39 pA uM ™" ecm™* (Mahmood et al., 2021). In
another study, Amara et al. investigated Ti;C,Tx MZXene in
combination with perylene diimide for DA detection. This hybrid
composite material demonstrated improved charge transport and
redox properties, achieving an LDR of 100-1,000 uM and an LOD of
240 nM (Amara et al., 2021).

Building on these advancements, this study introduces a flexible
electrochemical biosensor based on LIG electrodes modified with
Nb,C;Ty MXene, polypyrrole (PPy), and iron nanoparticles
(FeNPs) nanocomposite for point-of-care DA monitoring. The
LIG was fabricated on Pyralux® film, and the nanocomposite was
(SEM).
Electrochemical performance was evaluated using square wave

characterized using scanning electron microscopy
voltammetry (SWV), revealing enhanced electrocatalytic activity
and synergistic interactions between graphene, Nb,C;T, MZXene,
PPy, and FeNPs. The Nb,C;Tx MXene-PPy-FeNPs sensor exhibited
a wide linear detection range (1 nM-1 mM), high sensitivity, and
excellent selectivity toward DA in the presence of common
interferents. Despite limited exploration, the fabricated LIG-
Nb,C;Tx MXene-PPy-FeNPs sensor demonstrates remarkable DA
sensing capabilities and shows great promise for non-invasive,
point-of-care monitoring of DA levels in bodily fluids such as
urine, offering a user-friendly and accurate alternative for clinical
diagnostics and personal health monitoring (Leng et al, 2015;
Dalirirad and Steckl, 2020).

2 Materials and methods

2.1 Chemicals and materials
® LF copper-clad laminate was procured from
Dupont, Inc. Dopamine hydrochloride (CgH;,CINO,),
potassium ferricyanide (K3[Fe(CN)6], sodium chloride (NaCl),
potassium chloride (KCI), sodium phosphate monobasic
(NaH,PO,), sodium phosphate dibasic (Na,HPO,), ascorbic

Pyralux
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FIGURE 1

Schematic illustration of (A) Laser induced graphene (LIG) electrode fabrication. (B) Fabricated sensor integration with Palmsens adapter.

acid (C4HgOg), uric acid (CsH4N,O3), glucose (Ce¢H;,0s),
sodium hydroxide (NaOH),
(NbyAIC3), hydrochloric (HCl), dimethyl
sulfoxide (DMSO) (CHj;),SO), polypyrrole ((C4HsN)n),
lithium perchlorate (LiClO,), iron sulfate (FeSO,), sodium
sulfate (Na,SO,), calcium chloride (CaCl,), ammonium
chloride (NH4Cl) and urea (CH4N,O) were obtained from
Sigma-Aldrich (United States). All solutions were prepared

niobium aluminum carbide

powder acid

using deionized (DI) water with a resistivity >18.2 MQ-cm.

2.2 Structural and electrochemical
characterization

The structural characteristics of fabricated electrode
materials, including LIG, LIG-Nb,C;Ty MXene, LIG-Nb,C;Ty
MZXene-PPy, and LIG-Nb,C;T, MZXene-PPy-FeNPs,
evaluated using field-emission scanning electron microscopy
(FE-SEM, Hitachi SU-8000, 20 kV).
properties of the

were

The electrochemical

electrodes were analyzed wusing a
Palmsense4 electrochemical analyzer system (BASi). Cyclic
voltammetry (CV) and square wave voltammetry (SWV)
measurements were performed using a 5 mM potassium
ferricyanide (K;[Fe(CN)¢]) redox reporter solution in 0.1 M
KCl as the electrolyte. Voltammograms were recorded at scan
rates ranging from 10 to 100 mV/s, within a potential window

of —0.6 to +1.0 V.

2.3 Fabrication of laser-induced graphene
(LIG) electrode platform

The LIG 3-electrode configurations were fabricated using a CO,
pulsed laser system (BOSS LS-1616) (Figure 1A). Graphene was
synthesized on the polyimide side of the Pyralux® LF sheet, while the
copper-clad side was passivated with polyethylene film. Laser power
was set to 20% for both maximum and minimum thresholds, with a
laser scanning speed of 200 mm/s. The fabricated working, counter,
and reference electrodes had a thickzness of 1 mm. The working
electrode area was defined with a diameter of 2.2 mm, and the
reference electrode was coated with silver ink. The interconnecting
graphene wire was passivated by applying non-conductive
polyimide tape. The complete electrode assembly was mounted
subsequent

into a Palmsense adapter for electrochemical

analysis (Figure 1B).
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2.4 Synthesis of Nb4C3T, MXene

The Nb,C;Tx MXene was prepared based on the protocol from
(Shinde et al., 2024), wherein a modified etching method involving
hydrofluoric acid (HF) was used. Specifically, 1 g of niobium
aluminum carbide (NbyAIC;) MAX phase was combined with
10 mL of HF and 13 mL of hydrochloric acid (HCl) in a
reaction vial. The mixture underwent gentle shaking and
continuous stirring at 400 rpm for 72 h at room temperature.
Following the etching process, the resulting Nb,C;Ty, MZXene
suspension was centrifuged at 4,000 rpm for 5 minutes and
washed several times with deionized water (DI) until the
supernatant reached a pH between 6.5 and 7.4. Finally, the
washed product was dried at 40°C for 10 min to yield stable
Nb,C;T, MXene powder.

2.5 Polypyrrole deposition

PPy deposition was performed using an electrochemical
polymerization process as reported in literature (Berni et al,
2022). A 0.1 M lithium perchlorate solution was used as the
solvent to dissolve 0.15 M pyrrole monomer. A three-electrode
setup was employed, with the fabricated LIG electrode serving as the
working electrode. CV was performed within a potential window
of —0.7 V to +0.7 V, at a scan rate of 50 mV/s for 10 cycles. After
deposition, the electrode was rinsed with DI water and air-dried. To
enhance conductivity and stability, the PPy-coated electrode
underwent over-oxidation treatment in 0.1 M NaOH. CV was
performed within a potential range of 0.0 V to +1.0 V, at a scan
rate of 50 mV/s for three cycles.

2.6 Iron nanoparticle deposition

FeNPs were deposited onto the LIG-Nb,C;T, MXene-PPy
working electrode using chronoamperometry. This process was
adopted from literature (Joshi and Slaughter, 2024). A stock
solution of 50 mM iron sulfate was prepared by dissolving the
salt in DI water and adding 80 puL of 1 M sulfuric acid. Before
deposition, the solution was diluted to 15 mM with the addition of
30 mg of sodium sulfate. Morphologically tuned FeNPs were
deposited by applying a potential of —-1.1 V for 10 min at
pH 3.5. The resulting electrodes were rinsed with DI water and
air-dried before further characterization and testing.

frontiersin.org
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FIGURE 2

Scanning electron microscopy (SEM) micrograph of (A) bare LIG electrode.

Nb4C3sT,MXene-PPy-FeNPs.

2.7 Synthesis of synthetic urine

Human urine primarily consists of water (approximately 95%),
with the remaining 5% comprising organic and inorganic
compounds, including urea (2%), creatinine (0.1%), uric acid
(0.03%), and various ions such as chloride, sodium, potassium,
sulfate, ammonium, and phosphate (Sarigul et al, 2019). The
specific concentrations of key constituents used in this study
were: calcium chloride (1.663 mM), potassium chloride
(30.95 mM), sodium chloride (30.05 mM), sodium sulfate
(11.96 mM), ammonium chloride (23.667 mM), and urea
(249.750 mM). These components were dissolved and thoroughly
mixed with DI water to prepare the synthetic urine solution.

3 Results

3.1 Physical characterizations of fabricated
electrodes

The LIG electrode, fabricated on a Pyralux® film and illustrated
in Figure 2A, features a highly porous and sponge-like morphology.
This structural porosity significantly expands the active surface area,
enhancing its potential for electrocatalytic applications. The
increased surface area improves charge transfer dynamics,
facilitating efficient electron and ion mobility, which is essential
for superior performance in electrochemical sensing systems (Ye
et al,, 2018; Thakur et al., 2022; Syugaev et al., 2023). Nevertheless,
the porous nature of the material also leads to structural
imperfections within the graphene framework. While these
imperfections improve surface reactivity and
capabilities, they can also compromise the electrode’s electrical

stability (Girit et al, 2009).

adsorption

conductivity and long-term
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(B) LIG-Nb4CsTMXene. (C) LIG-Nb,CsT,MXene-PPy. (D) LIG-

Therefore, additional structural enhancements are required to
mitigate these limitations (Yang et al., 2018; Huang et al., 2020;
Guirguis et al, 2020; Bhatt et al, 2022). To overcome these
challenges and electrode’s

improve the performance, a

nanocomposite-based approach was implemented, where
Nb,C;Ty MXene, polypyrrole (PPy), and iron nanoparticles
(FeNPs) were sequentially deposited onto the LIG surface.

As illustrated in Figure 2B, depositing Nb4C3Tx MXene onto
the LIG electrode partially occupied the porous network within the
graphene structure. This integration not only enhanced the
electrode’s electrical conductivity but also established a robust
platform for the sequential deposition of additional
nanomaterials. (Shinde et al, 2024; Arjun et al, 2023; Sarode
et al., 2024; Yang et al, 2018). Additionally, the MXene layer
created a dense network of conductive pathways, helping to
counteract the structural imperfections of the bare LIG. After
modifying the LIG with MXene, PPy was electrochemically
deposited onto the LIG-Nb,C;T, MXene surface, leading to the
creation of a three-dimensional porous structure, as seen in
Figure 2C. The PPy layer further expanded the electrode’s surface
area, forming an interconnected network that facilitated improved
ion and electron transport. The heterogeneous nature of the LIG
substrate played a crucial role in guiding the growth of PPy, resulting
in a durable and evenly distributed layer (Berni et al., 2022;
Sukumaran et al., 2025).

At the final stage, FeNPs were incorporated onto the LIG-
Nb,C;Ty MXene-PPy electrode, as depicted in Figure 2D. The
FeNPs were evenly distributed across the electrode, forming a
thin, uniform layer that boosted both conductivity and catalytic
efficiency (Alzate et al, 2022). The tailored structure and
composition of the FeNPs-modified electrode highlight its
versatility, making it well-suited for applications requiring precise
and sensitive detection (Joshi and Slaughter, 2024). The overall
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scan rate.

modification process transformed the bare LIG electrode into a
highly engineered nanocomposite film through a series of steps from
LIG to LIG-Nb,C;T; MXene, then to LIG-Nb,C;T, MXene-PPy,
and finally to LIG-Nb,C;T, MXene-PPy-FeNPs. Each modification
layer brought unique advantages, such as increased conductivity, a
larger surface area, improved electrochemical stability, and the
introduction of active sites for sensing. This stepwise integration
of diverse nanomaterials presents an innovative approach for
constructing high-performance electrodes (Alzate et al, 2022).
The optimized morphology and composition of the FeNPs-
decorated nanocomposite electrode suggest a high degree of
sensitive

tunability for applications requiring precise and

detection capabilities (Joshi and Slaughter, 2024).

3.2 Electrochemical characterizations of
LIG-Nb4C3T, MXene-PPy-FeNPs electrodes

The CV results presented in Figure 3A demonstrate the
electrochemical behavior of the LIG electrode across various
configurations: bare LIG, LIG-Nb,C;T, MXene, LIG-PPPy, LIG-
FeNPs, LIG-Nb,C;Ty MXene-PPy, and the fully modified LIG-
Nb,C;Tyx MXene-PPy-FeNPs electrodes. Scanned over a potential
range from —0.6 V to +1.0 V at 50 mV/s in 5 mM potassium
ferricyanide, all electrode configurations exhibited distinct oxidation
and reduction peaks, indicative of reversible redox processes. The
bare LIG electrode displayed an anodic peak current (I,,) of
approximately 40 pA (curve a), serving as the baseline for
comparison. Upon modification with individual components
Nb,C;T, MZXene, PPy, and FeNPs and d,
respectively), incremental increases in I,, were observed. The

(curves b, ¢,

Nb,CsTx MZXene, characterized by its exceptional electrical
conductivity, high mechanical strength, and large surface area,
provided a significant boost to the electrode’s electrochemical
performance (Ankitha et al., 2024).

In the case of LIG-Nb,C;Tx MXene-PPy (curve e), the anodic
current increased to 65 pA, with slight improvement in the reaction
kinetics. The PPy layer not only improved the electrode’s
but also contributed to the

electrochemical performance
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introduction of additional surface-active sites (Lakard et al,
2021). These sites, formed through partial removal of protons
from the polymer backbone, increased the electrode’s sensitivity
to specific redox-active species, thereby improving its applicability in
biosensing (Zhuang et al., 2011; Qian et al., 2014; Santhosh Kumar
et al., 2021). Moreover, the enhancement is attributed to the
synergistic interaction between the MXene and the PPy layers,
which collectively improved ion transport and conductivity.
Conversely, these modifications also resulted in a decreased
potential difference between the anodic and cathodic peaks. A
smaller potential difference between the anodic and cathodic
peaks indicates more efficient redox reactions, leading to
improved performance.

The incorporation of FeNPs played a pivotal role in improving
the electrode’s charge transfer kinetics by enhancing the
conductivity of the electrode material. Notably, when further
modified with FeNPs to form the LIG-NbsCsT, MXene-PPy-
FeNPs electrode (curve f), the anodic current exhibited a
103 pA. This
accompanied by a reduction in the potential difference between

substantial increase to improvement was
the anodic and cathodic peaks, signifying faster charge transfer
kinetics. The significant boost in current can be attributed to the
synergistic effects of the LIG substrate, Nb,C;T, MXene, PPy, and
FeNPs, which collectively created a conductive nanocomposite
network that significantly reduced surface resistance, enhanced
electron transfer, and increased the electrode’s active surface area,
thereby enhancing the electrode’s electrocatalytic properties.
Additionally, the FeNPs introduced redox-active centers, which
are essential for facilitating specific electrochemical reactions like
DA sensing (Patel et al., 2024; Ouyang et al., 2022).

Further electrochemical characterization involved varying the
scan rate from 10 to 100 mV/s, as shown in Figure 3B. The peak
current values were observed to increase proportionally with the
square root of the scan rate, indicating that the redox process is
diffusion-controlled (Torati et al.,, 2024). The inset in Figure 3B
confirms this relationship, with an excellent correlation coefficient
(R* = 0.9941), emphasizing the efficiency of the LIG-Nb,C;Ty
MXene-PPy-FeNPs electrode in facilitating rapid electron
transfer. These findings highlight the electrode’s potential for use

frontiersin.org


https://www.frontiersin.org/journals/lab-on-a-chip-technologies
https://www.frontiersin.org
https://doi.org/10.3389/frlct.2025.1549365

Shinde and Slaughter

10.3389/frlct.2025.1549365

110 — -
(A)—="m - 75{(B) —7 > ;
1004 £ &
ax 704 .
&3: 90+ 'm é_ 654 InConcentration (nM)’
- e
c 804 C anl
o B 5
- 0 ;
5 70 1
o o %
604 504
01 00 01 02 03 04 .01 00 01 02 03 0.4

Potential Ag/AgCl (V)

FIGURE 4

Potential Ag/AgClI (V)

SWV of (A) LIG-Nb4CsT, MXene-PPy-FeNPs sensor exposed to varying concentrations of DA in PBS (pH 7.4) and (B) in synthesized urine.

in electrochemical applications requiring high sensitivity and
reproducibility.

3.3 Electrochemical detection of dopamine

The modified LIG-Nb,C;T; MXene-PPy-FeNPs electrode was
tested for DA detection using SWV in 10 mM phosphate buffer
solution (PBS, pH 7.4). Successive additions of various
concentrations of DA (1 nM, 10 nM, 100 nM, 1 pM, 10 uM, and
100 uM) to the electrode surface resulted in a clear and proportional
increase in oxidation current (ca. 138 mV), as shown in Figure 4A.
The calibration curve (inset) exhibited a wide linear range from
1 nM to 1 mM with a linear regression equation of I(uA) = 2.22 In
[DA] + 7.09 (R? = 0.9990), where R? is the correlation coefficient. A
limit of detection (LOD) was calculated to be 70 pM based on
equation 3 o/S, where o is the standard deviation of the blank (n = 3)
and S is the slope of the calibration curve. When exposed to
synthesized urine (pH 7.4), the sensor maintained excellent
linearity (1 nM-1 mM) with a linear regression equation of
I (pA) = 1.68 In [DA] + 4.31 (R? = 0.9940). In addition, the
LOD was as low as 90 pM (Figure 4B). The peak shift (187 mV)
observed with the synthetic urine is attributed to the complex
composition of the synthetic urine. The variation in pH can alter
the protonation state of DA and electrode surface properties, thereby
affecting redox kinetics (Schindler and Bechtold, 2019). These values
are significantly lower than the physiological DA concentration
range in human urine, demonstrating the electrode’s superior
sensitivity and practicality for real-world applications. The high
recovery rates further validate the electrode’s reliability in complex
biological matrices (Li et al., 2023).

The ultra-sensitive detection capability of the electrode can be
attributed to the synergistic integration of its key components, each
contributing uniquely to its enhanced electrocatalytic activity.
Nb,C;T, MXene, a material with excellent electronic properties,
ensures efficient charge transfer and engages in m-m interactions
with DA molecules, improving molecular binding and facilitating
electron transfer (Ankitha et al,, 2024; Chen et al., 2021). This
property, the high
nanocomposite, provides a platform where DA molecules can
interact more effectively with the electrode surface, increasing the

combined with surface area of the
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TABLE 1 % Recovery and % R.S.D of dopamine in synthesized urine.

Solution % Recovery R.S.D

1 nM 76 15.55
10 nM 80 293
100 nM 82 091

1 uM 92 2.57
10 pM 86 266
100 uM 78 403
1 mM 68 3.86

number of electroactive sites and enhancing sensitivity. PPy plays a
critical role by forming a cation perm-selective film upon
overoxidation, incorporating oxygen-containing groups such as
carbonyl and carboxylic groups into its polymer backbone (Berni
et al,, 2022). These functional groups enhance the electronegativity
and electron density of the electrode, creating a selective
environment for DA oxidation while minimizing interference
from other analytes. Additionally, the incorporation of FeNPs
contributes to the electrode’s high surface area and introduces
multiple electroactive sites, enabling sensitive and efficient
electrocatalytic oxidation of DA. The FeNPs also improve the
overall conductivity of the electrode, facilitating faster and more
efficient electron transfer.

Overall, the combination of these materials, integrated with the
LIG electrode, produces a nanocomposite with exceptional
properties, including reduced surface resistance, enhanced
electron mobility, and selective ion transport. This synergy results
in a broader linear detection range and significantly lower LOD,
critical for identifying DA at physiological levels in complex
biological samples like urine. Mechanistically, DA detection is
enabled by m-m stacking interactions with MXene and graphene,
selective oxidation facilitated by the oxygen-containing functional
groups in PPy, and rapid electron transfer enabled by the FeNPs.
The sensor’s practical utility was further demonstrated through
good recovery rates and R.S.D in synthetic urine as shown in

Table 1. All experiments were performed in triplicates and at low
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TABLE 2 Comparison of dopamine detection using various nanomaterials-modified electrodes.

Sl. No Electrode material

Linear Range

LOD

Sensitivity

1 Polypyrrole-SWCNT 0.1-100 uM 136 pM NA Eom et al. (2019)

2 Polyoyrrole-Graphene 0.5-10 uM 0.1 yM 0.094 uA/uM Zhuang et al. (2011)
3 Polypyrrole 1-1,000 uM 7 nM NA Koyun et al. (2017)
4 Polypyrrole-Graphene 0.8-10 uM 4 nM 13.12 pAmM™ em™ Wang et al. (2015)
5 Graphene 4-100 uM 2.6 uM NA Kim et al. (2010)

6 Graphene 10 nM-100 uM 1 nM NA Zhu et al. (2011)

7 LIG/Polypyrrole 0.5-10 uM 7.0 nM NA Berni et al. (2022)

8 LIG/MXene 12-240 uM 0.13 uM NA Wang et al. (2023)
9 LIG-Nb4C3Tx MXeneAgNPs 0.1-10 pM 1.0 nM 160 pAnM™" cm™ Shinde et al. (2024)
10 LIG-Nb,C;T, MXene-Polypyrole-Iron Nanoparticles 1 nM-1 mM 70 pM 0.283 pA/nM cm™ This Work

(A)

20

- -
a o o

Current (pA)

> O QL
Ov' vgov. v?v?' xO\ é’bo é\.‘g
¥ FF

FIGURE 5

10

5
Days (Counts)

(A) Selectivity of LIG-NbsC3T, MXene-PPy-FeNPs sensor when exposed to common interfering analytes. All experiments were performed in

triplicates. (B) Stability profile of LIG-Nb4C3T, MXene-PPy-FeNPs sensor.

DA concentrations (10 nM-10 uM), an average recovery rate of 85%
with an average RSD of 2.27% was observed. However, at 1 nM and
higher concentrations (100 uM and 1 mM), the sensor’s
performance showed increased variability, indicating potential
matrix interference and saturation. The better recovery rates for
lower concentrations (10 nM-10 uM) further validate the electrode’s
reliability in complex biological matrices. Table 2 compares
previously reported DA electrochemical sensors constructed with
various nanomaterials and surface modifications. The as-fabricated
LIG-Nb4C3Tx MXene-PPy-FeNPs electrode demonstrates superior
sensitivity and a broader linear detection range for DA.

3.4 Selectivity and stability of
LIG-Nb,C3T,MXene-PPy-FeNPs

To assess selectivity, SWV was performed in the presence of
common interfering species such as ascorbic acid (AA), uric acid
(UA), glucose (Glu), and sodium chloride (NaCl), as well as a
mixture of these interferents (Figure 5A). DA (1 uM) was tested
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alongside interfering analytes at 10 pM (10x the DA concentration).
The results demonstrated no significant change in the oxidation
current of DA in the presence of any individual interferent or their
mixture. This high selectivity can be attributed to the electrode’s
unique surface modifications. The PPy layer not only improved the
electrode’s electrochemical stability but also contributed to its
selectivity, as PPy is known for its excellent affinity for certain
analytes (Chen et al, 2021). The overoxidation treatment of PPy
added another dimension to its functionality by introducing
additional functional groups and surface-active sites on the
overoxidized PPy. NbsC;Ty MXene also plays a critical role in
enhancing the selective detection of DA through multiple
synergistic mechanisms. Its surface chemistry enables strong
electrostatic attraction, m-m interactions, and hydrogen bonding
with DA molecules, promoting highly specific adsorption. This
selective binding not only facilitates DA capture but also
effectively suppresses interference from structurally similar
species, such as ascorbic acid and uric acid (Lakard et al., 2021).
Additionally, MXene’s exceptional electrocatalytic activity further
accelerates DA oxidation, generating well-defined electrochemical
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signals that are readily distinguishable from those of interfering
biomolecules.

The stability of LIG-NbsC;Tx MXene-PPy-FeNPs sensor was
assessed by monitoring the oxidation current of 1 uM DA over
10 days. As shown in Figure 5B, the electrode exhibited negligible
signal degradation during this period, illustrating its robustness and
durability and retaining 95.67% of its original activity. This stability
is likely due to the strong interfacial bonding between the LIG
substrate and the nanocomposite layers, which resist detachment
and degradation under repeated electrochemical cycling. Thereby,
the LIG-Nb,C;Ty MXene-PPy-FeNPs sensor offers a highly
conductive, stable, and reproducible platform for DA detection.
Its low LOD, extended linear range, and high selectivity make it an
excellent candidate for clinical diagnostics and biosensing
applications.

4 Conclusion

A flexible and ultra-sensitive electrochemical sensor for DA
detection using a LIG-Nb,C;Tx MXene-PPy-FeNPs nanocomposite
has been developed. The synergistic integration of LIG with LIG-
Nb,C;T, MXene, PPy, and FeNPs resulted in remarkable
improvements in the electrode’s electrochemical characteristics.
Key sensor performance included heightened sensitivity, excellent
selectivity, and an extended linear detection range spanning from
1 nM to 1 mM. These attributes were complemented by a very low
LOD, reaching 70 pM in PBS and 90 pM in synthetic urine. Such
performance places this sensor among the leading tools for
physiological DA monitoring, capable of detecting even trace
concentrations in complex biological matrices. The exceptional
functionality of the sensor is underpinned by its innovative
Nb,C5T, MZXene high
conductivity and ability to engage in m-m interactions with DA

design. contributed its electrical
molecules, facilitating efficient electron transfer. The overoxidized
PPy introduced electron-rich oxygen-containing groups, enhancing
the electrode’s selectivity and promoting charge transfer processes.
Meanwhile, the FeNPs provided a high surface area and numerous
electroactive sites, improving sensitivity and supporting rapid
catalytic reactions. Together, these components formed a robust
nanocomposite capable of overcoming common challenges in
sensing, such as interference from other analytes, ensuring
reliable detection of DA. By leveraging the unique properties of
each component and their synergistic effects, the LIG-Nb,C5Ty
MXene-PPy-FeNPs sensor establishes a benchmark for advanced
biosensors, with potential applications extending beyond DA
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