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Abstract

Dopamine (DA) is a critical catecholaminergic neurotransmitter that facilitates signal trans-
duction across synaptic junctions and modulates essential neurophysiological processes,
including motor coordination, motivational drive, and reward-motivated behaviors. The
fabrication of cost-effective, miniaturized, and high-fidelity analytical platforms is impera-
tive for real-time DA monitoring. Due to its inherent electrochemical activity, carbon-based
amperometric sensors constitute the primary modality for DA quantification. In this study,
graphite, multi-walled carbon nanotubes (MWCNTs), and graphene were immobilized
within an ethyl 2-cyanoacrylate (ECA) polymer matrix. ECA was selected for its rapid
polymerization kinetics and established biocompatibility in electrochemical frameworks.
All fabricated composites demonstrated robust electrocatalytic activity toward DA; how-
ever, MWCNT- and graphene-based sensors exhibited superior analytical performance,
characterized by highly competitive limits of detection (LOD) and quantification (LOQ).
Specifically, MWCNT-modified electrodes achieved an interesting LOD of 0.030 & 0.001 uM
and an LOQ of 0.101 £ 0.008 uM. Discrepancies in baseline current amplitudes suggest
that the spatial orientation of carbonaceous nanomaterials within the cyanoacrylate matrix
significantly influences the electrochemical surface area and resulting baseline charac-
teristics. The impact of interfering species commonly found in biological environments
on the sensors’ response was systematically evaluated. The best-performing sensor, the
graphene-based one, was used to measure the DA intracellular content of PC12 cells.

Keywords: 2-cyanoacrylate; dopamine; amperometric sensors; cyclic voltammetry

1. Introduction

Neurotransmitters are essential endogenous molecules selectively released from the
axonal terminals of neurons in response to action potential. These fundamental chem-
ical species regulate intercellular communication in the nervous system, ensuring the
transmission of signals between neurons or between neurons and effector cells (inside
muscles and glands) [1-4]. In addition, substances like cocaine, amphetamines, and nico-
tine stimulate dopamine release in the nucleus accumbens, leading to rapid dopamine
surges that alter synaptic plasticity and promote compulsive behaviors [5] In neurode-
generative diseases such as PD, degeneration of dopaminergic neurons in the substantia
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nigra reduces dopamine levels, disrupting basal ganglia circuits and resulting in motor
symptoms such as bradykinesia, rigidity, and tremors. Understanding dopamine’s role in
these processes is crucial for developing therapies that restore dopaminergic function and
alleviate symptoms [6-13]. To study DA’s involvement in pathophysiological mechanisms,
various techniques like enzyme assays, liquid chromatography, mass spectrometry, and
capillary electrophoresis are used. However, these methods are costly, time-consuming, and
not always sensitive enough to provide real-time results—critical for effective biomedical
research on neurological disorders [14-16].

Dopamine belongs to the category of electroactive neurotransmitters due to its chem-
ical structure, which includes a benzene ring and two hydroxyl groups. This structure
makes it prone to spontaneous oxidation in aqueous media. The electrochemical oxidation
of DA involves a two-electron, two-proton oxidation of the catechol group, leading to the
formation of ortho-quinone. This reaction is characteristic of all catecholamines and follows
pH-dependent pathways, including polymerization and intramolecular cyclization [17-23].

(Figure 1).
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Figure 1. (A) Reversible oxidation reaction of dopamine (A) to the corresponding DA—orthoquinone
(C) on the carbon surface with the generation of an anodic current (oxidation). The reaction occurs at
a specific oxidation potential through the formation of an intermediate, DA-semiquinone (B).

It has been widely demonstrated that DA is readily oxidized at the electrode surface,
which is why scientists are very interested in developing specific, low-cost sensors to
detect it. This interest stems not only from the potential of such sensors to exhibit elevated
sensitivity and rapid analytical responsiveness, but also from their inherent suitability for
miniaturization [24]. Recent advances in the development of low-cost, high-sensitivity sen-
sors for DA detection have focused on carbon-based nanomaterials. These materials, such
as graphene, carbon nanotubes, and fullerenes, are favored for their mechanical strength,
electrical conductivity, and versatility in various applications, including electrochemical
sensors for neurotransmitter detection [23].

Carbon electrodes, in particular, are valued for their high capacitance, which improves
signal-to-noise ratios, an essential factor in sensor performance. However, challenges like
fouling—where reaction by-products accumulate on the electrode surface—can reduce
sensitivity. Furthermore, carbon electrodes often struggle to distinguish between com-
pounds with similar redox potentials, limiting their selectivity for DA [25]. To address
these issues, incorporating specific elements or compounds into carbon-based materials
has been explored. These modifications can enhance electron transfer, prevent fouling, and
improve selectivity by introducing functional groups that favorably interact with the target
biomolecule [23].
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Carbon-based nanomaterials, due to their nanoscale properties, are highly effective in
electrochemical sensors. They offer enhanced electron transfer, strong interfacial adsorp-
tion, high electrocatalytic activity, and biocompatibility, all of which make them ideal for
neurotransmitter detection. In addition, their morphology can be easily tailored to suit
specific applications, and they are widely used in voltammetric studies due to their low
cost and chemical stability [26-28].

Here, different carbon allotropes have been used to develop valuable electrodes for
efficient dopamine monitoring (Figure 2).

Graphite Multi-walled carbon Graphene
nanotubes

Figure 2. Carbon-based nanomaterials used in the present work.

Specifically, graphite [17,23,29-34], multi-walled carbon nanotubes (MWCNTs) [23,35-37],
and graphene [35,37-40] were immobilized within an ethyl 2-cyanoacrylate (ECA) matrix.

Numerous matrices capable of incorporating carbon materials have been used to
construct electrochemical sensors. Among them, epoxy glue is among the most repre-
sented [29,38]. The current study aimed to investigate the use of carbonaceous mate-
rials in conjunction with a different, not much used and studied, matrix such as ethyl
2-cyanoacrylate (ECA) to develop carbon-based composites for electrochemical applica-
tions. ECA, commonly used in superglues, is valued for its rapid polymerization and strong
mechanical properties. It is also biodegradable and biocompatible, an extremely interesting
aspect for applications in matrices of biological origin, with applications in forensic science
and tissue adhesion. ECA undergoes moisture-initiated polymerization to form poly(ethyl
2-cyanoacrylate) (PECA), a rigid, water-insoluble, biodegradable polymer [39] with estab-
lished biocompatibility [40,41]. Previous evidence has suggested that incorporating carbon
nanomaterials into cyanoacrylate enhances thermal and electrical conductivity [42], open-
ing new opportunities for sensing applications [39]. This study presents the development
and characterization of these novel carbon—cyanoacrylate sensors, explicitly focusing on
sensitivity, limit of detection (LOD), and limit of quantification (LOQ) [43].

As proof of concept, PC12 cells, derived from rat pheochromocytoma, have been used
as a dopaminergic model because they synthesize, store, and secrete dopamine [44]. Quanti-
tative measurement of intracellular and extracellular dopamine is critical for understanding
dopaminergic function. Electrochemical sensors, especially those integrating carbon-based
nanomaterials, have emerged as sensitive and selective tools for detecting DA, offering
rapid response times and suitability for low-concentration analysis in complex biological
media [23,45].
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The present project aimed at the study of new composites based on carbon allotropes
and cyanoacrylate, their characterization from the point of view of the electrochemical
detection of DA, and their possible applicability in matrices of biological origin.

2. Materials and Methods
2.1. Chemicals and Reagents

All compounds were bought from Merck Life Science (Milan, Italy) and used as
supplied. The acetate buffer (0.1 M, pH = 4.3) solution used for cyclic voltammetry and cali-
brations had the following composition (expressed as g/L): CH;COOH 3.91 and C;H3NaO,
2.912. Dopamine (DA) solutions (100 mM and 250 uM) were obtained by dissolving the
powder in 0.01 M HCL. Graphite, MWCNT @ 110-170 nm, and graphene were used as
supplied, as well as Nafion™ solution. All working electrodes used in this study were
constructed from a copper wire (diameter approximately 200 um) coated with Kynar®
insulation (RS Components, Made in USA). Cyanoacrylate-based super glue (Loctite Super
Attack, Henkel, Diisseldorf, Germany) was acquired from local stores.

2.2. Cyanoacrylate—Carbon Sensor Construction

Working electrodes were fabricated using copper wire (J ~200 um) covered with
Kynar® insulation. A 5 cm wire section was prepared by stripping 3 mm of insulation from
one end for electrical connection. The sensing tip was modified through rapid immersion
in carbon—cyanoacrylate composites prepared by mixing liquid cyanoacrylate with carbon
allotropes (3:1 w/w) for 120 s. The sensors were cured at room temperature for 24 h

Insulated A

copper wire

(Figure 3).
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Figure 3. (A) Graphic representation of the sensor (J ~200 um) obtained through deposition of the

composite based on cyanoacrylate and carbonaceous powder. (B) Real image of the electrode.

To minimize interference from electroactive species, the carbon-based sensors were
immersed in a 5% (w/v) Nafion™ solution and subsequently dried in an oven at 40 °C for
1 h before calibrations.

2.3. Electrochemical Procedures

Sensors were electrochemically characterized by means of cyclic voltammetry (CV)
in 20 mL of acetate buffer (pH 4.3) to identify the redox behavior of dopamine (DA). Mea-
surements were conducted within a potential window ranging from —1000 to +1500 mV
vs. Ag/AgCl at a scan rate of 100 mV s~ !. After stabilization of the baseline current,
DA was added at a final concentration of 1 mM to determine the oxidation (E_ox) and
reduction (E_red) peak potentials. The same experimental protocol was applied to as-
sess sensor responses to potential interfering species, including ascorbic acid (AA), 3,4-
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dihydroxyphenylacetic acid (DOPAC), and uric acid (UA), each at 1 mM, both before and
after Nafion™ coating.

Dopamine calibration curves were obtained by means of constant potential amper-
ometry (CPA), with the sensors sequentially exposed to increasing DA concentrations
(0-100 uM) at the previously determined oxidation potential (Eox), as determined from the
CV measurements.

Environmental conditions during the experiments were monitored using a TP49
thermometer/hygrometer (ThermoPro, Toronto, Canada). The temperature ranged from
24.3 to 26.6 °C, while the relative humidity varied between 44% and 56%.

2.4. Scanning Electron Microscopy (SEM) Study of the Sensors

For the SEM/EDX analysis, the samples were placed on carbon stubs and examined
without any prior treatment using a Zeiss EVO LS10 Environmental Scanning Electron
Microscope (Thermofisher, Milan, Italy). This was performed in low-vacuum mode (cham-
ber pressure of 10 Pa) with a back-scattered electron detector (BSD). The microanalysis
was performed with the energy-dispersive spectrometer (EDS) Inca X-Act from Oxford
Instruments, Abingdon, UK.

2.5. Instrumentation and Software

All electrochemical experiments were performed through a classical three-electrode
cell, consisting of a glass beaker filled with 20 mL of acetate buffer, four cyanoacrylate—
carbon sensors as working electrodes, an Ag/AgCl (3 M) electrode (Bioanalytical Systems,
Inc. West Lafayette, IN, USA), and a portion of a stainless needle as an auxiliary electrode.
A four-channel potentiostat (Squidstat Prime, Admiral Instruments, Tempe, AZ, USA) was
used for cyclic voltammetry and calibration.

2.6. Cell Culture and DA Recovery in Cell Lysate

PC12 cells were maintained at 37 °C in a humidified atmosphere containing 5% CO,
in RPMI 1640 medium supplemented with 10% horse serum, 5% fetal bovine serum, and
1% penicillin/streptomycin, according to ATCC guidelines. Under high-density conditions
(7.0 x 10° cells in a 100 mm plate), cells were gently aspirated four to five times using a
10 mL syringe fitted with a 22-gauge (172 in.) needle, centrifuged at 100x g for 10 min, and
washed twice with 2 mL of PBS. Then, the cells were lysed in 200 pL of 1% metaphosphoric
acid containing 1 mM EDTA, and following centrifugation at 17,500 g for 10 min at 4 °C,
intracellular DA content was measured using carbon nanomaterial-based amperometric
sensors. Dopamine levels in cell lysates are expressed as DA concentration and as nmol/mg
of protein. The protein content was evaluated by means of the Bradford method [46].

2.7. Statistical Analysis

Currents are reported as baseline-corrected values (mean = SEM). Slopes are expressed
as nA pM~1. LOD and LOQ were calculated using the standard deviation of the response
o and the slope of the calibration curve (LRS) according to the following formulas [47]:

LOD =3.3 0/LRS

LOQ =10 0/LRS

Statistical significance was assessed using unpaired t-tests (GraphPad Prism 9.3, San
Diego, CA, USA).
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3. Results
3.1. Graphite—Cyanoacrylate Composite Characterization

Cyclic voltammetry of the graphite-cyanoacrylate composite (Figure 4) revealed a
broad baseline, indicating a significant capacitive current contribution. The introduction of
1 mM DA elicited a distinct anodic wave with an oxidation potential Eox of +363 mV and
a reduction potential E,.q of +250 mV. The sensors’ calibration (Figure 5) demonstrated a
sensitivity of 2.051 4 0.071 nA uM~! (R? = 0.979). The LOD and LOQ were determined to
be 0.162 &= 0.008 uM and 0.541 £ 0.012 uM, respectively. (Table 1).

40 —

-20 ] 1 T T | |
-1000 -500 0 500 1000 1500

Eapp (MV)

Figure 4. Cyclic voltammograms obtained in a potential range (Eapp) between —1000 and +1500 mV
vs. Ag/AgCl, scan rate 100 mV s, in the absence (baseline—black line) and the presence of
1 mM DA (red line). Eox: +363 mV, E;q: +250 mV. Cyclic voltammetries were performed on the
graphite-composite sensors.

250

0 I ! I I 1
0 20 40 60 80 100

[DAJ/uM

Figure 5. In vitro calibration of graphite-cyanoacrylate sensors (1 = 6) in the 0-100 uM range, showing
aslope of 2.051 + 0.071 nA uM~! and good sensitivity (R? = 0.979). Calibrations were run in 20 mL
of acetate buffer (pH = 4.3). Eapp: +363 mV vs. Ag/AgCl.
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Table 1. Analytical parameters of the three sensor groups, for each composite, are reported: oxidation
potential (Eox) and reduction potential (E,.q) detected by means of CV, as well as Iox/BLox calculated
value, the slope reported as nA puM~L, and the LOD and LOQ values calculated according to the
conventional formulas (3.3 o/slope and 10 o/slope) reported as uM. * p < 0.05 vs. graphite group;
#*** p < 0.001 vs. graphite group.

Eox (mV)  Egeq (mV)  Iou/BLox R2 SLOPE (nA uM-1) LOD (uM) LOQ (uM)
Graphite +363 +250 44 0.979 2.051 + 0.071 0.162 + 0.008 0.541 + 0.012
MWCNT +518 +0.050 39.9 0.998 0.497 + 0.006 * 0.030 & 0.001 ***  0.101 = 0.008 ****
Graphene +450 +0.150 62.3 0.978 0.273 + 0.008 * 0.033 4 0.001 ***  0.110 = 0.003 ****

As shown in Figure 6, electron microscopy images show effective deposition of the
composite onto the copper sensor. At higher magnifications, it is possible to highlight a
composite stratification with a particular volume, within which the graphite assumes a
lamellar spatial disposition, as outlined in Figure 7.

e e s S e I

Figure 6. Scanning electron micrographs of graphite—cyanoacrylate composite sensors at different
magnifications. Magnification: 0x (Panel (A)), 100x (Panel (B)), 200x (Panel (C)), 500x (Panel (D)),
1000x (Panel (E)), and 5000 (Panel (F)). Morphological analysis shows three-dimensionality due to
the lamellar graphitic fragments.
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Figure 7. Schematic representation of the internal composition of the graphite—cyanoacrylate composite.

3.2. MWCNT-Cyanoacrylate Composite Characterization

The MWCNT-ECA composite (Figure 8) exhibited a significantly narrower baseline
than the graphite group, indicating reduced capacitive current. Upon 1 mM DA injection,
oxidation and reduction peaks were observed at +518 mV and +0.05 mV, respectively.

- %

1000  -500 0 500 1000 1500
Eapp (MV)

Figure 8. Cyclic voltammograms obtained in a potential range (Eapp) between —1000 and +1500 mV
vs. Ag/AgC(Cl, scan rate 100 mV s~1, in the absence (baseline—black line) and the presence of
1 mM DA (red line). Eox: +518 mV, Eoq: +0.05 mV. Cyclic voltammetries were performed on the
MWCNT-composite sensors.

Calibration (Figure 9) yielded a slope of 0.497 £ 0.006 nA uM !, which is statistically
lower than that of graphite (p < 0.05). However, the MWCNT sensors achieved superior
LOD (0.030 £ 0.001 uM) and LOQ (0.101 £ 0.008 uM) values (p < 0.001) compared with the
graphite group.
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Figure 9. In vitro calibration of MWCNT—-cyanoacrylate sensors (n = 6) in the 0-100 uM range,
showing a slope of 0.497 £ 0.006 nA uM 1 and excellent sensitivity (R% = 0.998). Calibrations were
run in 20 mL of acetate buffer (pH = 4.3). Eapp: +518 mV vs. Ag/AgCL

SEM micrographs (Figure 10) revealed a disordered fibrillar network with protruding
nanotubes. The high Iox/BLox ratio (~39.9) indicates enhanced electron transfer efficiency
and signal discrimination. The “brighter” tips of the MWCNTs observed in the SEM
micrographs suggest charge localization, potentially serving as primary electroactive sites.
The porous structure likely facilitates analyte transport while minimizing background
noise, thereby improving the signal-to-noise ratio (Figure 11).

Figure 10. Scanning electron micrographs of MWCNT-cyanoacrylate composite sensors at different
magnifications. Magnification: 0x (Panel (A)), 100x (Panel (B)), 200x (Panel (C)), 500x (Panel (D)),
1000x (Panel (E)), and 5000 x (Panel (F)). At high resolution, a fibrillar network is observed on the
surface, indicative of the presence of exposed MWCNTs partially embedded in the polymer matrix.
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Figure 11. Schematic representation of the internal composition of the MWCNT-cyanoacrylate
composite.

3.3. Graphene—Cyanoacrylate Composite Characterization

Graphene-based sensors displayed the narrowest voltammetric baseline (Figure 12)
and a robust Iox/BLox ratio of 62.3. The oxidation peak occurred at +450 mV with a
reduction peak at +0.150 mV. Although the sensitivity (slope: 0.273 & 0.008 nA pM 1) was
lower than that of the graphite composite, the graphene sensors exhibited excellent LOD
(0.033 £ 0.001 uM) and LOQ (0.110 = 0.008 uM) values, comparable to the MWCNT group.

4 -

l/uA

-4

-6 T T T T T 1
-1000 -500 0 500 1000 1500

Eapp (MV)

Figure 12. Cyclic voltammograms obtained in a potential range (Eapp) between —1000 and +1500 mV
vs. Ag/AgCl, scan rate 100 mV s, in the absence (baseline—black line) and the presence of
1 mM DA (red line). Eox: +450 mV, E o4: +0.150 mV. Cyclic voltammetries were performed on the
graphene—composite sensors.

Figure 13 presents the calibration curve of the graphite-cyanoacrylate group of sensors.
Calibration was performed in 20 mL of freshly prepared acetate buffer (pH 4.3) by applying
a constant potential of +450 mV vs. Ag/AgCl, as determined from the corresponding cyclic
voltammogram. Once a stable baseline was established, DA was added incrementally
to the cell at concentrations ranging from 0 to 100 uM. As illustrated in Figure 13, the
resulting calibration curve exhibited a slope of 0.273 4 0.008 nA uM~! and a correlation
coefficient (R?) of 0.978, which were statistically inferior (p < 0.05) to those obtained with
the graphite composite. For this sensor group, the limit of detection (LOD) and limit
of quantification (LOQ) were calculated to be 0.033 £ 0.001 pM and 0.110 =+ 0.008 uM,
respectively. This resulted in a statistically significant difference (p < 0.001) compared with
the graphite-based composite.
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Figure 13. In vitro calibration of graphene—cyanoacrylate sensors (n = 6) in the 0-100 uM range,
showing a slope of 0.273 4+ 0.008 nA uM~! and a good sensitivity (R? = 0.978). Calibrations were run
in 20 mL of acetate buffer (pH = 4.3). Ezpp: +450 mV vs. Ag/AgClL

SEM analysis (Figure 14) reveals that the sensor coating exhibits a heterogeneous, porous
morphology characterized by multi-lamellar graphene stacks with significant edge exposure.
This three-dimensional (Figure 15) architecture maximizes the electroactive surface area
available for redox reactions, while the cyanoacrylate matrix primarily serves as a mechanical
binder, preserving structural integrity without occluding graphene’s active sites.

Figure 14. Scanning electron micrographs of graphene-cyanoacrylate composite sensors at differ-
ent magnifications. 0x (Panel (A)), 100x (Panel (B)), 200x (Panel (C)), 500x (Panel (D)), 1000 x
(Panel (E)) e 5000 x (Panel (F)). Morphological analysis shows three-dimensionality due to the lamellar
graphitic fragments.
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Figure 15. Schematic representation of the internal composition of the graphene-cyanoacrylate
composite.

3.4. Study on the Stability of Cyanoacrylate-Based Sensors over Time

To evaluate the applicability and temporal stability of cyanoacrylate-based carbon
sensors, sensitivity variations were monitored over a 12-day period. As illustrated in Figure
54, all sensor types exhibited a progressive decline in sensitivity during the observation
interval. Graphite-based sensors showed the largest decrease, with a sensitivity reduction
of approximately 3% per day, whereas sensors incorporating MWCNTs and graphene
exhibited more limited daily decreases of 2.2% and 0.9%, respectively. Overall, the graphene-
based sensor demonstrated the highest stability over the investigated time period.

3.5. Evaluation of Nafion™ Coating on AA, DOPAC, UA and DA Detection

Since the aim of this project is to use the above-mentioned carbon-based sensors in
real biological samples, a study on the main interfering molecules such as AA, DOPAC,
and UA was conducted, both before and after Nafion™ coating, on a new batch of sensors:
all of the experiments on Nafion™-coated sensors were performed at day 0. As shown in
Figures S5-57, CVs were carried out, exposing the different types of sensors to a 1 mM
concentration of each interfering compound. AA, DOPAC, and UA were clearly detected
by all sensors (blue lines). The presence of Nafion™ resulted in a pronounced attenuation
of the voltammetric signals, indicating its effectiveness in suppressing the electrochemical
response of interfering species (red lines).

The electrochemical response to dopamine (DA) was evaluated by means of cyclic
voltammetry (CV) for all Nafion™-coated cyanoacrylate-based composite sensors. As
shown in Figure S8, Nafion™ modification enabled effective DA monitoring, yielding
higher anodic currents than those recorded for uncoated sensors. Moreover, Nafion™
coating resulted in enhanced sensitivity toward DA relative to the corresponding unmodi-
fied electrodes.

As shown in Figure S8, the oxidation potentials recorded across all monitored sensor
configurations were highly consistent, exhibiting superimposable anodic and cathodic peak
values (the mean values of the oxidation and reduction peaks were Eox = 522 £+ 13.4 mV
and Eq = —119 £ 10.6 mV). On the basis of this electrochemical stability and over-
lap in redox behavior, the working potential for DA oxidation was set to +520 mV vs.
Ag/AgCl, after which the calibration procedure for the carbon-based sensors was per-
formed. The calculated sensitivities, expressed as the slopes of the calibration curves, were
3.521 4 0.008 nA uM~! for graphite-based sensors, 0.704 + 0.003 nA uM~! for MWCNT-
based sensors, and 0.331 + 0.005 nA uM ! for graphene-based sensors.

3.6. Measurement of DA Content in PC12 Cell Lysate

To evaluate the intracellular DA concentration in PC12 cell lysate, the graphene-based
sensor was used by applying a working potential of +520 mV vs. Ag/AgCl, as highlighted
in Figure S8. As shown in Figure 16, once a stable baseline was obtained, a 50 pL injection
of 1% metaphosphoric acid containing 1 mM EDTA was performed (green arrow), which
did not determine any variation in the monitored current. Then, three subsequent 50 pL
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injections of the cell lysate were performed: each injection produced an increase in current
of approximately 0.171 nA. Each increase was estimated to be approximately equal to
about 518 nM of DA concentration, which, considering the dilution in the electrochemical
sensor, corresponds to a concentration of 51.7 uM in the 200 pL in which the cell lysis

A,

was performed.

1.2+

0.9-

0.6 W

o] Mw

0.0- | | 1
0 15 30 45 60 75 90

Time (min)

Current (nA)

Figure 16. Amperometric current-time response of the graphene—cyanoacrylate sensor (n = 6)
recorded in 5 mL of acetate buffer at an applied potential of +520 mV vs. Ag/AgCl. A 100 uL injection
of 1% metaphosphoric acid containing 1 mM EDTA (green arrow) did not produce a measurable
change in current. Subsequent additions of 50 uL of cell lysate are indicated by blue arrows; a current
increase of about 0.171 nA was observed for each injection.

4. Discussion

From the analysis of the results, it is evident that the graphite—cyanoacrylate composite
possesses an excellent capacity to detect dopamine in solution, demonstrating that the
presence of cyanoacrylate in the composite still enables the catalytic activity of carbon,
lowering the energy required for dopamine oxidation and maintaining electrochemical
signal transduction, allowing for precise and rapid detection. Moreover, not only the
oxidation peaks but also the reduction peaks of DA-orthoquinone, which is formed during
the oxidation process of the molecule, can be detected. It is noteworthy that, on the graphite
composite, the oxidation peak occurs at +363 mV vs. Ag/AgCl, in line with data in the
literature [44], and the reduction peak at +250 mV vs. Ag/AgCl, showing a quasi-reversible
behavior, in line with what is reported in the literature [45]. Furthermore, the amplitude
of the cycle generated during the baseline recording should be noted. Figures 6 and 7
can suggest an initial explanation. The baseline current is primarily due to capacitive
charging, and as the scan rate increases, the capacitive current increases, thereby raising the
baseline amplitude [48]. Moreover, the magnitude of the capacitive current also depends
on the electrode surface active area [49-53]. Thus, the baseline amplitude recorded for
the graphite-cyanoacrylate composite could be explained by the formation of a composite
in which the graphite is arranged within the cyanoacrylate, generating a large volume in
which the carbonaceous material determines a large presumed high surface-to-volume
ratio (as highlighted by the SEM images), thus defining a wide baseline. Moreover, the
size of the composite volume deposited on the sensor can also explain the magnitude of
the current generated both during CV and CPA (as shown in Figures 4 and 5) as well as
the calculated slope value (Table 1). Moreover, the presence of a large conductive volume
could favor the formation of an extended electrical double layer and, consequently, a high
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capacitive current, which contributes to background noise. As shown in Table 1, this
phenomenon is also confirmed by the current ratio (Iox/BLox) calculated from the peak
and background currents upon oxidation of DA (16.700 nA/3.800 pA ~ 4.40), which is
relatively low. Consequently, at low concentrations, the analyte may produce a response
that is not sufficiently distinguishable from the background current, thereby affecting the
system’s sensitivity.

A note should be made about cyanoacrylate itself. As shown in the SEM images
(Figure S1), indeed, at low magnifications (50 x-200 x, panels A-C), the morphology of the
cyanoacrylate can be evaluated: it appears smooth, glassy, compact, and free of macroscopic
irregularities, with homogeneous adhesion to the metal substrate. At higher magnifications
(panels D-F), the morphology is confirmed to be amorphous and devoid of structured
textures, revealing only rare residual microparticles attributable to deposition artifacts. This
configuration is based on the insulating, electrochemically inactive nature of cyanoacry-
late, as demonstrated by DA calibrations run on copper wire itself and on wire coated
with cyanoacrylate.

As highlighted in Figure 9 for MWCNT, the extremely low capacitive current, un-
derscored by a thin CV baseline, indicates a lower capacitive current than that of the
graphite composite, resulting in higher selectivity and the ability to discriminate against
low-intensity signals. In fact, the Iox/BLox ratio (2.913 pA/0.073 pA ~ 39.9; Table 1) results
in values about 10 times higher than that of the graphitic sensor, indicating greater electron
transfer efficiency and higher sensitivity even at low concentrations, which is also con-
firmed by the LOD and LOQ values (Table 1). The explanation could rely on the fact that
the MWCNT-cyanoacrylate composite presents a different structure, as highlighted in the
SEM images (Figure 10), with a disordered fibrillar network and protruding nanotubes that
extend to form continuous, electrically conductive connections. Some tips of the MWCNTs
appear visually brighter, suggesting possible charge localization and suggesting that redox
reactions may preferentially occur at these tips. As outlined in Figure 11, the cyanoacrylate
matrix may not fully cover the MWCNT phase, allowing dopamine and water to pass
through. This supports the hypothesis that the polymeric binder does not hinder the
transport of the analyte to the active sites, resulting in a voltammogram with an extremely
thin baseline, reflecting a very low capacitive current, consistent with the nanotubular
network’s minimal volume and very high exposed surface area. All of these phenomena,
in the end, lead to a higher signal-to-noise ratio than that of the graphite-based composite.

As highlighted in Figures 14 and 15, the graphene-based composite’s internal con-
figuration provides the system with an even more favorable surface-to-volume ratio than
MWCNTs. The voltammetric baseline is the thinnest among the three sensor groups and
is virtually noise-free. The Iy /BLox ratio (3.117 nA/0.050 pA ~62.3, Tab 1) is a very high
value, showing a remarkably high noise-to-signal ratio and suggesting an exceptional
ability to distinguish the analytical signal from background noise. Moreover, the lower
LOD and LOQ of this group of sensors make the graphene-based sensor potentially the
most suitable for applications requiring high sensitivity and detection at low concentrations,
despite its lower slope than graphite.

Taking into account all of the electrochemical results, an interesting observation must
be made on the significant increase in the values of the oxidation peaks and their increased
separation with the reduction peaks, highlighted in the present work (Figure S3). This
phenomenon could be attributed to the composite’s conformation. In fact, it has been
reported [54] that if nanostructures form a porous network, this enhances the effective
surface area. However, if the nanomaterial is poorly dispersed or develops thick films,
increased ohmic resistance within the structure can lead to a positive peak shift to higher
potentials due to the iR drop. Moreover, it has been reported [55] that the layer thickness

https:/ /doi.org/10.3390/app16031255


https://doi.org/10.3390/app16031255

Appl. Sci. 2026, 16, 1255

15 of 20

can influence electron transfer kinetics, producing a shift of the oxidation potentials toward
higher values, a shift of the reduction potentials toward lower values, and a consequent
increase in the distance between the relative oxidation and reduction peaks.

In our case, as shown in Figure 3, the deposition of the composite led to the formation
of a globular porous surface, resulting in a thick carbonaceous matrix (especially when
compared to cyanoacrylate alone, which is thin). This geometry could contribute to the
observed phenomenon.

Since one of the primary objectives of this study was to enable the application of the
fabricated sensors in complex biological matrices, the electrode surfaces were modified
with a Nafion™ coating, in accordance with previously reported methodologies [56-58].
Nafion™ was employed to mitigate the influence of common electroactive interferents,
including ascorbic acid (AA), 3,4-dihydroxyphenylacetic acid (DOPAC), and uric acid
(UA), which are typically present in DA-containing biological samples. As extensively
documented in the literature, Nafion™ is widely used to enhance the selectivity of am-
perometric sensors through electrostatic exclusion mechanisms [58], while also improving
sensitivity toward dopamine (DA) and contributing to increased operational stability [59].
Consistent with these reports, the Nafion™-modified sensors investigated in this work
exhibited improved selectivity and signal stability, as evidenced by the experimental results
presented in Figures S5-S8.

Based on the comparative evaluation of the investigated composite electrodes (Table 1),
graphene—cyanoacrylate sensors were selected for biological validation. Among all config-
urations, graphene-based electrodes exhibited the most favorable analytical performance,
characterized by the lowest LOD and LOQ and by the minimum Iox/BLox ratio. More-
over, following Nafion™ modification, these sensors showed enhanced selectivity toward
DA (0.331 + 0.005 nA uM 1), with effective suppression of responses from electroactive
interferents (Figure S7). In particular, the contribution of 3,4-dihydroxyphenylacetic acid
(DOPAC)—identified as a potential interferent in PC12 cell lysates—was efficiently attenu-
ated. Furthermore, graphene-based sensors were selected due to their superior temporal
stability, as evidenced by the minimal signal drift observed during prolonged operation
(Figure S4).

Graphene—cyanoacrylate-based sensors enabled reliable quantification of dopamine
(DA) in PC12 cell lysates (Figure 16). The injection of 50 uL of lysate produced an average
oxidation current increase of ~0.171 nA, corresponding to a DA concentration of 517 nM
as derived from the calibration curve. Using the sensitivity of the Nafion™-modified
graphene—cyanoacrylate electrodes and correcting for the injection-induced dilution, the
DA concentration in the lysate was estimated to be 51.7 uM, corresponding to 11.62 nmol
of DA per milligram of protein. This value is in good agreement with previously reported
DA levels in PC12 cells [60], confirming the suitability of the proposed sensing platform for
biological applications.

5. Conclusions

This study reports the development and comprehensive electrochemical characteri-
zation of dopamine (DA) sensors based on different carbon allotropes—namely, graphite,
multi-walled carbon nanotubes (MWCNTs), and graphene—embedded within a cyanoacry-
late polymer matrix. Given the limited exploration of cyanoacrylate in electrochemical
sensor fabrication, these composite materials were intentionally selected to elucidate how
the morphology, dispersion, and conductive architecture of the carbon phase influence the
analytical performance, while retaining a simple, rapid, and cost-effective fabrication strat-
egy. Voltammetric and amperometric investigations revealed marked differences in sensor
sensitivity and detection capability as a function of the carbon allotrope employed. The
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graphite-cyanoacrylate sensor exhibited the highest calibration slope (2.051 nA pM~1), cor-
responding to a large absolute current response; however, this configuration also presented
the highest limit of detection (LOD = 0.162 uM), thereby limiting its applicability at low an-
alyte concentrations. In contrast, the MWCNT-cyanoacrylate and graphene—cyanoacrylate
sensors demonstrated substantially improved analytical performance, characterized by
LODs below 0.035 uM, highly stable voltammetric baselines, and an enhanced ability to
discriminate faradaic signals from background noise. Notably, the graphene-based sensor
achieved the highest signal-to-noise ratio (Iox/BLox ~ 62.3), identifying it as the most suit-
able platform for ultrasensitive DA detection. The experimental findings further confirmed
that the spatial arrangement and distribution of the conductive fillers within the polymer
matrix play a critical role in modulating the capacitive contribution, the reversibility of
redox processes (Figure S3), and overall electron-transfer efficiency. These observations
were corroborated by SEM analysis, which revealed distinct surface architectures across the
different composites, ranging from compact, massive structures in graphite-based sensors
to interconnected fibrillar networks in MWCNT-based systems and highly exposed lamellar
morphologies in graphene-based electrodes. SEM imaging also revealed heterogeneous
cyanoacrylate deposition on the electrode surfaces, suggesting that further optimization
of the deposition protocol is warranted. Ongoing studies are addressing this aspect, as
well as extending the investigation to additional carbonaceous materials, including carbon
nanofibers and fullerenes. Although the unmodified sensors exhibited sensitivity to com-
mon electroactive interferents typically present in biological matrices, surface modification
with Nafion™ significantly enhanced selectivity toward DA.

Based on their superior analytical performance, Nafion™-coated graphene—cyanoacrylate
sensors were selected for the detection and quantification of intracellular DA in PC12
cells, demonstrating their applicability in complex biological environments. Overall, the
proposed composite materials represent a promising low-cost, easily fabricated, and analyt-
ically robust alternative for the electrochemical detection of electroactive neurochemicals in
biological samples.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/app16031255/s1. Figure S1: Scanning electron micrographs of
cyanoacrylate sensors at different magnifications. Magnification: 0x (Panel (A)), 100x (Panel (B)),
200x (Panel (C)), 500x (Panel (D)), 1000x (Panel (E)), and 5000x (Panel (F)); Figure S2: Scanning
electron micrographs of MWCNT-cyanoacrylate sensors at higher magnifications. Magnification:
0x (Panel (A)), 100x (Panel (B)), 200x (Panel (C)), 500x (Panel (D)), 1000x (Panel (E)), and 5000 x
(Panel (F)); Figure S3: Comparison of the redox potentials of the three sensors in acetate buffer. The
shift in oxidation potential toward more positive values is evident for the MWCNT- and graphene-
based sensors compared to graphite, as well as the amplitude and symmetry of the curves; Figure S4:
Percentage change in the sensitivity of graphite- (red line), multi-walled carbon nanotube- (MWCNT)
(green line), and graphene-based (blue line) sensors over a 12-day period. Sensitivity values were
normalized to Day 0 (100%) and are reported as the mean & SEM (n = 6); Figure S5. Cyclic voltammo-
grams (CVs) of AA (Panel (A)), DOPAC (Panel (B)), and UA (Panel (C)) recorded in graphite-based
sensors (1 = 6) before (blue line) and after (red line) Nafion coating. Measurements were performed
within an applied potential window (Eapp) from —1000 to +1500 mV vs. Ag/AgCl at a scan rate of
100 mV s~ 1; Figure S6: Cyclic voltammograms (CVs) of AA (Panel (A)), DOPAC (Panel (B)), and UA
(Panel (C)) recorded in MWCNT-based sensors (1 = 6) before (blue line) and after (red line) Nafion™
coating. Measurements were performed within an applied potential window (Eapp) from —1000
to +1500 mV vs. Ag/AgCl at a scan rate of 100 mV s~!; Figure S7: Cyclic voltammograms (CVs)
of AA (Panel A), DOPAC (Panel B), and UA (Panel C) recorded in graphene-based sensors (1 = 6)
before (blue line) and after (red line) Nafion™ coating. Measurements were performed within an
applied potential window (Eapp) from —1000 to +1500 mV vs. Ag/AgCl at a scan rate of 100 mV s7L
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Figure S8: Cyclic voltammograms (CVs) of 1 mM DA recorded in graphite- (blue line), MWCNT- (red
line), and graphene-based (green line) sensors after Nafion™ coating. Measurements were carried
out within an applied potential window (Eapp) from —1000 to +1500 mV vs. Ag/AgCl at a scan rate
of 100 mV s~ 1. The oxidation (Eoy) and reduction (Eyeq) peak potentials were observed at +542 mV
and —140 mV for graphite-based sensors, +497 mV and —106 mV for MWCNT-based sensors, and
+526 mV and —111 mV for graphene-based sensors, respectively. The mean peak potentials across all
sensor types were +522 + 13.4 mV for oxidation and —119 + 13.4 mV for reduction, expressed as
mean + SEM.

Author Contributions: Conceptualization, P.A.S. and G.R.; methodology, G.R.; software, A.B.;
validation, P.A.S. and G.R.; formal analysis, G.R.; investigation, R.Z., Y.S. and S.M.; resources, P.A.S.;
data curation, P.A.S.; writing—original draft preparation, G.R.; writing—review and editing, G.R.
and P.A.S,; visualization, A.B.; supervision, P.A.S.; project administration, G.R. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

DA Dopamine

MWCNT  Multi-walled carbon nanotube
ECA Ethyl 2-cyanoacrylate

LOD Limit of detection

LOQ Limit of quantification

PD Parkinson’s disease

GC Glassy carbon

PECA Poly(ethyl 2-cyanoacrylate)
Ccv Cyclic voltammetry

CPA Constant potential amperometry
SEM Scanning electron microscopy
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