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Abstract

Dopamine, a critical neurotransmitter involved in regulating nervous and immune system responses, is essential for
maintaining overall health. Abnormal dopamine levels are linked to neurodegenerative diseases such as Alzheimer’s and
Parkinson’s. Accurate measurement of dopamine, particularly in blood where other interfering substances like uric acid
and ascorbic acid are present, is crucial. This study focuses on developing a selective and sensitive electrochemical
method for dopamine detection using Fe;Os-activated carbon electrodes derived from pyrolyzed spent coffee grounds.
The prepared electrodes exhibit enhanced stability and electrocatalytic properties due to the synergistic effects of high
surface area, oxygen-containing species, and the catalytic properties of Fe;O4. Detailed characterization of the FezOs-
activated carbon composite was conducted using XRD, SEM, FTIR, and cyclic voltammetry, confirming the successful
incorporation of Fe3O4 and the presence of functional groups essential for redox reactions. The modified electrodes
demonstrated significant improvements in dopamine detection, achieving a detection limit of 0.92 uM with a linear range
of 1 - 1,325 puM, and effectively minimizing interference from ascorbic acid and uric acid. The practicality of the
developed method was validated through successful dopamine detection in a human serum sample, highlighting its

potential for real-world applications in clinical diagnostics.
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Introduction

Dopamine (also known as 3,4-dihydroxyphenyle-
thylamine) is an important neurotransmitter. Dopamine
is a neurotransmitter released by the brain to transmit
signals to various organs. It is a small molecule belong-
ing to the catecholamine group and can undergo redox
reactions. Dopamine plays a crucial role in the
functioning of the nervous system, regulating responses
to stimuli and various immune systems in the body. It is
a substance released by the brain during pleasure. An
excessive or insufficient level of dopamine can have
implications for the health and functioning of different

systems in the body. Well-known diseases resulting

from abnormal dopamine levels include Alzheimer’s
disease and Parkinson’s disease. Various methods for
dopamine measurement exist, such as liquid
chromatography [1-3], fluorescence spectroscopy [4-6],
and surface-enhanced resonance Raman spectroscopy
[7-10]. However, the aforementioned methods are costly
for analysis and may require long analysis times, or
some methods involve large sample volumes.
Electrochemical analysis is a viable method for
dopamine measurement, utilizing different types of
electrodes [11-13]. However, electrochemical analysis
for dopamine still faces challenges in terms of low

selectivity and interference from other substances
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present in bodily fluids, such as ascorbic acid and uric
acid, which can undergo reactions at the same electric
potential as dopamine, leading to overlapping peaks and
complicating dopamine analysis. Reports have
described the modification of electrodes using carbon
dots [14], carbon nanotubes [15-17] graphite [13],
graphene [18,20], reduced graphene oxide [21], boron-
doped diamond [8,22], DNA [7,23,24], and carbon
aerogel [25] for dopamine detection purposes.

The surface functional groups of carbon electrodes
can be modified in terms of both the type and quantity
of functional groups through additional activation
processes. Two common activation methods are
electrical activation and acid/base activation [26,27].
Electrical activation involves applying a positive
electric potential to the electrode that requires activation
in an acidic solution. The electric potential, intensity,
and type of acid used during activation influence the
quantity and type of oxygen-containing species that are
formed [26,28]. Acid/base activation, on the other hand,
involves soaking the carbon in an acidic or basic
solution to induce activation. The quantity and type of
oxygen-containing species formed depend on the type
and concentration of the acid or base used [26]. The
presence of oxygen-containing species on the electrode
surface significantly affects the redox reactions or
electron exchange on the electrode surface with
dopamine [28]. Having a higher density of oxygen-
containing species on the surface also helps to repel
negatively charged interfering species from approaching
the electrode surface, thereby improving the selectivity
of the electrode and reducing interference from other
species with negative charges. In general, the pH of the
solution is adjusted to determine the concentration of
dopamine. This is done by adjusting the pH to make
dopamine positively charged and closer to the electrode
surface due to the electrostatic attraction, the electrode
surface is negatively charged due to the presence of
oxygen-containing species. Meanwhile, ascorbic acid
and uric acid are negatively charged and do not approach
the electrode surface, resulting in reduced interference
and facilitating more accurate and easier measurement
of dopamine [29].

Magnetite (Fe3O4) has been widely used as a
catalyst in numerous reactions due to its non-toxicity,
ease of recovery, and recyclability. It can effectively
convert small organic molecules such as CO, [30],

alcohols [31], and ammonia [32] into other products.
Dopamine, ascorbic acid, and uric acid have distinct
functional groups and undergo conversion at different
potential. The use of Fe3O4 could help distinguish the
oxidation peaks of dopamine, ascorbic acid, and uric
acid, enhancing their redox responses owing to its
catalytic propertics. However, Fe3O4 is unstable in
acidic conditions, making its use as a nanoparticle on
electrode surfaces without a stabilizing reagent
impractical. In this study, modified Fes;Os-activated
carbon electrodes were prepared. Carbon is known for
its ability to stabilize metallic nanoparticles on its
surface, reducing agglomeration and enhancing
stability. The carbon used in this study was derived from
pyrolyzed spent coffee grounds, typically discarded as
waste or sold at low prices. Governments encourage
coffee farming in mountainous regions to combat
deforestation, as coffee grows best under tree shade,
thereby incentivizing farmers to preserve trees. Utilizing
spent coffee grounds not only adds value to waste
materials but also helps in reducing deforestation. Spent
coffee grounds, rich in fat and moisture, undergo
carbonization at high temperatures (500 - 800 °C),
evaporating fats, organic substances, and water to form
porous structures, significantly increasing surface area
and enhancing redox reaction responses. The resulting
carbon was activated with acid to introduce oxygen-
containing species on the surface. Fe;Os was then
adsorbed onto the carbon surface, forming a composite
of Fe3Os-activated carbon.

Nafion is a synthetic polymer that has become a
cornerstone material in electrochemistry due to its
unique properties. It is a perfluorosulfonated ionomer,
which means it has a hydrophobic Teflon backbone with
hydrophilic sulfonic acid side chains. This dual structure
allows it to self-organize into distinct domains: a rigid,
chemically inert scaffold and an interconnected network
of hydrophilic channels. In electrochemical analysis,
Nafion is widely used as a proton exchange membrane
or a permselective coating on electrodes. When used as
a coating, the negatively charged sulfonate groups
within the Nafion film repel other negatively charged
species, such as anionic interferents, while attracting
and pre-concentrating positively charged species. This
charge-based selectivity is crucial for enhancing the
signal-to-noise ratio in sensors for positively charged

analytes [33,34]. In electrocatalysis, Nafion serves as an
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essential ionomer binder in catalyst layers. It connects
the catalyst particles to the proton-conducting pathways,
ensuring efficient transport of reactants and products to
and from the active sites. Nafion’s stability in harsh
chemical environments and its ability to maintain a
humid microenvironment around the catalyst are vital
for high-performance applications like proton exchange
membrane (PEM) fuel cells and electrolyzers, where it
enables efficient proton transport and enhances overall
catalytic activity [35]. The synergistic effects of the high
surface area, oxygen-containing functional groups,
negatively charged Nafion coating, and the
electrocatalytic properties of Fe3O4 are expected to
enhance the signal response and selectivity in dopamine
detection.

This study aims to develop a sensitive and
selective electrochemical method for detecting
dopamine in the presence of interfering substances such
as uric acid and ascorbic acid. The research focuses on
the use of Fe3;Os-activated carbon electrodes derived
from pyrolyzed spent coffee grounds, which provide
enhanced stability and electrocatalytic properties.
Detailed characterization techniques, including X-ray
diffraction (XRD), scanning electron microscopy
(SEM), Fourier-transform infrared spectroscopy
(FTIR), and cyclic voltammetry, were employed to
assess the material’s properties. Additionally, the
method was validated using human serum samples,
demonstrating its potential for clinical diagnostics and

real-world applications.

Materials and methods

Chemicals and instrumentation

Unless specified otherwise, all chemicals used in
this study were of analytical grade, and used as received
without additional purification. Electrolyte solutions
were freshly prepared daily using double-distilled Milli-
Q water. Screen-printed electrodes (SPEs) consisting of
a2 mm diameter gold working electrode (electrode area:
0.031 cm?), a gold counter electrode, and an Ag/AgCl
(35%/65%) reference electrode were used. The
electrodes were manufactured by BVT Technologies
(Czech Republic). Electrochemical analysis was
performed wusing the EmStat3+ (Palmsens, The
Netherlands) as the control and measurement unit, with

data analyzed using PS Trace 5.9 software.

To prepare the buffer solution, NaH,POs and
Na,HPO4 were dissolved in Milli-Q water, and the pH
was adjusted with NaOH using a Mettler-Toledo S220
pH/Ion meter.

Human serum samples were obtained from Sigma
Aldrich, mixed with acetonitrile (1:1 wv/v), and
centrifuged at 5,000x g for 10 min at room temperature
to separate proteins. The supernatant was filtered using
Whatman No.1 filter paper.

Spent coffee grounds were obtained from a local
coffee shop, dried in an oven at 60 °C, and finely ground
with an electric blender. The resulting powder was
filtered using a 125-pm mesh sieve.

In standard samples, dopamine concentration was
quantified using square wave voltammetry under
specific electrochemical parameters. Measurements
were conducted in 0.1 M phosphate buffer at pH 7.4,
employing a step potential of 4 mV, an amplitude of 40
mV, and a frequency of 25 Hz.

To prepare these standard samples, ascorbic acid
and dopamine were dissolved in the 0.1 M phosphate
buffer solution. Uric acid, on the other hand, was
dissolved in a 0.1 M NaOH solution and sonicated for 5
min to ensure complete dissolution. After sonication, the
uric acid solution was diluted appropriately with 0.1 M
phosphate buffer at pH 7.4 to achieve the desired
concentration for analysis using square wave

voltammetry.

Preparation of carbon from the spent coffee
grounds

The spent coffee grounds (100 g) underwent
combustion in a tube furnace under oxygen-deficient
conditions. Prior to and throughout the entire
combustion process, the furnace was purged with
nitrogen gas at a flow rate of 2 L/min for 10 min. The
combustion occurred at a constant temperature of 600
°C for 90 min. The temperature was gradually raised
from room temperature to 600 °C over one hour,
resulting in a heating rate of approximately 7.8 °C/min.
Once the temperature reached 600 °C, it was maintained
for the entire 90-minute duration. Subsequently, the
temperature was gradually reduced to room temperature
over a period of 2 h. After the furnace had completely
cooled down, the sample was carefully removed for

further processing.
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Preparation of activated carbon from the spent
coffee grounds

The carbon obtained from the spent coffee
grounds underwent an activation process by immersion
in 98% sulfuric acid for 24 h. Following this, it
underwent several rinses with distilled water and was
filtered using filter paper. The resulting carbon was then
dried at 70 °C in an oven and stored in a glass container
for future use.

Preparation of magnetic activated carbon
(Fe3O4-activated carbon)

The synthesis of magnetic carbon involves using
ferric chloride (FeCls) and ferrous sulfate (FeSO4) as
precursors to introduce iron ions into the carbon
structure. Initially, 0.50 g of activated carbon from spent
coffee grounds was mixed with a 10 mL solution
containing 2.0 g each of FeCl; and FeSO,4. The mixture
was stirred for 30 min. Subsequently, 4 M NaOH was
added until reaching a pH of 12, and the mixture was
heated and stirred for 1 h 60 °C. Afterward, the mixture
was filtered through Whatman No. 1 filter paper and the
filtrate was dried in an oven at 80 °C for 2 h. The dried
product underwent magnetic separation using a strong
magnet to isolate Fe;Os from nonmagnetic carbon

powder.

Preparation of a Nafion coated screen-printed
electrode with Fe3O4-activated carbon (Nafion-
coated SPE-Fe3;Os-activated carbon)

The 50 mg of Fe;Os-activated carbon composite
was mixed with 0.1 mL of Nafion solution (5% Nafion
in methanol). Subsequently, a 5 pL aliquot of the
resulting mixture was carefully deposited onto the
center of a gold electrode on the screen-printed electrode
and left to air dry at room temperature. A 5 uL aliquot
of the Nafion mixture was selected, as it provides
sufficient volume to form a uniform coating on the

surface of the screen-printed electrode upon air-drying.

Characterizations of the FeszO4-activated
carbon

The morphology of the carbon derived from spent
coffee grounds was examined using a field emission
scanning electron microscope (FE-SEM, Tescan Mira
4). The surface functional groups present in the carbon

were analyzed using a Nicolet iS50 Fourier transform

infrared spectrometer (FTIR, Thermo Scientific)
equipped with a silicon nitride light source and a
deuterated L-alanine triglycine sulfate (DLaTGS)
detector. FTIR spectra were acquired with a resolution
of 3cm™.

X-ray diffraction (XRD) analysis was performed
using a PANalytical X’Pert Pro MPD X-ray diffraction
analyzer (United Kingdom). The samples were mounted
in a holder and scanned from 5.0° to 100.0° at a scan
speed of 0.050640 °/s.

Electrochemical characterization of the Nafion-
coated SPE-Fe3O4-activated carbon

Cyclic voltammetry was performed using a 0.1 M
KCI electrolyte solution containing 10 mM
Ru(NH3)sCls to assess electron transfer ability on the
electrode surface. To evaluate this ability, the potential
difference between the peak potentials of oxidation and
reduction reactions was measured. This difference was
compared with the theoretical value of 59 mV, a
standard for efficient electron transfer. By comparing
experimental and theoretical values, valuable insights
into electron transfer efficiency, electrode surface
charge nature, and quantity of charges involved in
reactions can be obtained. Such insights are crucial for
understanding the electrochemical behavior of the
system and provide essential data for various
applications and analyses.

Results and discussion

Characterizations of Fe3Os-activated carbon

Figures 1(A) and 1(B) show the XRD patterns of
activated carbon and Fes;Og-activated carbon,
respectively. The XRD pattern of the activated carbon
(Figure 1(A)) exhibited broad peaks at 26 =25.02° and
43.52°, which are characteristic of amorphous carbon
structures. These peaks can be indexed to the (002) and
(100) crystal planes, respectively, indicating the
presence of disordered graphitic domains within the
carbon matrix. [36, 37]. The XRD pattern of Fe3Os-
activated carbon composite (Figure 1B) exhibited peaks
at 20 = 30.04°, 35.40°, 43.02°, 56.94°, and 62.54°,
which correspond to the (220), (311), (400), (511), and
(440) crystallographic planes of Fe3Os, respectively.
The XRD pattern confirmed the formation of magnetite
Fes04 (JCPDS card No. 79-0417), similar to those
reported in the literature for FesO4 particles [38,39].



Trends Sci. 2026; 23(3): 11907

5of14

These peaks confirm the successful incorporation of

crystalline magnetite (Fe3O4) into the activated carbon
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Figure 1 XRD patterns of activated carbon (A) and Fe3O4-activated carbon (B).

The morphology of the activated carbon and

Fe;0s-activated carbon is depicted in Figure 2. The

activated carbon exhibits some pores on its surface and

displays a broad range of particle sizes and shapes,

ranging from submicron to 125 um. The Fe;Os-activated
carbon shows the coverage of Fe3;O4 over the pores and

the carbon surface.

Figure 2 SEM images of activated carbon from spent coffee ground (top row) and Fe3;O4-activated carbon (bottom row)

The contribution of Fe304 on the carbon surface is
shown in Figure 3. Figure 3(A) shows the EDX

mapping of iron (red dots) on the surface, and Figure

3(B) shows the EDX mapping of oxygen (green dots) on

the surface. The distribution of iron and oxygen across
the surface indicates the formation of Fe3O4 throughout

the carbon surface, not just within the pores.
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Figure 3 EDX mapping of iron (red dots) and oxygen (green dots) on the Fe3Os-activated carbon surface.

Figure 4 displays the surface functional groups of
carbon from spent coffee grounds and Fe;O4-activated
carbon, as identified through FTIR spectra analysis.
Prior to activation, the carbon from spent coffee grounds
exhibits almost no other peaks except the one at 2,360
cm!, indicating the presence of atmospheric carbon
dioxide. The FTIR spectra of Fe;Os-activated carbon

reveal broad peaks at 3,398 cm™!, indicative of hydroxy
groups (OH) on the surface. A peak at 1,356 cm™! is also
observed, further confirming the presence of hydroxy

! corresponds to C=C

groups. The peak at 1,578 cm™
stretching vibrations of alkenes, while the peaks at 630
and 590 cm' are attributed to Fe-O stretching

vibrations, confirming the presence of Fe3O4 [40-42].
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Figure 4 FTIR spectra of the carbon from spent coffee grounds and Fe3Os4-activated carbon.

Figure S displays the cyclic voltammogram of the
Nafion-coated SPE- Fe3Ogs-activated carbon. The
voltammogram indicate a clean carbon surface without
any visible impurities or peaks related to metal
reduction/oxidation, suggesting the absence of metals
from the carbon precursors. It is noteworthy that carbon

derived from natural sources sometimes retains metals

from the soil, which can persist even after pyrolysis. The
absence of metal peaks in the voltammograms confirms
the lack of metal impurities from the carbon source. No
peaks of Fe?** redox were observed, indicating the
good stability of the magnetite on the carbon surface

after 10 consecutive cyclic voltammetry scans.
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Figure 5 A cyclic voltammogram of the Nafion-coated SPE- Fes;Os-activated carbon. Scan rate 100 mV/s. 0.1 M

phosphate buffer pH 7.4.

Typical oxygen-containing species commonly
found on activated carbon surfaces include lactone,
anhydride, ether, carboxyl, phenol, and carbonyl or
quinone groups [26,28,43]. The FTIR results suggest the
presence of hydroxy groups, which are important for
surface reactivity and potential applications of the
modified electrode. The presence of oxygen-containing
surface functionalities on carbon, such as lactone,
anhydride, ether, carboxyl, phenol, and carbonyl or
quinone groups, plays a crucial role in enhancing the
redox behavior of the material [26]. Moreover, the
choice of electrolyte also plays a crucial role in
determining the specific contribution of the oxygen-
containing surface functionalities to the overall
capacitance behavior and electron transfer rate of the
material. In this study, the redox couple Ru(NH;)s>"**
was utilized to investigate the influence of Nafion on the
surface of Fe3Os-activated carbon. Activated carbons
generally contain approximately 5% - 10% of oxygen-
containing species, leading to a negatively charged
surface. Although Ru(NH;)¢**** is not specifically
sensitive to any particular surface functional group, its
current response on surfaces with higher negative
charges (more oxygen-containing species) would be
higher compared to surfaces with lower oxygen-

containing species. This disparity in current arises due

2+/3+ and

to the electro-attractive force between Ru(NH3)s
the negative species present on the activated carbon
surface. The Randles-Sevcik equation is employed to
describe the current response (I,) of a redox reaction at

an electrode [44]. It is expressed as:
I, = 0.4463 n¥>F*2 AD, ”* Co v""? / (RT)'? (1)

where: I, is the current (A); n is the number of electrons
transferred; F is the Faraday constant; A is the electrode
surface area (cm?); Dy is the diffusion coefficient of the
electroactive  species (cm?%s); Co is the bulk
concentration of the electroactive species (mol/cm?); v
is the scan rate (V/s); R isthe gas constant; T is the
temperature (K).

The Randles-Sevcik equation aids in analyzing the
redox kinetics and understanding the factors influencing
the current response during cyclic voltammetry
experiments. In this particular investigation, it helps in
evaluating how the Nafion coverage and the oxygen-
containing species on the carbon surface impact the
electrochemical behavior of the Ru(NH3)e*”*" redox
couple. By comparing the current responses of
Ru(NH;)6?"?* on the surface, valuable insights can be
obtained regarding the effect of Nafion and its

interaction with Fe;O4-activated carbon surface.
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Figure 6 Cyclic voltammograms of 10 mM Ru(NH;)s>"** in 0.1 M KCl at various scan rates: 25, 50, 100, 200, 300, 400,
and 500 mV/s (A). The plot of the peak current (I,) versus the square root of the scan rate (B).

The magnitude of the anodic and cathodic currents
at each scan rate are approximately equal, confirming a

2+/3+ on the

reversible redox reaction of Ru(NH3)s
electrode surface. Furthermore, the plot of the peak
current (Ip) versus the square root of the scan rate is
linear (Figure 6(B)), indicating a diffusion-controlled
reaction of Ru(NH;3)¢?"**. The linearity of the plot
suggests that the Nafion coating does not hinder the
accessibility of Ru(NH;)¢*"** to the surface of the
electrode within the time scale of the scan rate. The rate
of electron transfer (k°) can be calculated using Eq. (2)
[45]:

¥ =k%/ [rDov[F/RT]]"? (2)
where W is a dimensionless rate parameter. The value of
Y with a potential difference (AE) of 105 mV (Figure
6(A)) is 0.5. The electrode area is 0.031 ¢cm?. For the
redox couple Ru(NH;)s?"**, the number of electrons
transferred (n) is equal to 1. The diffusion coefficient
(Do) at 25 °C is 0.55x1073 ¢cm?/s, and the scan rate (v)
in the experiment 0.2 V/s. The bulk
concentration of Ru(NH3)¢**3* (Co) is 10 mM. By
substituting these values into Equation 2, the calculated
k° for the redox reaction of Ru(NH3)s>"** on the Nafion-
coated SPE-Fe;Os-activated
determined to be 5.80x1073 cm/s.

used is

carbon surface is

Comparing this calculated k° value to those
reported for other electrode materials, the electron
transfer rate on the Nafion-coated SPE-Fe;O4-activated
carbon surface is somewhat higher than that on the
highly oriented pyrolytic graphite (HOPG) edge plane.

However, it is considerably lower compared to values
reported for materials such as platinum, glassy carbon,
and carbon fibers, which typically exhibit higher values
ranging from 0.1 to 0.8 cm/s [26]. The results suggest
that while coating Nafion over the Fe3;Os-activated
carbon surface does not hinder the electron transfer the
electrode, it does slow down the electron transfer rate to
some extent. This difference in electron transfer kinetics
is likely due to the specific surface properties and
functional groups introduced by the Nafion coating,
influencing the electrochemical behavior of the redox

reaction.

Dopamine detection on Nafion-coated SPE-
Fe3O4-activated carbon (NMC-SPE)

Analysis of dopamine in human fluids faces
interference from ascorbic acid and uric acid, which
have oxidation peaks at about the same potential as
solid
Considering the pKa values of dopamine, uric acid, and
ascorbic acid (8.93, 4.17 and 5.40, respectively), at pH
7.4 (close to the pKa2 of phosphoric acid), ascorbic acid

dopamine on several electrode surfaces.

and uric acid exist in their negative forms, while
dopamine exists in its positive form. At this pH, Nafion
behaves as a negatively charged polymer, which repels
the anionic species of ascorbic acid, thereby minimizing
its electrochemical response. This pH selection and
Nafion coating strategy could help in the simultaneous
determination of dopamine and uric acid, reducing
interference from ascorbic acid in the analysis. Figures
7(A) and 7(B) display cyclic voltammograms of a
mixture of 50 pM ascorbic acid, dopamine, and uric acid
on SPE and Nafion-coated SPE-Fe;Os-activated carbon,
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respectively. On SPE, the oxidation peak of the mixture
appears at 280 mV, and the reduction peak appears at 80
mV (dashed line, Figure 7(A)). For Nafion-coated SPE-
of
dopamine and uric acid appear at 280 and 320 mV,

Fe;Os-activated carbon, the oxidation peaks

respectively. The reduction peak of dopamine appears at
80 mV without the reduction peak of uric acid. The peak
at 10 mV is the reduction peak of dopamine derivatives.
There is no oxidation-reduction peak of ascorbic acid.

Tom
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Figure 7 Cyclic voltammograms of SPE (A) and NMC-SPE (B) in 50 uM AA, DA, and UA. 0.1 M phosphate buffer pH

7.4. Scan rate 100 mV/s.

Square wave voltammograms of the Nafion-
coated SPE-Fe;0s-activated different

concentrations of uric acid (ranging from 0 to 2,000 pM)

carbon at

in the presence of 50 pM of dopamine and 50 pM of
ascorbic acid are shown in Figure 8(A). Figure 8(B)
shows square wave voltammograms of the Nafion-

coated SPE-Fe;Og-activated carbon at different

concentrations of dopamine (ranging from 0 to 1,325
puM) in the presence of 50 uM of ascorbic acid and uric
acid. The oxidation peaks of uric acid and dopamine at
different concentrations were not shifted as the
concentrations increased, indicating sufficient mass

transport through the Nafion layer.
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Figure 8 Square wave voltammograms of NMC-SPE in 50 uM of AA and DA and 300, 500, 750, 1,250, and 2,000 UA
(A) and 50 uM AA and UA, and 1, 120, 320, 530, 800, and 1,325 pM DA. The baseline is 0.1 M phosphate buffer pH
7.4 without AA, DA, and UA. The insets show the calibration curves from the voltammograms.

Generally, when an electrode surface is covered
with some polymer, the diffusion of species to and from
the electrode surface can be affected. As the
concentration of the species increases, the diffusion
process could become more pronounced due to

increased concentration gradients. This can lead to

changes in the rate of mass transport of the species to the
electrode surface, resulting in shifts in the peak potential
observed in the square wave voltammograms. However,
in this work, Nafion was mixed with Fe;Os-activated
carbon. Some of the FesOs-activated carbon surface
would be coated with Nafion, and some would not be
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coated. Overall, Nafion did not hinder the permeation of
uric acid and dopamine to and from the electrode
surface. Nafion plays a crucial role in improving the
selectivity and sensitivity of electrochemical dopamine
sensors, especially in the presence of common
interferents like ascorbic acid and uric acid. The primary
mechanism is charge discrimination or permselectivity.
Nafion’s structure consists of a hydrophobic
fluorocarbon backbone and hydrophilic sulfonic acid
groups. In an aqueous solution, these sulfonic acid
groups dissociate to form anions creating a negatively
charged network within the polymer. This network acts
as a selective filter. Since dopamine is a positively
charged cation at pH 7.4, it is electrostatically attracted
to and pre-concentrated within the Nafion film, leading
to an amplified signal. In contrast, common interferents
like ascorbic acid and uric acid are negatively charged
anions at this pH, and they are repelled by the negative
charges in the Nafion film. This repulsion prevents or
reduces the interferents from reaching the electrode
surface, effectively suppressing their electrochemical

signal. This selective accumulation of dopamine while
excluding interferents significantly improves the signal-
to-noise ratio and allows for the accurate detection of
dopamine even at very low concentrations. The use of a
Nafion film also helps to prevent electrode fouling by
non-specific adsorption of larger biomolecules,
enhancing the long-term stability and reproducibility of
the sensor.

The electrode response for uric acid exhibits a
linear relationship within the concentration range of 50
- 2,000 uM (R?=10.981). The response for dopamine, on
the other hand, ranges from 1 to 1,325 pM (R? = 0.992).
The detection limit for dopamine is calculated to be 0.92
puM using Eq. (3) [46], which is comparable to those
reported for other modified electrodes incorporating
graphene, graphene oxide, or metal-organic

frameworks, as summarized in Table 1.

3(standard deviation of blank signal) (3)

D [ =
etection (slope of calibration curve)

Table 1 The detection limit and linear range of different modified electrodes.

Detection limit

Linear range

Electrode References
(uM) (uM)

SPE-Fe;04-carbon 0.92 1-1,325 This work
PEDOT-GO 2.0 6.0 - 200 [47]
Au-Cu O/rGO 3.9 10 -90 [48]
N-rGO 1.5 3-70 [49]
Kraft paper-LIG 2.99 1-100 [50]
Au-HOFs 0.1 1-100 [12]

The successful detection of dopamine in human
serum samples using Nafion coated SPE-Fe;Os-
activated carbon demonstrates its potential for real
sample analysis. The electrode’s performance is
evaluated based on recovery and reproducibility, as
shown in Table 2. The specific response to dopamine is
crucial in the analysis of real samples, as it ensures that
the electrode is selective and capable of accurately

detecting dopamine even in the presence of other

interfering substances, such as ascorbic acid and uric
acid. The good recovery and reproducibility of the
electrode’s response further support its reliability for
real sample analysis. Recovery indicates how well the
electrode can quantify the actual amount of dopamine in
the sample, while reproducibility reflects the
consistency of the electrode’s response across multiple

measurements.
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Table 2 Dopamine detection in human serum sample.
Added Found Recovery RSD
Sample o o
(uM) (uM) (%) (%)
Human serum 30 28.82 +0.65 96.06 2.26
60 60.61 +3.45 101.20 5.70
120 120.74 + 0.43 100.62 0.36

Reproducibility and stability of Nafion-coated
SPE-Fe3Os-activated carbon

The reproducibility of the electrode preparation
method was assessed by creating ten independent
electrodes. Each electrode was used to perform 3
separate measurements on a sample containing 50 uM
dopamine (DA), 50 uM uric acid (UA), and 50 uM
ascorbic acid (AA). The results showed low relative
standard deviation (RSD) values of 2.12% for DA and
3.04% for UA, indicating good reproducibility of the
electrode preparation method. No response was
observed for 50 uM AA during the reproducibility tests.

The long-term stability of the electrode was
assessed by monitoring its response to solutions
containing 50 uM DA, 50 uM UA, and 50 uM AA over
aperiod of 14 days. After this period, the sensor retained
97.6% of its initial response for DA and 98.2% for UA,
demonstrating excellent stability. Consistent with the
reproducibility test, no response was detected for 50 pM
AA.

The use of spent coffee grounds to produce the
activated carbon electrode offers a highly cost-effective
and environmentally conscious alternative to
conventional, commercially available sensors. This
waste-to-value approach aligns with the principles of a
circular economy by valorizing a common agricultural
byproduct that would otherwise contribute to landfill
waste. The abundance and low cost of the raw material,
combined with relatively simple and scalable
preparation methods, make this modified electrode a
competitive and economically viable alternative to other
modified electrodes and commercial sensors, addressing
both performance and environmental concerns.

Despite these advantages, there are certain
limitations to consider for practical applications.
Specific chemicals, such as glucose and other
structurally similar neurotransmitters, have not yet been
investigated, which may affect the electrode’s

selectivity in complex biological environments.

Additionally, the use of acid activation raises concerns
regarding environmental sustainability, highlighting the
need for greener activation methods in future studies.
Future work could focus on optimizing the morphology
and porosity of the activated carbon by exploring
different pyrolysis conditions or green activation
methods, such as electrochemical activation or pyrolysis
in the presence of carbon dioxide. These approaches
may enhance pore development and increase the
specific surface area, thereby providing more active
sites and improving the electrode’s sensitivity.
Additionally, the potential of this modified electrode for
the simultaneous electrochemical detection of other
clinically relevant neurotransmitters or biomolecules,
such as serotonin and L-dopa, could be investigated to
demonstrate its versatility and applicability as a multi-
analyte sensing platform.

Conclusions

In this study, Nafion coated Fe3;Os-activated
carbon electrodes were developed using carbon derived
from spent coffee grounds, a sustainable approach to
valorize agricultural waste. The activated carbon was
characterized by X-ray diffraction and scanning electron
microscopy, confirming the successful integration of
FesO4 onto the carbon surface. Fourier transform
infrared spectroscopy revealed the presence of oxygen-
containing functional groups crucial for enhancing
electrochemical responses. The modified electrodes
exhibited excellent performance in detecting dopamine,
demonstrating high sensitivity and selectivity against
interfering substances like ascorbic acid and uric acid.
This modified electrode exhibits a linear response in the
concentration range of 1 to 1325 pM, with a detection
limit of 0.92 pM. This detection limit is comparable to
those of other modified electrodes. These findings
suggest that the modified carbon electrode holds
promise as a competitive and effective alternative to

other modified electrodes for dopamine detection.
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