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ARTICLE

Fabrication of an Electrochemically Synthesized
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In this report, we present the development
— of a nanoporous gold (NPG) modified
Ryt B electrode fabricated through a mold-assisted
’ electrodeposition technique, wherein a gold
film was deposited onto a gold microfiber
substrate. This modified electrode was
> subsequently employed for the in-situ
: determination of ascorbic acid (AA) in
/\ orange and lime juice samples. The NPG-
modified electrode exhibited a high edge
E density, which contributes to an enhanced
electrochemically active surface area,
promoting a favorable electrocatalytic effect
for the anodic oxidation of AA and resulting in a significantly lowered oxidation potential. Differential pulse
voltammetry (DPV) measurements revealed a detection limit of 10 ymol L™" and a quantification limit of 30
umol L'. The NPG-modified electrode demonstrated outstanding analytical performance, displaying both
high sensitivity and selectivity for AA determination in a complex matrix (orange and lime juice). The
voltammetric data were corroborated with coulometric experiments, further validating the reliability of the
electrochemical determination of AA using the NPG-modified electrode. Thus, this work highlights the
potential of this novel electrochemical sensor, presenting a straightforward and efficient approach for NPG
sensor fabrication, and underscoring its substantial promise for in-situ analytical applications.

Keywords: nanoporous gold electrode, in-situ analysis, ascorbic acid, electrocatalytic effect, food samples

INTRODUCTION

Fruits and vegetables are extensively recommended by health professionals for human consumption due
to their rich nutritional profiles." Beyond their nutritional value, these foods contain bioactive compounds that
exhibit antioxidant properties, critical in mitigating oxidative stress and protecting against natural degenerative
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processes associated with premature aging and different diseases. Among the primary phytochemicals
recognized for their antioxidant properties is vitamin C, also known as ascorbic acid (AA).23

AAis an antioxidant and water-soluble vitamin. Under certain physiological conditions, it also exists in its
anionic form (ascorbate), which has a hexanoic sugar acid structure and contains two dissociable protons with
pKa values of 4.04 and 11.34.# In addition to its antioxidant properties, AA facilitates the collagen synthesis,
a critical component for maintaining healthy cartilage, skin, and bone tissue. Furthermore, it modulates
cytokine production, enhances the rate of wound healing, and increases the synthesis of antibodies within
the organism, among other physiological functions.5¢

In this context, the daily intake of foods rich in ascorbic acid is essential for maintaining bodily health.
Among the fruits that serve as sources of ascorbic acid, certain varieties are particularly prominent for their
high content, such as Barbados cherry, strawberry, lemon, and orange.” This study will specifically focus
on determining AA in orange samples, as oranges are among the foods with the highest concentrations
of vitamin C and are commonly consumed in daily diets. Factors such as climate, harvesting method,
storage, and processing of fruits can cause variability in the AA content in foods.® In this regard, a rapid,
simple, and effective method for determining vitamin C in food samples with high sensitivity and selectivity
is highly desirable.

Different analytical techniques have been reported for detecting AA in various food samples. Among
the more traditional instrumental methods, the literature highlights AA determination via fluorescence,®
capillary electrophoresis coupled to mass spectroscopy,' high-performance liquid chromatography coupled
to a colorimetric device' or to an UV-VIs detector,™ etc. While these techniques offer high sensitivity for
AA detection, they necessitate sophisticated, bulky, and expensive instrumentation, often associated with
prolonged analysis times and the consumption of reagents. In this context, the development of electrochemical
sensors for AA detection becomes highly advantageous, given their cost-effectiveness, miniaturization, and
exceptional sensitivity and selectivity.

To enhance the sensitivity and selectivity of analytical determinations, the modification of electrode
surfaces with materials possessing high surface area represents a straightforward and effective strategy.
For instance, various nanomaterials have been prepared using different approaches and extensively used
for several applications.™'” Among the various nanomaterials, NPG has gained prominence in the field due
to its advantageous properties, such as excellent chemical stability, high surface area, outstanding electrical
conductivity, and catalytic properties, which can enhance the determination of AA in fruit samples.'®

Recent studies have focused on the fabrication of NPG-modified electrodes using approaches such as
dealloying gold-containing alloys,'®?® anodic corrosion of gold surfaces,?' and synthesizing of hybrid films
containing gold nanoporous and carbon-based materials for different applications.?? Kumar and colleagues
further reported their efforts in developing an NPG-modified electrode via mold-assisted electrodeposition to
determine AA in biological samples.?® However, it is noteworthy that, to date, no efforts have been reported
on the fabrication of NPG-modified electrodes via electrodeposition for in-situ analysis in orange juice.

Paixao et al.?* previously reported the use of a lab-made platinum microelectrode for mapping ascorbic
acid in oranges. Their study focused on potential concentration differences of ascorbic acid across various
fruit regions. In contrast, our research is centered on the development of a sensitive platform that facilitates
the anodic oxidation of ascorbic acid, leveraging the physicochemical properties of nanoporous gold films.
In this context, we present a rapid amperometric strategy for fabricating an NPG film on a lab-made gold
microsensor surface for the determination of AA in natural orange juice samples. NPG-modified electrodes
were fabricated using the Dynamic Hydrogen Bubble Template (DHBT) method,? and to optimize the
platform, a comprehensive study was conducted by adjusting the experimental electrodeposition parameters
to prepare NPG films under ideal conditions. In addition to the aforementioned advantages, the electrode
developed in this work also presents a low fabrication cost, estimated at approximately USD 4.00 per device,
which qualifies it as a low-cost analytical platform.

Notably, the electrochemical data obtained from the new amperometric microsensor based on NPG were
found to be in excellent agreement with coulometric measurements in the same samples, thus validating
the effectiveness and reliability of this novel approach.
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MATERIALS AND METHODS
Chemicals

HAuCI,3H,0, ascorbic acid (AA), citric acid, folic acid, and glutamic acid were acquired from Sigma-
Aldrich (St. Louis, MI, USA). Acetic acid, sodium acetate, potassium iodide, sodium sulfate, potassium
chloride, D-(+)-glucose, and sulfuric acid (H,SO,) were purchased from Merck (Darmstadt, Germany),
and soluble starch from Reagen (Parana, Brazil). All the reagents were analytical grade and used without
further purification unless otherwise stated. The solutions were prepared using Milli-Q water with 18
MQ cm resistivity.

Experimental apparatus

Electrochemical measurements were conducted using an Autolab PGSTAT 128N potentiostat interfaced
with NOVA 2.0 software. The experiments were performed in a three-electrode configuration, employing a
gold microelectrode, Ag/AgCI (saturated KCI), and a platinum wire as the working, reference, and counter
electrodes, respectively. The gold electrode was polished with alumina powder (0.05 pym), rinsed with large
quantities of distilled water, and subjected to ultrasonic cleaning for several seconds. Subsequently, the
electrochemical behavior was assessed in a 0.5 mol L™ H,SO, solution, and the cleaning procedure was
repeated until a reproducible gold electrochemical response was achieved. Surface morphology images
of nanoporous gold were acquired using field emission-scanning electron microscopy (FE-SEM) with a
JOEL JSM-7401F (30 kV) instrument. The coulometric system consists of a cell with a platinum net (anode)
immersed in 50 mL of acetate buffer (pH 4.0) with 2 g of KI, 1 mL of a starch indicator, and 0.5 mL of the
sample. Another platinum electrode kept inside a protection tube filled with a 0.5 mol L' Na,SO, solution
was used as a cathode. The protection tube was in contact with the rest of the cell through a membrane,
and the starch indicator was prepared by adding 1 g of soluble starch in 100 mL of boiling distilled water.

Fabrication of bare Au and NPG-modified electrodes

The bare gold microelectrode was prepared from a gold fiber (99.99%, 0.025 mm, GoodFellow®) sealed
in the tip of a micropipette using Araldite® epoxy glue. The interior of the pipette tip was filled with carbon
black to ensure electrical contact and a nickel-chromium wire was inserted. The pipette tip was sealed with
Parafilm paper. The fabricated electrode was polished using 600-grit sandpaper to remove excess glue,
followed by 1200-grit sandpaper to expose the gold fiber.

The electrodic surface modification step was carried out using a mold-assisted electrodeposition approach
known as DHBT. The microelectrode prepared in the previous step was immersed in a 5.0 mmol L™ HAuClI,
solution in 0.5 mol L' H,SO,, and using an amperometric approach, a potential of -3 V was applied during
100 s, forming a highly porous structure, the NPG-modified electrode. The potential and deposition time
values were properly optimized. After each step, the electrochemical characterization was performed by
cyclic voltammetry (CV) in a 0.5 mol L' H,SO, solution.

Analytical parameters for AA determination

The analytical curve was obtained in a 30 to 100 umol L' AA concentration range in acetate buffer (pH
4.0) using the DPV technique. Acetate buffer in this pH was chosen because such a value is close to the
one found in natural orange juice (pH around 4.2). The AA anodic response was recorded in the potential
range from -0.2 to 0.6 V (vs. Ag/AgCl sat. KCI), and the optimized parameters were determined as pulse
amplitude 50 mV, step potential 5 mV, and scan rate 50 mV s'. Measurements were performed in triplicate
for each concentration to estimate the precision.

The AA concentration in natural orange juice and in natural lime juice was determined using the standard
addition method where 60 pL of a 0.1 mol L' AA in acetate buffer (pH 4.0) solution was added five times to
the juice. After each addition, measurements were done using DPV, and three replicates were performed to
estimate the precision. Coulometry titration was employed as a validation method using a constant current
of 0.01 A%
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Pretreatment of natural orange juice and natural lime juice samples

The oranges and limes employed in these experiments were from the Citrus sinensis and Citrus latifolia
species, respectively. The samples were prepared by squeezing the fruits separately and filtering the juice
using qualitative filter paper. The analyses were conducted on the same day the samples were prepared.

RESULTS AND DISCUSSION
Morphological characterization

The both bare and NPG-modified electrodes’ structural morphology study was performed using Field
Emission Scanning Electron Microscopy (FE-SEM) images (Figure 1). A gold microfiber was immersed
halfway into a 5.0 mmol L™" HAuCI, in 0.5 mol L™" H,SO, solution to obtain the NPG film, enabling a clear
comparison between the bare and modified microfiber regions (Figures 1A, 1E). Amplified images of both
areas (Figures 1B, 1F) highlight their differences. The bare gold microfiber (Figures 1A, 1B) shows a smooth
surface, with only a few tiny traces inherent to the commercial microfiber. The NPG-modified microfiber,
obtained on the day of image acquisition, displays a porous film over the fiber, showing increased surface
area and roughness with nanoporous structures (Figures 1E, 1F).

SEM images of the bare and NPG-modified electrodes surfaces were also obtained (Figures 1C, 1D, 1G,
1H). The bare electrode images (Figures 1C, 1D) show the shape of a cross-sectional area of the microfiber.
The amplified image (Figure 1D) reveals a smooth surface without significant roughness. In contrast, the
SEM images of the NPG-modified electrode (Figures 1G, 1H) show the nanostructures obtained. The SEM
images of the NPG-modified electrode surface were obtained on an electrode modified ten days before
the images were taken. Even after ten days, the NPG morphology remains, demonstrating mechanical
stability. The amplified image of the NPG-modified electrode (Figure 1H) also shows the nanometer-sized
pores obtained.

In all NPG images, the honeycomb-like formation of the NPG film on the material’s surface is visible.
This formation leads to an increase in the surface area due to the gold deposition assisted by the hydrogen
bubbles formed and an increase in roughness, as seen in the formation of the porous structure.®27-2°
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Figure 1. SEM images of a bare gold microfiber 1400X magnified (A) and 30000X magnified
(B), a gold bare microelectrode 750X magnified (C) and 16000X magnified (D), a modified
microfiber with NPG 1400X magnified (E) and 30000X magnified (F), an NPG-modified
electrode 750X magnified (G) and 16000X magnified (H).

EE

Electrochemical characterization
The electrochemical characterization was carried out by CV using the bare and NPG-modified electrodes
ina 0.5 mol L' HZSO4 solution, and the results are shown in Figure 2. As one can see, distinct voltammetric
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profiles were obtained for the bare and the NPG-modified electrodes. A single anodic current peak was
observed at E = 1.4 V for the bare microelectrode. In contrast, the voltammogram for the NPG-modified
electrode shows two anodic peaks at E = 1.2V and E = 1.4 V. The difference between the profiles obtained
on the different surfaces and the two oxidation peaks on the NPG-modified electrode are attributed to the
formation of new crystalline planes of the deposited gold during the electrode surface modification.?”

During the reverse scan, a remarkable cathodic current peak (E = 0.9 V) is noticed for the NPG-modified
electrode. Hence, the electrochemically active surface area (ECSA) was determined according to the
Equations 1 and 2:?°

Charge
390 uC cm=2

Cathodic peak area

1 —2) =
Scanrate (Vs—1) (1) ECSA (em™)

Charge (C) = (2)

The modified electrode ECSA increased about 1500-fold when compared to the bare electrode. This
area increase is attributed to changes in surface morphology promoted by the gold electrodeposition, as
shown in the SEM images of the surface (Figure 1).

A1°' B 5
s i
04 0d —s
< <
310 E -5
-20 4 -10 4
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304 — NPG =15+ Bare
0.0 0.4 0.8 12 16 0.0 0.4 0.8 1.2 16
E/V vs. Ag/AgClig, sat) E/V vs. Ag/AgClkcisat)

Figure 2. CVs of bare (black curve) and NPG-modified (red curve) electrodes recorded in
a 0.5 mol L' H,S0O, solution (A) and magnified CV of the bare microelectrode (B). (Scan
rate:100 mV s).

Electrochemical behavior of ascorbic acid (AA)
AA undergoes oxidation to dehydroascorbic acid (DA) through a two-electron electrochemical reaction.*252°

HO
: Ho
HOM\S_Z&O —2e +2 H*
HO OH

Equation 1

The electrochemical behavior of AA was investigated by CV in a potential window from 0.6 to -0.2 V
in a 3.0 mmol L' AA solution in acetate buffer (pH 4.0) and the obtained CVs for both bare and NPG-
modified electrodes are shown in Figure 3. The voltammetric profile obtained using the bare microelectrode
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(Figure 3B) clearly demonstrates the anodic current generated during the oxidation of ascorbic acid in
comparison to the background signal.

Figure 3A shows the comparative study of the electrochemical behavior of AA using both bare and NPG-
modified electrodes. The CV recorded with the NPG-modified electrode (red curve) presented a maximum
current that is 42-fold higher than the bare Au electrode and a clear anticipation of the onset potential. The
observed increase in anodic current can be attributed to the significant enhancement of the ECSA. The NPG
film allows AA to penetrate the pores; hence, a larger area is available for the electrochemical reaction, and
a pre-concentration occurs within the pores, as evidenced by the first cycle of CV. In subsequent cycles,
a slight decrease in anodic current is observed due to the fast electron transfer, leading to the oxidation of
AA to DA without significant diffusion through the NPG film (Figure 1S).

The potential shift associated with the anodic process toward less positive values can be explained by
the formation of new crystalline planes in the deposited gold film.?”- 28 These new surfaces allow different
mechanisms associated with the AA oxidation, resulting in a more facile electron transfer process.??
Additionally, the species nanoconfinement in the pores increases the probability of the reaction occurrence,
as the species are close to the electrode surface. The NPG film also enables better coordination between
the electroactive species and the gold atoms, especially at the edges of the structures, facilitating better
contact between the species and the electrode surface. Finally, the nanostructured defects enhanced the
synergy between AA and the electrode surface.?”?

The AA anodic oxidation at the NPG-modified electrode presents a sharp peak at around 0.15 V (Figure
3A). This voltammetric shape reflects the fast electron transfer occurring at the NPG surface, and because
AA is rapidly oxidized to DA, such electroactive species is rapidly depleted and generates a peak that is
unusual for a microelectrode at conventional scan rates. Such behavior also reveals that AA in the bulk of
the solution takes longer to penetrate the pores.

0' . T T T -

-0.2 0.0 0.2 0.4 0.6 02 00 02 04 06 08 1.0
E/V vs. Ag/AgClc sat) E/V vs. Ag/AgClcsat)

Figure 3. CVs recorded in a 3.0 mmol L' AA solution in acetate buffer (pH 4.0) using bare
(black curve) and NPG-modified (red curve) electrodes (A) and CVs recorded in acetate
buffer (pH 4.0) solution using bare (blue curve) and NPG-modified (green curve) electrodes
(A). Magnified CVs recorded using the bare electrode (B). (Scan rate: 100 mV s).

Analytical performance
Analytical parameters

To determine the limit of detection (LOD) and the limit of quantification (LOQ), calculated according to
the IUPAC recommendations,*® an analytical curve between 30 and 100 ymol L' was recorded in acetate
buffer (pH 4.0) using the NPG-modified electrode (Figure 2S). A correlation coefficient of 0.9933 was found,
the LOD was determined as 10 ymol L', and the LOQ was determined as 30 umol L.
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A comparison of key analytical parameters between the sensor developed in this work and other
electrochemical sensor reported in the literature is presented in Table I. Compared to previously reported
methods, the strategy developed in this work achieves a low limit of detection, which are either superior
or comparable to those reported for other electrochemical sensors. Importantly, this level of sensitivity is
achieved through a simple electrochemical deposition process completed in only 100 seconds. In contrast,
many existing approaches rely on multi-step fabrication procedures, including nanomaterial synthesis,
thermal treatment, or sequential deposition steps, all of which increase the complexity, cost, and duration
of electrode preparation.

The sensor developed herein is based on a direct electrochemical modification using low-cost and
commercially available materials, without requiring additional chemical synthesis, drop-casting, or
sophisticated instrumentation. The linear concentration range obtained, along with the low detection limit,
is fully suitable for the determination of the target analyte in fruit juice samples. These features highlight the
practical applicability of the proposed sensor and support its potential as a reliable and efficient platform
for routine electrochemical analyses.

Table I. Comparison of different modified electrodes and electroanalytical techniques for AA

. Linear range LOD
Surface Technique umol L umol L Sample Ref.
PdNPs/rGO/GCE DPV 300 - 30000 100 Human serum 31
NPG DPV 320 - 3400 63 FBS 32
e-NCNF AMP 50 — 1000 20 Rat brain 33
microdialysates

ITO-rGO-AuNPs LSV 20 — 150 9.4 qu'i'r']‘éf"“'t Juice, 34
AuNPs/PAN AMP 10 - 1000 8.8 - 35
erGO/TiS,//IGCE AMP 0.1-1 0.03 Vit C tablets 36
ITO/gC,N,/NC@GC/h-ATS DPV 0.05 - 200 0.02 Urine 37
NPG DPV 30-100 10 Fruit juice This work

Interference study

A study was performed to understand the response of AAin the presence of possible interferents commonly
found in orange juices, including folic acid (FA), glutamic acid (GA), citric acid (CA), and glucose (GLU).
Experiments were performed by fixing the AA concentration at 1 mmol L' and adding the other compounds
in the same proportion they can be found in orange juices (1:0.003 for AA:FA, 1:0.6 for AA:GA, 1:10 for
AA:CA, and 1:30 for AA:GLU).* Based on the results presented in Figure 4, it can be concluded that none
of the tested species significantly influenced the AA quantification, with interference remaining at 5% for
GA, 7% for GLU, and no interference was observed for the other species studied. One can conclude that
the synergistic effect of the NPG film on the electron transfer rate involved in the AA anodic oxidation makes
the proposed sensor highly selective for determining this analyte in orange samples.
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Figure 4. Interference study performed in solutions containing
1.0 mmol L' AA in the absence and presence of the possible
interfering species: folic acid (FA), glutamic acid (GA), citric acid
(CA), and glucose (GLU) using the NPG electrode.

Normalized Response / %

Real samples

The developed NPG-modified electrode was applied to quantify AA in a natural orange juice sample.
Due to a matrix effect, which can be caused by the presence of interferences such as GA and GLU, along
with the differences in viscosity and conductivity, the AA signal obtained in the juice and by inserting the
electrode into the fruit differed from that obtained in buffer solutions, as shown in Figure 5. Therefore, the
juice’s background signal was obtained by adding slices of Cucumis sativus, a species of cucumber known
for its two peroxidases that degrade AA,* to a previously separated sample of the juice and leaving it in
agitation for five hours.

0.06
A 1.0 4 3.0 mM B Orange juice
0.8+ AA in acetate i —gf';:??l'eeatment
buffer (pH 4.0) 0041 | with cucumber
< 0.6+ — — Acetate <
=% buffer (pH 4.0) =
~ 04, ~ 0.021
0.24
0.00{ - - -
00{ = — — = —===—=-=
-0.2 0.0 0.2 0.4 0.6 -0.2 0.0 0.2 0.4 0.6
E/V vs. Ag/ AgClyg, sat) E/V vs. Ag/ AgClyg sat)

Figure 5. DPVs recorded in 3.0 mmol L" AA solution in acetate buffer (pH 4.0) and acetate
buffer (pH 4.0) solution (A) and in natural orange juice, directly in an orange and after treatment
with cucumber (B), using NPG-modified gold electrodes.
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Due to this difference, the AA determination was carried out using the standard addition method, as
shown in Figure 6. The results were compared to those obtained through coulometry, a comparative method
for AA determination?® performed on the same sample (Table II).

Table Il. AA concentration determined in natural
orange juice using DPV and coulometry

AA Concentration

Method ” RSD %
mmol L

DPV 1.7+0.1 5.9

Coulometry 1.6+0.1 6.2

The proposed sensor’s attractive features (selectivity and small size) made it possible to record the AA
response directly in an orange (the same one used to prepare the orange juice, CV shown in Figure 5B,
brown curve). The obtained signal was compared to the background corrected standard addition curve,
shown in Figure 6C, and the concentration found in the orange was 1.1 £ 0.2 mmol L.

A Orange juice B C
Y e 020] v =0.038x + 0.051 S 015 ¥ =0.038x +0.076 - 107
R?=0.991 = R? = 0.991
Q
<10‘1 <3.oA15 20.10-
= < =
= 0.10 £ 0.054
2
0.0 - - - 2
0.05 S 0.00-
o
-0.2 0.0 02 0.4 06 T = A 0 2 4
E/V vs. Ag/AgClic, sat, Added Concentration / mmol L™ Added Concentration / mmol L™

Figure 6. DPVs recorded in natural orange juice before and after additions of a standard
100 mmol L' AA solution in acetate buffer (pH 4.0) (A). Standard addition curve (B) and
background corrected standard addition curve (C).

The developed sensor was also applied to quantify AA in natural lime juice by following the same steps
used to quantify AA in natural orange juice. The standard addition curve is presented in Figures 7A and
7B, and the background-corrected standard addition curve is shown in Figure 7D. Results were compared
to those obtained through coulometry for the same sample and are shown in Table lll. The response was
also recorded directly in the lime (Figure 7C), and the concentration was found to be 2.1 £ 0.1 mmol L.
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Figure 7. DPVs recorded in natural lime juice before and after
additions of a standard 100 mmol L' AA solution in acetate buffer
(pH 4.0) (A). Standard addition curve (B). DPVs recorded in natural
lime juice, directly in the lime and after treating the natural juice with
cucumber (C). Background corrected standard addition curve (D).

Table Ill. AA concentration determined in natural
lime juice using DPV and coulometry

AA Concentration

Method ” RSD %
mmol L

DPV 1.9+£0.2 10.5

Coulometry 1.5+0.2 13.3

Coulometry titration can be a fast analysis but, as mentioned in the Experimental apparatus section of
this article, besides having a visual end point that can be susceptible to human error, its system requires the
use of 1 mL of starch indicator, 2 g of KI, and 50 mL of acetate buffer for this kind of analysis. Coulometry is
known for the capability of sequential analysis using the same cell. However, since natural juices are colorful,
it was necessary to prepare a new cell for each measurement in order to maintain the same endpoint, which
significantly increased the reagent waste. Our study also showed that in cases of natural orange juice and
in natural lime juice, coulometry RSD was higher.

The response stability of the NPG-modified electrode was also examined. If manipulated and stored under
proper conditions, i.e., without physical impacts on the surface, stored in a 0.5 mmol L' H,SO, solution,
and electrochemically cleaned before and after each day of use (by recording 100 cycles of CV with a 500
mV s scan rate in a 0.5 mol L' H,SO, solution), the response can last about a month without significant
loss, presenting less than 10% decrease after 25 days. After this time, the NPG-modified electrode no
longer presents an ideal electrochemical behavior. Stability study results are presented in the supplementary
material (Figure 3S). Results of a memory effect study, where sequential voltammograms recorded in
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a solution without AA after keeping the electrode in solution containing AA, were also performed, and
negligible signals can be noticed (Figure 4S). This confirms the absence of memory effects.

CONCLUSIONS

We have reported a novel approach to using NPG-modified electrodes, whose surface was modified by
a rapid amperometric strategy, for detection and quantification using differential pulse voltammetry of AAin
natural orange juice, natural lime juice, and for in situ analysis within an orange and a lime. The fast protocol
of modifying the electrode surface significantly enhances the sensor’s sensitivity and selectivity toward AA
detection due to an electrocatalytic effect promoted by the nanoporous structure. We also demonstrated
that the NPG-based electrode retains its electrochemical performance and structural integrity even when
applied directly within fresh fruit tissue (a slightly rigid and heterogeneous matrix) without any pre-treatment
or sample preparation. Further studies are of interest to better understand the matrix effect responsible for a
significant change in the AA response in such a sample. The results showed that the obtained LOD is way
lower than the AA concentration found in the fruits and the juices, justifying the use of the NPG-modified
electrode for this approach. The proposed sensor yielded reliable results regarding the AA content in oranges
and limes, besides being simple, cheaper, wasting fewer reagents, and not requiring sophisticated, bulky,
and expensive instrumentation. Finally, we also reported the proper conditions for manipulating and storing
the NPG-modified electrode, giving the modification a long service life.
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Figure 18S. Different CV cycles recorded in a 3.0 mmol L' AAin
acetate buffer (pH 4.0) solution (black, red and blue curve) and
a CV recorded in acetate buffer (pH 4.0) solution (green curve)
using an NPG-modified electrode. Scan rate: 100 mV s™.
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Figure 2S. Analytical curve between AA 30 and 100 pmol L
recorded in acetate buffer (pH 4.0) solutions using the NPG-
modified electrode.
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Figure 3S. Stability study results. Current was obtained by
inserting the same NPG- modified electrode into a 3.0 mmol L™
AA solution in acetate buffer (pH 4.0).
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Figure 4S. Consecutive DPVs recorded in acetate buffer
(pH 4) solution using an NPG-modified electrode. Between
measurements, the sensor was kept in a solution containing AA
to examine the memory effect.
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