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Abstract

Background and purpose: This study aimed to explore the modification of screen-printed carbon electrode
(SPCE) to produce an extensive conductive surface with gold nanoparticles (AuNPs) for the detection of
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) ribonucleic acid (RNA). Experimental
approach: The experiment was carried out using drop casting (DC) and spray coating (SC) methods. Au-S
covalent interactions were formed between thiolated single-stranded DNA (ssDNA) and Au surface, which
further hybridized with the target RNA to be detected using differential pulse voltammetry (DPV).
Optimization of experimental conditions was performed using Box-Behnken design (BBD) on probe ssDNA
concentration, probe ssDNA immobilization time, and target hybridization time. The morphology of the
modified electrode was characterized using a scanning electron microscope, while the electrochemical
behaviour was determined with DPV and electron impedance spectroscopy. Key results: The results showed
that SPCE modification with AuNPs by DC produced a higher peak current height of 12.267 pA with an Rt
value of 2.534 kQ, while SC improved the distribution of AuNPs in the electrode surface. The optimum
experimental conditions obtained using BBD were 0.5 ug mL™? ssDNA-probe concentration, an immobiliza-
tion time of 22 minutes, and a hybridization time of 12 minutes. The limit of SARS-CoV-2 RNA detection at a
concentration range of 0.5 to 10 pg mL? was 0.1664 and 0.694 pg mL™ for DC and SC, respectively. The T-
test results for both methods show that the current response of target RNA with SPCE/AuNP by DC does not
show the same result, indicating a significant difference in the current response between those two methods.
Conclusion: SPCE/AuNP by DC is better than SPCE/AuNP by SC for immobilizing inosine-substituted ssDNA,
which subsequently hybridizes with viral RNA, enabling label-free detection of guanine from SARS-CoV-2
RNA.

©2025 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative Commons
Attribution license (http.//creativecommons.org/licenses/by/4.0/).
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Introduction

Developments in nanotechnology are significantly contributing to advances in screen-printed carbon
electrodes (SPCE) modified with nanomaterials. Generally, there are three electrodes in SPCE, namely carbon-
based working, counter, and auxiliary, which serve as promising materials for sensor development that allow
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fast analysis due to the ability to be miniaturized with a small sample size [1]. The common nanoparticles used
for SPCE modification include silver, platinum, metal oxides, carbon nanotubes, and gold. Among those, gold
nanoparticles (AuNPs) have the advantage of enhancing conductivity and catalytic properties [2] while the same
has good compatibility with biomolecules. SPCE modified with AUNPs has been widely produced and provides
sensitive response results due to its high electrical conductivity. In electrochemical biosensing, AuUNPs can form
strong Au-S bonds in self-assembly monolayer (SAMs) patterns, efficiently immobilizing thiolated probes [3-5].
Therefore, AuNPs can improve electroanalytical performance better than bare electrodes due to the ability to
increase conductivity, sensitivity, detection limits, and stability [6-8].

The modification of the electrode requires careful consideration to avoid changing the chemical integrity
during the expansion of the surface area [9]. In this context, SPCE modification is carried out using various
methods such as electrodeposition [10], drop casting (DC) [11,12], spin coating [13], layer-by-layer assembly
(LbL) [14], dip coating [15], and spray coating (SC) [16]. The most common methods are electrodeposition, DC,
and SC methods due to their advantages as they provide stability and homogeneity on the SPCE surface, while
DC and SC are considered the simplest and easiest methods for modification using nanoparticles [17,18].

DC method is an electrode modification that is often used for a real sample measurement of electro-
chemical biosensors, including human papillomavirus 18 (HPV-18) [19], RBD protein S SARS-CoV-2 [20,21],
SARS-CoV-2 antigen [22], and SARS-CoV-2 antibodies [23]. Mahmoodi et al. explored the use of the DC
method by dripping the material solution on the electrode surface at a consistent volume, dwell time, and
drying [19]. On the other hand, electrochemical biosensors using electrodes modified by SC are still being
developed. SC is efficient on an industrial scale due to easy implementation on the electrode surface and the
potential use of less volume per electrode [24]. The research reported by Chomoucka et al. [25] used carbon
paste modified by SC Cu,0 nanoparticles for the detection of purine bases. During the experiment, spraying
carried out approximately 10 times was ineffective because the observed electrode surface showed no
difference from the bare surface. This was attributed to the amount of spraying, which affected the thickness
and stability of the electrode surface [24,26]. Additionally, SC nanocomposite AuNP-Hydroxyapatite has also
been reported [16] to exhibit good sensitivity and performance.

SARS-CoV-2 is an infectious disease in humans caused by the coronavirus. In March 2020, the World Health
Organization (WHO) declared this infectious disease a global pandemic due to its rapid transmission worldwide.
In the structure of the SAR-CoV-2 virus, there is a single strand of ribonucleic acid (RNA) with four main
structural proteins. Taxonomically, SARS-CoV-2 is included in Betacoronavirus (B lineage) and has four genes,
namely spike (S), membrane (M), envelope (E), and nucleocapsid (N) [27,28]. Due to the rapid spread, the
development of accurate and fast virus detection methods has gained significant attention in recent studies.

Deoxyribonucleic acid (DNA) or RNA-based detection method using electrochemical biosensor on hybridi-
zation of probe DNA sequence with its complementary strand has shown high efficiency and specificity [29].
To detect SARS-CoV-2 RNA, RNA-based detection methods can be used due to their specificity, high
sensitivity, and good efficiency. However, the selection of probes, reporters, and labels used in RNA
biosensors is essential. Hairpin DNA probes have been reported for detecting SARS-CoV-2 RNA by observing
Ru(NHs)e** [30], methylene blue (MB) and ferrocene (Fc) signals [31]. Another alternative method, namely
label-free, has been found to facilitate the detection of electrochemical biosensors [32-35]. Tripathy & Singh
[36] reported that the label-free electrochemical biosensor method depended on a nitrogen base oxidation
process without several analysis times and was free from steric hindrances. A nitrogen base that is easily
oxidized is guanine, showing the need for replacement with a similar structure, such as inosine.
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Previous studies explored the development of electrochemical biosensors for SARS-CoV-2 detection using
various modification methods such as DC, electrodeposition, and spin coating. For example, the use of AUNPs
electrodeposited graphene electrodes for smartphone-based POC sensors produced a value detection limit of
6.9 copies uL? [37], while Chaibun et al. [38] applied SPCE electrodeposited with AuNPs and produced a
detection limit value of 1 copies pL2. The study by Fabiani et al. [39] used thin-film electrodeposited AuNPs and
produced a detection limit value of 111 fM [39]. Furthermore, Raziq et al. [22] applied SPCE modified with nano
carbon black using DC to produce a detection limit of 8 ng mL™. Mojsoska et al. [40] used an SPCE modified by
graphene by electrodeposition and produced a detection limit of 20 ug mL™. On the other hand, Rahmati et
al. [41] applied a screen-printed carbon electrode modified by Cu,0 nanocubes using spin coating and produced
a detection limit value of 0.04 fg mL. The modification of SPCE by AuNPs was also carried out using DC, with
the results showing a detection limit value of 79.79 ng mL™. This study aimed to explore the detection of viral
RNA SARS-CoV-2 using SPCE modified with AuNPs through DC and SC methods. The study includes morphology
observation using SEM and electrochemical characterization, such as DPV and EIS, for each modification
method, as well as experimental design and optimization. This combination of guanine-inosine substitution,
SAM-based probe immobilization, and the use of dual modification techniques for SPCE/AuNP preparation
represents a novel advancement and its potential for the development of label-free SARS-CoV-2 RNA detection.
The findings contribute to the development of reliable, sensitive, and scalable diagnostic tools, particularly for
clinical applications in the detection of SARS-CoV-2 viral RNA.

Experimental

Materials

The materials used were DNA probe-thiol (5’ACAATTTICCCCCAICITTAI, Bioneer), RNA Target (5’CUAACG-
-CUGGGGGCAAAUUGU, Bioneer), SPCE consists of carbon-based working (diameter of 2 mm), auxiliary
electrodes, and Ag/AgCl as a reference electrode (SPCE, GSI Technologies, USA). Other materials included
aquademineralized (aqua-dm, PT Ikapharmindo Putramas, Jakarta), chloroauric acid (HAuCl4.3H,0, synthesis
results from the Chemical Analysis and Separation Laboratory in 2020), sulfuric acid (H.S04, Merck, Germany),
saline-sodium citrate buffer (SSC, Merck, Germany) pH 7,0, and sodium dodecyl sulphate (SDS). Furthermore,
potassium ferricyanide (Ks[Fe(CN)e], Merck, Germany), potassium chloride (KCl, Merck, Germany), sodium
hydroxide (NaOH, Merck, Germany), nuclease-free water (NFW, Merck, Germany), and tris 2-carboxyethyl
phosphine (TCEP, Sigma Aldrich, USA) were used in this study.

The instrument used to characterize SPCE were ZP potentiostat which was connected to a computer using
PSTrace 5.8 software (Zimmer & Peacock, UK), rotatory evaporator (BUCHI B-490, Switzerland), scanning
electron microscope with energy dispersive X-ray spectroscopy (SEM-EDX, Hitachi SU3500-EDAX Octane Pro,
Tokyo, Japan), UV-VIS spectrophotometer (Thermo Scientific), particle size analyzer (Horiba scientific, Japan)
microcentrifuge microCL 17R (Thermo Fisher Scientific, Jerman), and autoclave (Medical 2100, Prestige, USA).

Modification of screen-printed carbon/gold nanoparticle electrode

HAuCl, was synthesized from 1 g of 99.9 % pure gold, dissolved in 30 mL of aqua regia with slow stirring
using a magnetic stirrer. The solution was heated to 50 °C, then gradually to 80 °C until the gold dissolved
completely. It was further heated to reduce the volume to 20 mL, ensuring the elimination of brown fumes.
The resulting solution was transferred to a round-bottom flask and evaporated under vacuum at 60 °C using
a rotary evaporator until the solvent was removed. Subsequently, 10 mL of demineralized water was added
to the flask, and the solution was re-evaporated to concentrate it. After cooling to room temperature, the

flask was stored in a vacuum desiccator until needle-shaped crystals formed. The crystallized HAuCl, salt was
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weighed using an analytical balance and dissolved in demineralized water to a final volume of 100 mL,
resulting in a HAuCl,-3H,0 solution with a concentration of approximately 25.8 mM.

The synthesized HAuCl, was used to prepare AuNPs through a reduction process. A solution containing
1 mL of 1 mM HAuCl; was mixed with 10 mL of demineralized water in a beaker, followed by the addition of
1 mL of 1 % (w/v) trisodium citrate as a reducing agent under continuous stirring at 90 °C. The colour of the
solution gradually changed from pale yellow to deep red, indicating the formation of AuNPs. The resulting
colloidal solution was cooled to room temperature and stored for further characterization. UV-Vis spectro-
photometry analysis of the AuNPs solution revealed a distinct surface plasmon resonance (SPR) peak at
521 nm, confirming the successful synthesis of AuNPs. Particle size analysis (PSA) showed an average particle
size of 15 + 2 nm, indicating the formation of uniformly distributed nanoparticles.

Before each modification, the SPCE was cleaned with aqua-dm and dried at room temperature. For
modification of AuNPs using the DC method, the SPCE bare was dripped by 15 uL of AuNPs colloidal solution
and was allowed to dry for 24 hours. On the other hand, to modify AuNPs using the SC method, the SPCE was
first heated in UV heat for 15 minutes, then was sprayed with AuNPs colloidal solution 10 times with tool
pressure of 45 psi and allowed to dry after each spraying. SPCE/AuNPs were rinsed with water after each step
of modification and dried at room temperature. The SPCE/AuNPs were characterized using the differential
pulse voltammetry (DPV) method with a redox system consisting of 10 mM Ks[Fe(CN)e] in a 100 mM KClI
solution. The measurements were performed over a potential range of -0.8 to +0.8 V, with a scan rate of
0.008 Vs, an Esep 0f 0.005 V, an Epyise 0f 0.05 V, and a tuise of 0.05 s. Additionally, the SPCE was characterized
using electrochemical impedance spectroscopy (EIS) and scanning electron microscopy (SEM) to assess its
surface properties and electrochemical behaviour.

Biosensor response to the detection of SARS-CoV-2 synthetic target RNA

To prepare the DNA probe solution, 10 plL of a mixture containing the thiolated DNA probe and 5 pL of TCEP
was used. Then, 5 pL of the prepared DNA probe solution was applied onto the SPCE/AuNPs surface and
incubated for immobilization. After incubation, the SPCE/AuNPs/DNA probe electrodes were thoroughly rinsed
five times with SSC buffer solution (pH 7.0) to remove any unbound material. The SPCE/AuNPs/DNA probe was
hybridized by applying 5 uL of target RNA onto the electrode surface and incubating it to allow hybridization
between the probe and the target. After incubation, the electrode was rinsed five times with a buffer solution
composed of SSC buffer and 0.1% SDS (pH 7.0) to remove any unbound target RNA. The guanine oxidation signal
was then measured using the DPV technique. The analysis was performed over a potential range of -0.8 to +1.2
V, with a scan rate of 0.008 V s}, an Egtep 0f 0.005 V, an Epuse of 0.05 V, and a touse of 0.05 s. An illustration of the
SPCE modification with AuNPs using the DC and SC techniques is provided in Figure 1.
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Figure 1. lllustration of SPCE modification with AuNPs using DC and SC techniques of electrochemical DNA biosensor
for detection RNA SARS-CoV-2
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Optimization of parameters

The experimental response data were analysed to optimize the instrument parameters and determine
the ideal conditions for the system. The Box-Behnken Design (BBD), a statistical approach for response
surface methodology (RSM), was employed to systematically evaluate the effects of multiple factors and their
interactions. The analysis was conducted using Minitab-18 software, which facilitated the design, execution,
and interpretation of the optimization process. Each factor listed in Table 1 was varied according to the BBD
framework to generate a set of experimental conditions. The responses were then processed to identify the
optimum values for each factor that maximize sensitivity and ensure reproducibility. The optimized
parameters were subsequently validated through additional experiments to confirm their effectiveness in
enhancing the performance of the system.

Table 1. Box-Behnken design for parameter selection

Level
Factor 1 0 )
Immobilization time, min 10 20 30
DNA probe concentration, ug mL? 0.5 1.0 1.5
Hybridization time, min 5 10 15

Determining the statistical significance of the T-test

To evaluate the performance of the two modification methods—drop casting and spray coating—the T-test
was conducted based on the average current values obtained from the SPCE/AuNPs electrodes. The current
measurements were recorded four times for each method using DPV. The mean and standard deviation of the
current values were calculated for both methods, providing the necessary data for statistical comparison. The
T-test was performed to determine whether the two methods had a statistically significant difference. The test
statistic (tcount) Was calculated using Equation (1).

St &

Where X; and X, are the mean current values for drop casting and spray coating, respectively; S;% and S,? are
the variances of the current values for the two methods and n: and n, are the sample sizes (number of
measurements) for each method.

Results and discussion

Characterization of screen-printed carbon/gold nanoparticle electrode

The modification of SPCE/AuNPs was conducted using DC and SC methods to increase the electron
transfer rate to the electrode surface and the ability to immobilize biomolecules. The mechanism of
modification using the DC method included the spreading of nanoparticle solution droplets, leading to
extensive coverage on the surface. For optimal adherence of nanoparticles, the AuNP solution was left for
24 hours, and it remained on the electrode surface while the unattached solution was washed away. The
guantity of adhered nanoparticles was controlled by the volume, concentration, and time of AuNPs solution
under optimal conditions. Before SC, pretreatment of SPCE was performed by exposing samples to ultraviolet
light for 15 minutes to oxidize the carbon particles so that the carbon functional groups on the surface of
SPCE would remain active. The activation showed that carbon from the relaxation energy level was excited
to a higher energy level. This pretreatment was also carried out to clean the electrode surface, change the
microstructure and surface chemistry, and produce new active sites affecting the sensitivity of the electrode
to the target analyte.
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The mechanism of SPCE/AuNPs using the SC method includes the formation of fine aerosols through a
nozzle jet during application. Aerosol droplets hit the electrode surface when sprayed and stick to the
electrode surface after modification. AuNPs spread evenly across the entire electrode surface, producing a
uniform placement of nanoparticles similar to a film layer. However, several factors, such as volume, should
be considered. This is because a larger volume is essential, as some spraying that does not precisely hit the
electrode surface will be wasted. After spraying, the AuNPs solution is left on the electrode surface until it

dries for proper adherence.

SEM characterization results of the SPCE surface are shown in Figure 2. Specifically, Figure 2a presents the
SPCE bare surface before modification, while Figures 2b and 2c show modified SPCE/AuNPs using DC and SC,
respectively. DC method shows a higher quantity of nanoparticles than SC, which has a more homogeneous
distribution.

Figure 2. Images of morphological surface observation using SEM for (a) bare SPCE; (b) SPCE/AuNP by DC; and
(c) SPCE/AUNP by SC

Figure 3a shows DPV voltammograms of SPCE/AuNP before and after modification using DC and SC in the
Ks[Fe(CN)e] redox system. Curves a and b show the increase in the peak current response of SPCE/AuNPs. Based
on the results, the modification process shows increased conductivity and electron transfer in SPCE/AuNP
compared to bare SPCE. Based on the result, both modification processes show an increase in peak current,
suggesting higher conductivities and higher electron transfer rates for oxidation of the iron cyanide. In
comparison, the DC method produces a more significant increase in peak current of 12.267 pA (Figure 3a, blue
line) than the SC method at 6.179 pA (Figure 3a, green line).
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Figure 3. (a) DPV voltammogram of SPCE in scan rate of 0.008 V s in the potential range of -0.8 to 0.8 V with a scan
rate of 0.008 V s, Estep 0.005 V, Epuise 0.05 V, and touise 0.05 s and (b) Nyquist plot of SPCE in a frequency of 0.1 to
1000000 Hz at anodic peak current potential of 0.01 V using 10 mM K3z[Fe(CN)s] 10 mM in 100 mM KCl solution
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The consistency of concentration in a fixed volume can be a significant factor in the modification of
SPCE/AuUNPs, although it is less homogeneous compared to the SC method (Figure 2). The results suggest that
the advantage of DC includes the requirement of large volume along with the ability to maintain consistency
and stability, while SC offers better uniformity but requires further optimization to increase the current to a
higher level by adjusting the distance, volume, spraying rate, and time.

The EIS characterization results were observed from the semicircular part of the Nyquist plot at higher
frequencies related to the electron transfer process. As the current increases due to electron transfer, the impe-
dance and R diameter will become smaller [42]. The comparison of Rt values before and after modification of
AuNPs is shown in Figure 3b. The R diameter for the bare SPCE (Figure 3b green line, 4.543 kQ) decreases
significantly compared to the diameter of SPCE/AuUNP both via SC (Figure 3b purple line, 2.698 kQ) and DC
(Figure 3bred line, 2.698 kQ). The large surface area of AuNPs, electron transfer properties and electrocatalytic
activity contribute to a significant reduction in resistance, thereby accelerating the electron transfer rate [43].

Electrochemical biosensor for the detection of SARS-CoV-2 RNA and its morphology

In this study, the modification of SPCE/AuNPs was carried out using DC and SC methods for biosensors to
detect SARS-CoV-2. These biosensors depended on SPCE/AuNPs for direct hybridization to detect the target
RNA sequence. The intrinsic signal of the targeted guanine was applied without using external redox
indicators depending on nitrogen base oxidation processes. To ensure accurate detection, guanine in the
probe was converted into inosine.

The thiolated DNA probe was mixed with TCEP before being dropped onto SPCE/AuNPs. TCEP was a potent
thiol-free reducing agent that was stable and soluble in many aqueous solutions at any pH. Since the initial
thiolated ssDNA probe lacked a free thiol at the 5' end, thiol was capped with a protective disulfide (S-S)
bond. TCEP would remove protective disulfide bonds in thiol-modified ssDNA probes. Therefore, a free thiol
(-SH) modified ssDNA probe could interact with Au [44].

Immobilization of the thiolated DNA probe was performed on the electrode surface through a self-
assembled monolayer (SAM) with an Au surface, forming strong affinity interactions to create an S-Au covalent
bond, which produced a dense and organized monolayer [45]. S-Au reaction was a Lewis acid-base, where the
free electrons on S atoms bind with Au. Subsequently, sulphur atoms became positively charged and released
hydrogen, making S neutral (tending to be stable). Au captures electrons from S, converting Au® to Au™. To
stabilize Au” back to Au®, electrons from Au are used to reduce H* to H,, forming SAM between Au and S [46].

Figure 4 shows the result of measuring the guanine oxidation signal for probe DNA and DNA probe-RNA
target hybridization using DC (Figure 4a) and SC (Figure 4b) methods. The guanine oxidation peak on the
carbon-based electrode is in the potential range of 0.9 to 1.29 V [34]. The results show that the guanine
oxidation peak is in the potential range of 0.7 to 0.9 V. By substituting guanine bases in the DNA probe
sequence with inosine, the DNA probe no longer shows guanine oxidation peaks. Although inosine has
characteristics similar to guanine and hybridizes with cytosine, it does not provide an oxidation signal
response in the potential region. Therefore, only a guanine oxidation signal was detected during the
hybridization of DNA probe-target RNA.

Hybridization with target RNA produced a higher peak current in the DC method (2.251 pA) compared to
SC (1.052 pA), with each probe DNA concentration of 0.5 pg mL? and target RNA 1 ug mL™. The selectivity of
the DNA probe immobilized on SPCE/AuNP when hybridized with non-target RNA showed no current
response, similar to the signal observed for the SPCE/AuNP/DNA probe as presented in Figure 4 (curve b).
This showed that the biosensors could detect the target RNA from SARS-CoV-2.
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Figure 4. The difference of guanine oxidation current peak in DPV voltammograms for the DNA probe-target RNA
hybridization, DNA probe-non target hybridization, and DNA probe on the SPCE/AuNPs by (a) DC and (b) SC. The
solution was 0.01 M PBS with a scan rate of 0.008 V s in the potential range of -0.8 to 1.2 V with a scan rate of 0.008
\Y S-l, Estep 0.005 V, Epuise 0.05 V, and tpuise 0.05 s

Optimization parameter biosensor using Box-Behnken experimental design

Optimization is improving the performance of a system, process, or product to obtain maximum benefits.
BBD is a statistical method for determining which factors are significant to an outcome with minimum
experimental replication. In this study, the three factors used were DNA probe concentration (X1), DNA probe
immobilization time (X2), and DNA probe-target RNA hybridization time (Xs). Each factor varies at three different
levels, ranging from lowest (-1) to middle (0) and highest (+1). Subsequently, the current response measure-
ment results are processed using the Minitab program [47].

In this study, a significance test was conducted using analysis of variance (ANOVA) to determine the
existence of the influence of various variables tested. Significance is the magnitude of the probability or
opportunity to make an error in deciding. The a-value (significance level) was determined to indicate the
allowable error, namely the 1-confidence level. The confidence level used was 95 %, corresponding to a
significance level of a = 0.05. A larger p-value (approaching 1/p > 0.05) showed that the factor did not have a
significant influence on performance (Y). Meanwhile, a small p-value (close to zero, p < 0.05) significantly
influences the response at the 95 % probability level. Based on the analysis, DNA probe concentration
(P =0.01) and DNA probe immobilization time (P = 0.007) were significant factors.

Lack of Fit (LOF) is a deviation or uncertainty in the first-order linear model. The Picof the fit Value obtained
was 0.208 based on the statistical analysis conducted using ANOVA, which means that the LOF was not
significant, indicating that the linear model used was appropriate. Based on the regression equation
obtained, decreased and increased responses were shown by factors with negative and positive values,
respectively. Hence, the optimum experimental conditions obtained through BBD were 0.5 pg mL* for DNA
probe concentration, 22 minutes for DNA probe immobilization time, and 12 minutes for DNA probe-target
RNA hybridization time.

Calibration curves of biosensor

The response to variations in the concentration of synthetic target RNA was measured under optimum
conditions using synthetic target RNA concentrations (0.5; 1.0, 1.5, 5.0 and 10.0 pg mL?). The measurement
was carried out in buffer solution using the DPV method over a potential range of -0.8 to +1.2 V with a scan rate
of 0.008 V s*. Based on Figures 5a and 5b, the concentration of the target RNA increased along with the peak
current of the guanine oxidation signal for both electrodes modified by the DC and SC methods. Subsequently,
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linearity was determined to understand the relationship between the analysed synthetic target RNA
concentration and the peak current of guanine oxidation produced (Figure 5c and 5d). The results showed that
the average current response of target RNA with SPCE/AuNPs using DC was higher than SC across measurable
concentration variations compared to the SC method. However, the voltammogram from the DC method
showed lines with more movement or noise compared to SC. This was due to the inability to create a
homogeneous distribution of Au on the SPCE surface compared to SC.

(a) 6 (2) 10 pg.mL" (b) 6 (a)10 pg.mL!
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Figure 5. DPV voltammogram of guanine oxidation against variations in synthetic target RNA concentration on
SPCE/AuNPs by (a) DC and (b) SC. Calibration curve of guanine oxidation signal against variation in target RNA
concentration (0.5; 1; 1.5; 5; 10 pg mL™) on SPCE/AuNP by (c) DC and (d) SC, measured using DPV with a scan rate of
0.008 V.s! over a potential range of -0.8 to +1.2 V in 0.01 M PBS solution

Furthermore, a T-test was used to compare the two methods. The null hypothesis (Ho) stated that there
was no significant difference between the two methods, while the alternative hypothesis (Ha) reported a
substantial variation. T-test giving results giving tcount Of 6.992 and twble of 2.447. This showed that the
hypothesis being tested by Ho was rejected and the Ha was accepted, meaning that the results of SARS-CoV-
2 RNA detection using SPCE/AuNPs via DC were significantly different from the SPCE/AuNPs modified via SC.

The linearity equation for the DC method in Figure 5c obtained the equation y = 0.3302x + 1.852 with
r* =0.9907, while SC in Figure 5d gave the equation y = 0.357x + 0.516 with r? = 0.9893. The slope values
showed two equations, with DC electrochemically having higher sensitivity than SC. The limit of detection
(LoD) was found to be 0.166 pg mL* and the limit of quantification (LoQ) at 0.505 pg mL™ for DC, while SC
had 0.694 and 2.105 pg mL?, respectively. A total of six repeated measurements at one concentration of
synthetic target RNA produced a precision of 99.7 % for DC and 99.4 % for SC, with accuracy rates of 94.4 %
and 80.8 %, respectively. LoD and LoQ of SPCE/AuNPs modified using the DC method were lower compared
to SC. Based on these results, the DC method was considered more sensitive despite SC having cleaner
voltammograms with less noise. Therefore, the modification of SPCE/AuNPs using DC outperformed SC for
detecting SARS-CoV-2 RNA. A comparison of SARS-CoV-2 detection using electrochemical biosensors in this
study with other studies can be seen in Table 2.
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Table 2. Research on electrochemical biosensors to detect SARS-CoV-2 using various electrode modification
techniques

Electrode Modification technique LoD Reference
Graphene electrode/AuNPs Electrodeposition 6.9 copy pL? [37]
SPCE/AuNPs Electrodeposition 1.0 copy pL? [38]
Thin-film/AuNPs Electrodeposition 111 fM [39]
SPCE/graphene Electrodeposition 20 ug mL? [40]
SPCE/AuNPs Drop casting 79.97 ng mL? [20]
SPCE/nano black carbon Drop casting 8 ng mL? [22]
SPCE/Cu20 nanotubes Spin coating 0.04 fg mL? [41]

SPCE/AuNPs Drop casting and spray coating  DC: 0.166 pg mL?t, SC: 0.694 ug mL?  This work

Conclusions

This study highlights the successful modification of SPCE with AuNPs using drop casting (DC) and spray
coating (SC) methods to enhance biosensor performance for SARS-CoV-2 RNA detection. The DC method
achieved a higher density of AuNPs on the electrode surface, leading to improved electron transfer
efficiency and a greater increase in peak current response compared to the SC method. In contrast, the SC
method provided a more uniform distribution of AuNPs, albeit with a lower peak current response. Electro-
chemical characterizations using DPV and EIS confirmed improved conductivity and reduced resistance for
both methods, with the DC method exhibiting higher sensitivity (LoD = 0.166 pg mL?) compared to SC
(LoD = 0.694 pg mL?). Although the DC method offered greater sensitivity and a lower detection limit, the
SC method produced cleaner, less noisy voltammograms. Both approaches demonstrated high selectivity,
as non-target RNA hybridization did not produce a detectable signal. Overall, the DC method is more
suitable for applications demanding high sensitivity, while the SC method is advantageous for achieving
uniform nanoparticle coverage. This study also demonstrates the potential of SPCE/AuNP-based biosen-
sors in clinical diagnostics and provides a solid foundation for further development in nucleic acid detection
technologies.
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