J. Electrochem. Sci. Eng. 21(1) (2022) 219-235; http://dx.doi.orq/10.5599/jese.1206

j
Open Access : : ISSN 1847-9286

www.jESE-online.org

Original scientific paper

The optimization of an electrochemical aptasensor to detect
RBD protein S SARS-CoV-2 as a biomarker of COVID-19 using
screen-printed carbon electrode/AuNP

Arum Kurnia Sari?, Yeni Wahyuni Hartati%>"?, Shabarni Gaffar®?, Isa Anshori?,
Darmawan Hidayat*, Hesti Lina Wiraswati®

IDepartment of Chemistry, Faculty of Mathematics and Natural Sciences, Universitas Padjadjaran,
Indonesia

’Moleculer Biotechnology and Bioinformatics Research Center, Universitas Padjadjaran, Indonesia
3Lab-on-Chip Group, Biomedical Engineering Department, Bandung Institute of Technology,
Indonesia

“Department of Electrical Engineering, Faculty of Mathematics and Natural Sciences, Universitas
Padjadjaran, Indonesia

>Department of Parasitology, Faculty of Medicine, Universitas Padjadjaran, Indonesia

Corresponding author: *' yeni.w.hartati@unpad.ac.id; Tel.: +628122132349
Received: December 7, 2021; Accepted: February 8, 2022; Published: February 21, 2022

Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the virus identified as the
cause of the Coronavirus Disease 2019 (COVID-19) outbreak. The gold standard for
detecting this virus is polymerase chain reaction (PCR). The electrochemical biosensor
method can be an alternative method for detecting several biomolecules, such as viruses,
because it is proven to have several advantages, including portability, good sensitivity, high
specificity, fast response, and ease of use. This study aims to optimize an electrochemical
aptasensor using an AuNP-modified screen-printed carbon electrode (SPCE) with an
aptamer to detect RBD protein S SARS-CoV-2. Aptasensors with the streptavidin-biotin
system were immobilized on the SPCE/AuNP surface via covalent bonding with linkers to
3-mercaptopropionic acid (MPA) and electrochemically characterized by the [Fe(CN)s]?”*
redox system using differential pulse voltammetry. The results showed that the immobilized
aptamer on the SPCE/AuNP electrode surface experienced a decrease in current from
11.388 to 4.623 UA. The experimental conditions were optimized using the Box-Behnken
experimental design for the three factors that affect the current response. The results of the
optimization of the three parameters are the concentration of aptamer, incubation time of
aptamer, and incubation time of RBD protein S SARS-CoV-2, each of which is 0.5 ug/mlL, 40
minutes, and 60 minutes, respectively. The RBD protein S SARS-CoV-2 with various
concentrations was tested on an electrochemical aptasensor to determine the detection
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limit and quantification limit, and the respective results were 2.63 and 7.97 ng/mL. The
electrochemical aptasensor that has been developed in this study can be applied to detect
RBD protein S SARS-CoV-2 as a COVID-19 biomarker in a simple, practical, and sensitive way.

Keywords
Box-Behnken design, 3-mercaptopropionic acid, differential pulse voltammetry, porta-
bility, fast response

Introduction

SARS-CoV-2 is a positive single-strand RNA virus with a size of 29.9 kb, which is responsible for the
COVID-19 disease. Based on the phylogenetic analysis, SARS-CoV-2 is included in the betacoronavirus
of the subgenus Sarbecovirus. SARS-CoV-2 has four structural proteins, namely spike protein (S), mem-
brane protein (M), an envelope protein (E), and nucleocapsid protein (N), which are integrated into
the phospholipid bilayer [1,2]. The S protein consists of two functional subunits, namely the S1 subunit,
which is responsible for attaching the virus to receptors on the host cell surface via the receptor-
binding domain (RBD), and the S, subunit, which is responsible for the fusion of the viral membrane
with the host cell to facilitate the entry of the virus into the host cell [3,4]. As a result, the RBD protein S
SARS-CoV-2 has emerged as a prime target for diagnosis, treatment, and vaccination [5].

Currently, there are several types of methods used to detect SARS-CoV-2, such as molecular tests
based on detection of viral RNA, antigen tests based on detection of viral proteins, and antibody
tests based on detection of specific antibodies against viral proteins. Reverse Transcription
Polymerase Chain Reaction (RT-PCR) is the gold standard method for the detection of SARS-CoV-2
virus RNA. The main limitations of this method are the expensive equipment requirements and the
need for highly qualified experts. The molecular technique necessitates a lengthy sample processing
time, as well as complex and expensive facilities. Lateral Flow Immunoassays (LFIAs) provide a faster
response but have lower sensitivity [6]. Meanwhile, detection methods targeting antibodies based
on Enzyme-linked Immunosorbent Assay (ELISA) are not suitable for early diagnosis because most
patients have antibody responses around 7 to 21 days after infection [7,8].

The electrochemical biosensor has been widely used to detect a variety of biomolecules, such as
viruses [9]. Biosensors have been shown to have many benefits, including portability, ease of use,
quick response, high sensitivity, and high specificity [10,11]. Antibodies, aptamers, and nucleic acids,
among some other bioreceptors, can be well immobilized on the electrode surface for detection
purposes [9].

Electrochemical biosensor methods have also been reported to be used for the detection of
SARS-CoV-2 by using various bioreceptors, such as antibodies [12—-15], ssDNA [16,17], antigens
[18,19], and aptamers [20,21].

The aptamer is a single-stranded DNA or RNA nucleic acid molecule selected through an in vitro
method known as Systematic Evolution of Ligands by Exponential Enrichment (SELEX) [22], which can
bind to various targets with high selectivity and specificity, such as metal ions, small molecules,
proteins, amino acids, peptides, microorganisms, cells, viruses, and other nucleic acids [23-25].
Compared with antibodies, aptamers have several advantages, namely smaller size, thermal stability,
high affinity, excellent sensitivity, easy synthesis, lower toxicity, and easy chemical modification [22].
Biosensors that utilize aptamers as identification elements are referred to as aptasensors. An aptamer
for SARS-CoV-2 has been reported by Song et al. [5] of the SELEX method that binds to the RBD protein
S SARS-CoV-2. The RBD protein S SARS-CoV-2 and the aptamer CoV2-RBD form hydrogen bonds with
the amino acids of the RBD protein S SARS-CoV-2 [5].
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Aptamer immobilization technique is another critical step in the development of electrochemical
aptasensors because it has a significant impact on the overall performance of an aptasensor.
Immobilization is used to attach or conjugate a bioreceptor to a transducer. The most commonly
used aptamer immobilization technique is physical adsorption and covalent bonding, such as self-
assembled monolayers (SAM) with thiol-based interactions, streptavidin-biotin interactions, and
surface activation with EDC/NHS [26-28]. Abrego-Martinez et al. [21] report an aptamer-based
biosensor developed using a screen-printed carbon electrode for the detection of SARS-CoV-2.
Aptamer immobilization on screen-printed carbon electrode modified gold nanoparticles (AuNPs)
through self-assembled monolayer (SAM), a thiol-based interaction formed spontaneously by
incubation at 4 °C for 8 hours. Idili et al. [21] also reported an electrochemical aptamer-based (EAB)
sensor capable of quantifying the SARS-CoV-2 spike (S) protein using a standard three-electrode cell
with a platinum counter electrode and an Ag/AgCl (3 M KCl) reference electrode. Aptamer
immobilization through self-assembled monolayer (SAM), namely thiol-based interaction on the
surface of gold electrodes.

Despite some complexity in the procedure, the aptamer immobilization via streptavidin-biotin
interaction has been chosen based on the known advantages of the methodology. These include the
need for very low amounts of biotinylated aptamer, the fact that it is less affected by changes in buffer
concentration, pH, denaturants, and high temperatures, as well as the decrease of non-specific
adsorption and improvement of the signal-noise ratio. However, it is important to mention that other
options could have been evaluated to immobilize the aptamer onto the gold electrode surface, such
asvia an Au-S bond [27]. In addition, Liebana and Drago. [29] study on Bioconjugation and stabilization
of biomolecules in biosensors stated that the characteristics of immobilization methods based on
bioaffinity such as streptavidin-biotin have advantages such as good orientation, high specificity, high
selectivity, high functionality, and well-controlled [29]. The streptavidin-biotin interaction is used in
the aptamer immobilization technique, which is based on the specific affinity of streptavidin and
biotin. Streptavidin immobilization on the electrode surface can be achieved through the MPA linker
(3-mercaptopropionic acid). MPA is an organosulfur compound that can bind to gold through Au-S
bonds. The other terminal end of MPA is the carboxylate group, so the carboxyl group can chemically
bind to other groups [30].

Most analytical methods face the problem of time and high reagent consumption, which can be
caused by the procedure for determining the optimal conditions of a study that requires many
experiments with sufficient numbers. This is especially detrimental in terms of cost, materials, and
time. An approach with a chemometric method can be used to solve this problem. This method
assesses the significant factors that will affect the response [31,32]. Amongst the tools for the
analysis of chemometrics, the Box-Behnken is able to actualize optimization of processes through
the implementation of fewer test sets. Moreover, Box-Behnken allows the determination of inter-
active effects and the measurement of the effect level of parameters [33]. In the biosensor, the
incubation time and the stability of the biomolecules on the electrode surface were the most
important parameters. The optimum incubation time determines the time required to bond comple-
tely to the electrode surface. When the incubation time is lower, it will result in an imperfect bond.
Meanwhile, if the incubation time is too long. This will cause the bonds to become saturated [34].
So, using the differential pulse voltammetry, the effect of bioreceptor incubation time, bioreceptor
concentration, and target analyte incubation time on this electrochemical aptasensor current
response was determined electrochemically with K3[Fe(CN)s] redox system.
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In this study, an electrochemical aptasensor method was developed to detect the RBD protein
S SARS-CoV-2 as a biomarker of COVID-19 disease. The aptamer will then bind to the RBD protein
S SARS-CoV-2, which can be detected electrochemically with the K3[Fe(CN)s] redox system using the
differential pulse voltammetry. Furthermore, the optimum experimental conditions were deter-
mined and a standard RBD protein S SARS-CoV-2 test was carried out with various concentrations
to determine the analytical parameters. According to the literature we read, aptasensors using SPCE
modified gold nanoparticles with an aptamer immobilization system based on the interaction
between streptavidin and biotinylated aptamers, and the optimization of the experiment are the
first to be reported. The developed electrochemical aptasensor was tested on saliva samples and
also for selectivity against interferences in saliva samples.

Experimental

Materials

The materials used in this study were 1-Ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC)
(Sigma Aldrich, Singapore), 3-mercaptopropionic acid (MPA) (Sigma Aldrich, Singapore),
demineralized water (PT lkapharmindo Putramas, Indonesia), biotinylated aptamer (biotin 5'- CAG
CAC CGA CCT TGT GCT TTG GGA GTG CTG GTC CAA GGG CGT TAA TGG ACA-3') (Bioneer, Korea),
chloroauric acid (HAuCls.3H,0) (synthesized by the Chemical Analysis and Separation Laboratory
December 28, 2018, Indonesia), ethanolamine (Merck, Germany), potassium ferricyanide
K3[Fe(CN)s] (Sigma Aldrich, Singapore), potassium chloride (KCl) (Merck, Germany), RBD Protein S
SARS-CoV-2 solution (GenScript, USA), trisodium citrate (NasCeHs07.2H,0) (Merck, Germany), N-
hydroxysuccinimide (NHS) (Sigma Aldrich, Singapore), phosphate-buffered saline (PBS) pH 7.4
(Merck, Germany), and streptavidin (Promega, USA).

Tools

The SPCE (GSI Technologies, USA) was used as a working, auxiliary, and Ag/AgCl as a reference
electrode for the electrochemical transducer. The electrochemistry measurements were conducted
using a Zimmer & Peacock potentiostat connected to a computer using PSTRACE 5.8 software
(Zeamer & Peacock, UK). A scanning electron microscope (SEM) (Hitachi TM3000, Japan) was used
for electrode surface morphology analysis. UV-Vis spectrophotometer (Thermo Scientific, US) and
Particle Size Analyzer (PSA) (HORIBA SZ-100) were used for the characterization of compounds.

Preparation of colloidal gold nanoparticles (AuNP)

The gold nanoparticles (AuNP) colloids were prepared by adding 10 mL of 0.75 mM chloroauric
acid, stirring and heating on a magnetic stirrer. After boiling, add as much as 1.7 mL of 1 % trisodium
citrate and stir while heated until the solution color changes to wine red. Then the prepared AuNP
colloid was stored in a brown glass bottle at 4 °C. After that, the colloidal gold nanoparticles formed
were characterized using a UV-Vis spectrophotometer and a particle size analyzer (PSA) [35,36].

SPCE modification with AuNP

The overall schematic of the electrochemical aptasensor method is shown in Figure 1. The SPCE
surface was rinsed with demineralized water and dried at room temperature. Then, 25 plL of
colloidal AuNP solution was dropped onto the surface of the SPCE and incubated at room
temperature for 24 hours. The SPCE/AuNP was rinsed with demineralized water and dried at room
temperature before being electrochemically characterized by differential pulse voltammetry over a
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potential range of -1.0 to 1.0 V at a scan rate of 0.008 V/s, Estep 0.004 V with an Epuise of 0.025 V and
touise of 0.05 s. SPCE before and after modification were also characterized using SEM [37].
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Figure 1. Schematic of an electrochemical aptasensor for RBD Protein S SARS-CoV-2 detection

Fabrication of the electrochemical aptasensor

The SPCE/AuNP was incubated with 0.01 M MPA for 20 minutes at 25 °C. After that, the SPCE/
/AUNP/MPA were rinsed with ethanol. Then 0.1 M EDC solution and 0.1 M NHS solution (1:1 v/v) were
incubated for 60 minutes at 25 °C, and rinsed with demineralized water. The streptavidin solution was
incubated overnight at 4 °C on the surface of the SPCE/AuNP/MPA/EDC:NHS, then rinsed with PBS
solution pH 7.4 0.01 M. Ethanolamine was dropped onto the surface of the SPCE/AuNP/
/MPA/EDC:NHS/Streptavidin for 20 minutes at 25 °C, then rinsed with demineralized water. Further-
more, the 0.5 pg/mL biotinylated aptamer was immobilized on the SPCE/AuNP surface using a
streptavidin-biotin system for 40 minutes at 25 °C, then rinsed with PBS solution pH 7.4 0.01 M.

After the aptamer was successfully immobilized on the surface of the SPCE/AuNP electrode with
the streptavidin-biotin system, the non-specific binding site on the electrode surface was incubated
using 1 % BSA solution for 15 minutes at 25 °C, and then rinsed with PBS solution pH 7.4 0.01 M. After
that, a solution of RBD protein S SARS-CoV-2 with a certain concentration was dropped on the
electrode and incubated for 60 minutes at 25 °C. Then, using a redox system of 10 mM Ks[Fe(CN)s]
solution in 0.1 M KCl, differential pulse voltammetry was performed over a potential range of -1.0 to
1.0V at a scan rate of 0.008 V/s, Estep 0.004 V with an Epyise of 0.025 V and tpuise of 0.05 s [22].

Determination of optimum conditions from parameters affecting experiments

Factors such as aptamer concentration (Xz), aptamer incubation time (Xz), and incubation time
of RBD protein S SARS-CoV-2 (X3) were selected as factors to be optimized in the experiment [22,38].
Each factor is designed at three different levels, the lowest (-1), medium (0), and highest (+1) levels,
as shown in Table 1. The response of the measurement results from the experiment was then
processed and determined the optimum value of each of these factors using the Box-Behnken
experimental design with Minitab18 software.
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Table 1. Optimization factors affecting the experimental conditions

Factor Level
-1 0 +1
Aptamer concentration, ug/mL 0.5 1.0 1.5
Aptamer incubation time, h 0.67 2 16
RBD protein S SARS-CoV-2 incubation time, min 30 45 60

Results and discussion

Characterization of colloidal gold nanoparticles (AuNP)

The Turkevich method was first performed in 1951 and is one of the most commonly used
methods for the synthesis of gold nanoparticles. It is based on the reduction of the precursor
tetrachloroauric acid (HAuCls) with trisodium citrate in a boiling water solution. Figure 2a shows the
results of UV-Vis spectrophotometry of gold nanoparticles with a peak at 521 nm. However, Figure
2b shows the results of the particle size analyzer (PSA) characterization that the gold nanoparticles
formed are 38.6 nmin size.

The oxidation number of gold includes Au*! (aurous), Au*? (auric/aurat), and the one that is not
oxidized is Au®. Au® is the final condition required for a nanoparticle. Therefore, the basic principle
of this method involves the reduction of Au3* to Au® in the presence of a reducing agent such as
trisodium citrate. The precursor chosen is chloroauric acid (HAuCls), where gold is in the oxidation
state Au*3[39-41], while trisodium citrate functions as a stabilizing and reducing agent. Trisodium
citrate electrostatically stabilizes gold nanoparticles. Because of the repulsion between the negative
charges on the surface, the negative charge of the citrate ion adsorbed on the surface of the gold
nanoparticles can prevent aggregation between nanoparticles [42,43].
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Figure 2. Characterization of gold nanoparticles. (a) The results of the characterization of gold nanoparticles
using a UV-VIS spectrophotometer. The maximum absorption wavelength of gold nanoparticles is at 521 nm;
(b) Characterization results of Particle Size Analyzer (PSA) of gold nanoparticles with a size of 38.3 nm

The use of nanoparticles is one of the methods used in the development of a biosensor. The
function of nanoparticles in biosensors is to increase the immobilization of biomolecules, catalyze
electrochemical reactions, label molecules, and enhance electron transfer. Several types of nano-
particles are used in biosensor applications, one of which is gold nanoparticles. Gold nanoparticles
have a suitable function for increasing the sensitivity and selectivity of biosensors because of their
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relatively simple biocompatibility, optical, electronic, production, and modification properties [40],
and also exhibit a high surface area ratio and excellent conductivity [44].

The characterization of gold nanoparticles aims to determine the distribution of particle size and
morphology because these two parameters are very important in the characterization of a nano-
particle. The UV-Vis spectrophotometer is one of the important instruments used for the charac-
terization of synthesized nanoparticles. The interaction of gold nanoparticles with light can be deter-
mined by the size, morphology, shape, and chemical environment of the synthesized nanoparticles.
The resonance resulting from the electron oscillation of gold nanoparticles and incident light waves
provides surface plasmon resonance of gold nanoparticles. The surface plasmon resonance for gold
nanoparticles is in the wavelength range of 500-600 nm, depending on the particle size [45]. The
AuNP colloid produced in this study has an absorption peak at a maximum wavelength of 521 nm,
which indicates that the size of the gold nanoparticles produced is quite good. Figure 2a shows the
absorption of gold nanoparticles at 521 nm.

Gold nanoparticles were assessed using a particle size analyzer (PSA) and the dynamic light
scattering (DLS) technique, which shows the average diameter of hydrodynamic particles in a liquid
solution. Figure 2b shows the DLS analysis of gold nanoparticles with an average size of 38.3 nm.

Characterization of electrochemical aptasensor

One of the working electrodes often used is the screen printed-carbon electrode (SPCE). SPCE
has many advantages, such as high efficiency, ease of carrying and use, fast analysis, and small
sample size, so it is very prospective for sensor development [46]. The use of gold nanoparticles in
SPCE can increase the electroactive surface area and increase electron transfer rate between the
electrode and the analyte. The modified electrodes provide fast, accurate measurements, as well as
high sensitivity and selectivity [47].

SPCE before and after modification with gold nanoparticles was characterized using differential
pulse voltammetry in 10 mM Ks[Fe(CN)e] solution in 0.1 M KCI. The redox system of Kz[Fe(CN)e]
solution at bare SPCE (curve a) and SPCE/AuUNP (curve b) showed an increase in peak current
response after SPCE was modified with gold nanoparticles, as shown in Figure 3a. This is due to an
increase in the conductivity of gold nanoparticles in SPCE/AuNP by increasing electron transfer
between the electrode and analyte, compared to bare SPCE.

To test the electrode changes before and after the modification process, a K3[Fe(CN)e] solution
was used as a mediator. The reduction and oxidation reactions that occur in K3[Fe(CN)s] are as
shown in equation (1) [48].

[Fe(CN)g]* + e S [Fe(CN)e]* (1)

As a bioreceptor in this research, the DNA aptamer developed by Song et al. [5], named
CoV2-RBD-1C, which can recognize the RBD protein S SARS-CoV-2, was used in this study because
of the binding interaction between the RBD protein S SARS-CoV-2 and the aptamer involved,
previously characterized by molecular dynamics (MD) techniques. More specifically, the aptamer
can interact with the RBD protein S SARS-CoV-2 through hydrogen bond formation, the CoV2-RBD-
1C aptamer forming hydrogen bonds with Threonin500, Glutamine506, and Asparagine437 of the
RBD protein S SARS-CoV-2. Moreover, the aptamer has been selected in the working buffer under
physiological conditions, therefore, it can support the measurement of protein S in biological fluids.
As for the approximate dissociation constant (KD) of the aptamer, it is 5.8 + 0.8 nM, which is
comparable to commercially available antibodies developed to bind to protein S. The selected
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aptamers are ideal recognition probes for RBD protein S SARS-CoV-2 because of their high affinity,
small size, and ease of modification and use [5].

30 um

30 um
Figure 3. (a) Differential pulse voltammogram characterized using a redox system solution of Ks[Fe(CN)s]
solution 10 mM in 0.1 M KCI; SPCE characterization using SEM (b) bare SPCE, (c) SPCE/AuNP, and
(d) SPCE/AuNP/Streptavidin/Aptamer

Aptamer immobilization on the SPCE/AuNP surface was carried out with the streptavidin-biotin
system. As for the immobilization of streptavidin on the surface of SPCE/AuNP, it is based on direct
covalent bonds on the surface of the transducer that functions on the gold surface through the alka-
nethiol group, namely MPA (3-mercaptopropionic acid). MPA is an organosulfur compound that can
bind to gold through Au-S bonds. The other terminal end of MPA is the carboxylate group, so the
carboxyl group can chemically bind to other groups. The strong affinity for sulfur atoms to the surface
of gold due to the interaction of sulfur-gold atoms is 188.28 J/mol, so it can form stable covalent bonds
[30].

The modified carboxylate group on the SPCE/AuNP surface was then activated with a solution of
EDC:NHS to form a reactive succinamide ester. This reactive group can bind to the primary amine
group of streptavidin covalently on the surface of SPCE/AuNP. After the addition of streptavidin,
SPCE/AuNP/MPA/EDC:NHS/Streptavidin were formed. The addition of ethanolamine is needed to
avoid non-specific bonding on the electrode surface that has been immobilized by streptavidin. The -
COOH group on the electrode surface that is not bound to streptavidin will be blocked with ethanol-
amine so that the immobilized streptavidin on the surface of the aptasensor has a good orientation.

After that, the biotinylated aptamer was incubated on the surface of the electrode and then
rinsed thoroughly with PBS solution pH 7,4 to remove the free aptamer. The biotinylated aptamer
binds to streptavidin by non-covalent interaction.

To determine whether the biotinylated aptamer was successfully formed on the surface of the
electrode, differential pulse voltammetry was used with a redox system of Kz[Fe(CN)e] solution 10 mM
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in 0.1 M KCI over a potential range of -1.0 to 1.0 V at a scan rate of 0.008 V/s, Estep 0.004 V with an
Epuise 0f 0.025 V and tpuise of 0.05 s. In Figure 3a shows the highest peak current increase occurred when
SPCE was modified with gold nanoparticles (curve b), then decreased gradually after the addition of
MPA (curve c), the addition of MPA/EDC:NHS (curve d), the addition of MPA/ /EDC:NHS/Streptavidin
(curve e), and the addition of MPA/ EDC:NHS/ Streptavidin/Aptamer (curve f). The current decreases
for the first time when MPA (curve c) is added to the surface of the SPCE/AuNP electrode, forming
SPCE/AuNP/MPA because MPA has been immobilized on the surface of SPCE/AuNP through covalent
bonds, allowing electron transfer between electroactive species in solution Ks[Fe(CN)s] and the
electrode is blocked due to the density present on the electrode surface after chemisorption between
MPA and gold nanoparticle. The current decrease occurred again when the addition of EDC:NHS (curve
d) activated the MPA carboxylate group by forming a reactive succinamide ester on the surface of
SPCE/AuUNP to form SPCE/AuNP/MPA/ /EDC:NHS. EDC:NHS was also used as a facilitator to covalently
mobilize streptavidin on the surface of SPCE/AuNP containing carboxylic groups. The decrease in
current indicates that the immobilization of these compounds was successful, as the transfer of
electrons between electroactive species solution Ks[Fe(CN)s] and the electrode is blocked as the
electroactive species solution K3[Fe(CN)s] moves away from the electrode surface. The addition of
streptavidin then also causes a decrease in the current (curve e). Because streptavidin is a non-
electroactive macromolecule, it can prevent electron transfer from Ks[Fe(CN)e] solution. At the time
of immobilization of the biotinylated aptamer (curve f) there was also a decrease in current because
the electrode surface was getting denser. This indicates that the immobilization was successful, as the
flow of solution Kz[Fe(CN)e] will be lower, causing the [Fe(CN)e]3/*-species to be further away from the
electrode surface due to electron transfer being hampered by a decrease in the conductivity of the
AuNP-modified electrode.

A morphology analysis with SEM was carried out to determine the success of the modification of
the working electrode, which could be seen from its morphology. Figure 3b, ¢, and d show the bare
SPCE, SPCE/AuUNP, and SPCE/AuNP/Streptavidin/Aptamer surfaces. Figure 3¢ shows that the SPCE
surface is smoother and more homogeneous than after being modified with AuNP (Figure 3c). This
indicates that the modification process has been successfully carried out. Figure 3d, on the other
hand, displays a rougher electrode surface, showing that streptavidin and aptamer have been
successfully immobilized on the electrode surface.

The biotinylated aptamer that had been immobilized was incubated with a 1 % BSA solution to
cover the active site on the surface of the electrode. The BSA molecule will fill the small gaps in the
empty areas on the electrodes. The goal is that the measurement does not produce a current that
can interfere with the analysis results of the analyte. To detect RBD protein S SARS-CoV-2, the
protein standard solution in PBS pH 7.4 was incubated on the electrode surface. After that, the
electrodes were rinsed with PBS solution pH 7.4 to eliminate molecules that did not bind to the
biotinylated aptamer, such as RBD protein S SARS-CoV-2.

To determine whether RBD protein S SARS-CoV-2 has been immobilized on the electrode surface,
differential pulse voltammetry is used to observe the redox system of K3[Fe(CN)s] solution over a
potential range of -1.0 to 1.0 V at a scan rate of 0.008 V/s, Estep 0.004 V with an Epuise of 0.025 V and
touse Of 0.05 s. The attachment of RBD protein S to SARS-CoV-2 to the biotinylated aptamer causes
a decrease in the peak of the Ks3[Fe(CN)s] current, as shown in Figure 3a (curve g). This is because
the RBD protein S SARS-CoV-2 is a large biomolecule that is not electroactive, so it can block the
electron transfer process on the surface of the electrode. The measured current response will be
inversely proportional to the number of non-electroactive biomolecules involved. Because the more
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RBD protein S SARS-CoV-2 is attached to the surface of the electrode, the more it blocks the electron
transfer process from the redox system of Ks[Fe(CN)e] solution, the higher the concentration of RBD
protein S SARS-CoV-2, the lower the current response. On the other hand, the lower the concen-
tration of RBD protein S SARS-CoV-2, the higher the current response.

The optimal experimental conditions

Three factors, such as aptamer concentration (Xz), aptamer incubation time (X:), and incubation
time of RBD protein S SARS-CoV-2 (X3), were selected as factors to be optimized in the experiment.
The effect of aptamer concentration, aptamer incubation time, and RBD protein S SARS-CoV-2 incu-
bation time on the current response of the aptasensor was tested using differential pulse voltammetry
with a redox system of 10 mM Ks[Fe(CN)g] solution in 0.1 M KCl over a potential range of -1.0to 1.0 V
at a scan rate of 0.008 V/s, Estep 0.004 V with an Epuise 0f 0.025 V and tpyise 0f 0.05 s.

In SPCE/AuNP/MPA/EDC:NHS/Streptavidin, aptamer was dripped with various concentrations of
0.5, 1.0, and 1.5 pg/mL and was incubated with time variations of 0.67, 2, and 16 hours at 25 °C.
While RBD protein S SARS-CoV-2 incubated with time variations of 30, 45, and 60 minutes at 25 °C.

The optimum value of each factor was determined using the Box-Behnken experimental design
with the Minitab 18 program. The relationship between the response and the factors was determined
through a sequence of experiments to obtain the optimum response results, and each factor was
designed through 3 levels, namely, the lowest level (-1), medium level (0), and the highest level (+1),
as observed in Table 1. Experiments using 3 factors with 3 different levels were carried out 15 times,
so that there were 15 trials. The response of the measurement results from the suggested experiment
is then processed with the Minitab 18 program so that it can predict the maximum current value. From
the experimental data obtained, the following regression equation (2) was found:

Y= -3.00+3.40X; + 0.237X2 - 0.1598X3 - 2.265X1X1 - 0.01172 X>2X> -

-0.002109 X3X3-0.0112 X1X2 + 0.0214 X1X3 + 0.000891 X2X3 (2)

As shown in Eq. (2), if the response coefficient was positive, the presence of these factors would
increase the current response. A negative coefficient indicated that the presence of these factors
would decrease the current response. From the analysis of the current response obtained from the
differential pulse voltammetry, we obtained the ANOVA results presented in Table 2, which explain
the variability of the data. The p-value data for each factor was obtained from the ANOVA. A model
that is in accordance with the linear model is indicated by a p-value of less than 0.05, which implies
that a single variable showed a linear effect. The interaction effect is shown from a combination of
two variables, and to determine the significance of each variable, the p-value was used. The
independent variable, which had no significant effect, is indicated by a p-value of more than 0.05.
In addition, based on the ANOVA results from the Box-Behnken experimental design, Table 2 shows
the p-value of each factor, namely X; = 0.189; X>= 0.001; and X3 = 0.874. The factor is considered
significant if the p-value < 0.05. It can be seen that the incubation time factor of the aptamer has a
significant effect on the experimental results.

Response optimization helps you identify the combination of variable settings that jointly optimize a
single response or a set of responses. This is useful when you need to evaluate the impact of multiple
variables on a response. Response optimization is most effective when interpreted in conjunction with
relevant subject matter expertise, including background information, theoretical principles, and
knowledge obtained through observation or previous experimentation. When optimizing responses,
you must specify whether your goal is to minimize, maximize, or meet a target response. In this research,
we use minimize, so the response when the optimum response is low. The performance of all design
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and response variables is shown in Figure 4, where the best optimization approaches an overall optimum
operating condition of aptamer concentration at 0.5 pg/mL, aptamer incubation time at 40 minutes
(0.67 hours), and RBD protein S SARS-CoV-2 incubation time at 60 minutes. Thus, when the experimental
conditions proposed by Minitab are applied to our experimentation, the values of the responses
obtained are almost equal to the values obtained by calculating.

Tabel 2. Analysis of variance

Source DF Adj SS Adj MS F-value p-value
Model 9 4.88120 0.54236 11.43 0.008
Linear 3 2.65810 0.88603 18.67 0.004
X1 1 0.10954 0.10954 2,1 0.189
X 1 2.54723 2.54723 5.68 0.001
X3 1 0.00133 0.00133 0.03 0.874
Square 3 1.93177 0.64392 13.57 0.008
X1X1 1 1.18355 1.18355 24.94 0.004
X2X2 1 0.13378 0.13378 2.82 0.154
X3X3 1 0.83103 0.83103 17.51 0.009
2-Way Interaction 3 0.16966 0.05655 1.19 0.402
XXz 1 0.00996 0.00996 0.21 0.666
X1X3 1 0.10336 0.10336 2.18 0.200
Xa2X3 1 0.05634 0.05634 1.19 0.326
Error 5 0.23726 0.04745
Lack-of-Fit 3 0.05122 0.01707 0.18 0.900
Pure Error 2 0.18603 0.09302
Total 14 5.11845
Optimal X Xz Xs
B 1000 Pélf? [é::g] [32(7)] [ggjg]
Predict Low 0.50 0.67 30.0
Minimum
Response
y=0.9557
d =1.000

Figure 4. Response optimization of the optimal experimental conditions

Electrochemical aptasensor performance

After knowing the optimum conditions of several parameters that affect the experiment, a calibration
curve is made and the detection limit of the aptasensor is calculated using variations in the concentration
of RBD protein S SARS-CoV-2. Variations in the concentration of RBD protein S SARS-CoV-2 used are: 50;
40; 30; 20; 10 ng/mL. The aptasensor was characterized electrochemically by a redox system of
K3[Fe(CN)e] solution using differential pulse voltammetry over a potential range of -1.0to 1.0 V at a scan
rate of 0.008 V/s, Esiep 0.004 V with an Epuise of 0.025 V and tpuise of 0.05 s. The electrochemical response
was measured using differential pulse voltammetry, as shown in Figure 5a.

The voltammogram shows that the higher the concentration of RBD protein S SARS-CoV-2, the
lower the current response. This is because the RBD protein S SARS-CoV-2 is a large biomolecule
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that is not electroactive, so the more RBD protein S SARS-CoV-2 binds to the aptamer, the electrode

surface becomes denser and this causes the electron transfer process on the electrode surface to
be hindered.

a b
6 10 ng/mL 3 - I
20 ng/mL A 1
25 ¥ il
¢ 30 ng/mL P
40 ng/mL § 2 /I/
£ 50 ng/mL >~ P
= < yd
1.5 =/
A
3] 1 ~ y=0.0634x-0.4449
e R?=0.9983
2 /‘/
0.5 J/
,»/;
{/
1 0
0 10 20 30 40 50 60 70

E/V RBD protein S SARS-CoV-2 concentration, ng mL?

Figure 5. (a) Differential pulse voltammogram determining the concentration of RBD Protein S SARS-CoV-2
(10; 20; 30; 40; 50 ng/mL) using a redox system of 10 mM Ks[Fe(CN)e] solution in 0.1 M KCI; (b)
Electrochemical aptasensor calibration curve for detection of RBD Protein S SARS-CoV-2

Then the resulting current response is plotted into a calibration curve for various concentrations
of RBD protein S SARS-CoV-2 (50; 40; 30; 20; 10 ng/mL) to create a calibration curve as shown in
Figure 5b, so that a linear regression equation is obtained with y = 0.0634x— 0.4449 with R* = 0.9983.
The detection limit obtained is 2.63 ng/mL and the quantification limit is 7.97 ng/mL.

The detection limit obtained in this study is quite low, as can be seen in Table 3. The detection
limit in this study is higher when compared to Abrego-Martinez et al. [21] study of an aptamer-based
biosensor developed on a screen-printed carbon electrode modified with gold nanoparticles for
SARS-CoV-2 detection.

Table 3. Electrochemical biosensor studies to detect SARS-CoV-2

Method Limit of detection, ng/mL  Ref.
Two-dimensional (2D) metal-organic framework (MOF)-based
photoelectrochemical (PEC) aptasensor for SARS-CoV 2 spike 72 [49]
glycoprotein (S protein) detection

Electrochemical aptasensor to detect SARS-CoV-2 protein S RBD as a This

biomarker of COVID-19 disease using a screen printed carbon 2.63

research
electrode/AuNP

Electrochemical aptasensor using screen printed carbon i [20]

electrode/AuNP for SARS-CoV-2 spike (S) protein detection
Electrochemical aptasensor using screen printed carbon
electrode/AuNP targeting the receptor-binding domain (RBD) in the 0.066 [21]
spike protein (S-protein) of the SARS-CoV-2
Electrochemical dual-aptamer biosensor based on the metal-organic
frameworks MIL-53(Al) decorated with Au@Pt nanoparticles and
enzymes to determine SARS-CoV-2 nucleocapsid protein 0.00833 [50]
(2019-nCoV-NP) via co-catalysis of the nanomaterials, horseradish
peroxidase (HRP) and G-quadruplex DNAzyme

The aptasensor relies on an aptamer targeting the receptor-binding domain (RBD) in the spike
protein (S-protein) of the SARS-CoV-2. But the detection limit in this study is lower when compared
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to the Jiang et al. [49] study about a two-dimensional (2D) metal—organic framework (MOF)-based
photoelectrochemical (PEC) aptasensor with high sensitivity and stability for SARS-CoV-2 spike
glycoprotein (S protein) detection. This proves that the electrochemical aptasensor method using
SPCE modified gold nanoparticles developed in this study can be used for the detection of COVID-19
disease using the RBD protein S SARS-CoV-2 as a biomarker.

Selectivity and stability of the aptasensor

A method's selectivity refers to its ability to test just particular analytes in the presence of other
components in the sample matrix [51-53]. Although the presence of aptamers as bioreceptors
provides sensitivity to target analytes, the aptasensors to be developed must also have good
interference rejection characteristics in order to be useful in real sample analysis. Saliva has an
important role in diagnostics as it provides a convenient and cost-effective Point of Care Technology
(POCT) platform for rapid detection [54]. Liv. [55] investigated the effect of several enzymes,
compounds, and ions found in saliva on electrochemical immunosensors used to detect SARS-CoV-2
antibodies, including a-amilase, lipase, Na*, K*, Ca?*, Mg?*, H,PO4", HPO4%, urea, HCOs,, and NH3s [55].

a b
6 6
=== Day1
5] Day15 5 4,542 4,555 4559 4056 406
=== Day 30 T T 1 I T

1/ pA
1/uA
w

02 o0 82 o 08 Aptamer Na* K ca® Mg®* RBD RBD+Na*+
E/V K+ Ca?* + Mg?*
Figure 6. (a) No*, K*, Ca?*, and Mg?* ion selectivity of the aptasensor; (b) Differential pulse voltammogram
response obtained with 30 ng/mL RBD protein S SARS-CoV-2 to evaluate the stability of the aptasensor after

1 month of storage in an oven at 50°C using a redox system of 10 mM Ks[Fe(CN)s] solution in 0.1 M KCI

Selectivity was determined for Na*, K*, Ca%*, and Mg?*ions. The measured current peak response
was compared with the RBD protein S SARS-CoV-2 peak response at a concentration of 100 ng/mL.
Figure 6a shows the current responses of Na*, K*, Ca?*, and Mg?*ions, which are not much different
from the aptamer as a negative control. This indicates that there is no binding between the aptamer
and Na*, K*, Ca?*, and Mg?* ions. Other treatments were studied to see the effect of interference in
determining the percentage of selectivity. As shown in Figure 6a, the addition of an interference
that is a mixture of Na*, K*, Ca?*, and Mg?* ions in the RBD protein S SARS-CoV-2 showed a
measurable response peak of 3,389 YA, which was not significantly different from the peak response
for the RBD protein S SARS-CoV-2, which was 3,280 UJA. This means that the aptamer activity is very
good at recognizing the RBD protein S SARS-CoV-2 as the target analyte. The presence of
interference did not affect the activity of the aptamer against RBD protein S SARS-CoV-2. Aptamer
selectively recognized only RBD protein S SARS-CoV-2 as the target analyte in a matrix containing
Na*, K*, Ca%*, and Mg?*ions, which neither interfered with nor bound to the aptamer, and obtained
a selectivity value of 91.36 %.
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The screen-printed carbon electrodes that are used in this aptasensor are disposable devices
specially designed to work with microvolumes of sample. Ideal for quality control or research
purposes, and also for teaching electrochemistry. Biosensors are sensitive to aging, which is defined
as a decline in signal over time. Biosensor aging is defined as a loss of signal at a specific
concentration of the measured analyte. Time, handling or manner of usage, and temperature all
have a role in aging. Shelf-life studies are frequently carried out, but they are rarely published. For
single-use disposable sensors, such investigations are sufficient, but they reveal little about aging
characteristics for long-term usage [56]. The term "stability" refers to the variance in detection
signals during the course of long-term storage [57]. To assess the stability of the aptasensor, the
current response to 30 ng/mL RBD protein S SARS-CoV-2 was recorded after 1 month of storage in
an oven at 50 °C. The differential pulse voltammogram response shown in Figure 6b revealed that
the response increased after periodic measurements of 1 day (curve a; 3.503 YA), 15 days (curve b;
3.532 pA), and 30 days (curve c; 3.565 MA), representing a loss of sensory activity, but not
significantly different. These findings suggest that the aptasensor is relatively stable, which could
indicate the suggested platform's potential utility for quick SARS-CoV-2 screening.

Real sample analysis

The aptasensor that has been developed was then tested on saliva samples by standard addition
with the RBD protein S SARS-CoV-2 standard. Saliva samples were taken from the same negative
individual, then dissolved in buffer solution. Each saliva sample was diluted with 100 ng/mL of RBD
protein S SARS-CoV-2, and then tested on the aptasensor. The resulting peak current response is
entered into the equation y = 0.0448x + 0.3395. From the calculation results, the recovery for bio-
logical samples in the form of saliva is 99.90 %. The results revealed that the aptasensor could detect
RBD protein S SARS-CoV-2 in real samples without any preparation or preprocessing, and that it had a
lot of potential as a reliable instrument for detecting SARS-CoV-2 virus in real biological materials.

Conclusions

During the COVID-19 pandemic, the development of highly sensitive and rapid biosensing devices
has become increasingly important. In this paper, a label-free electrochemical aptasensor for
detection of RBD protein S SARS-CoV-2 has been presented as a potential approach for COVID-19
diagnosis. The disposable SPCE were AuNP-modified, and streptavidin was used to immobilize the
biotinylated aptamer, which serves as a bioreceptor in the electrochemical aptasensor developed to
detect the RBD protein S SARS-CoV-2. We present the novelty of using an aptamer immobilization
technique at the electrode surface with an aptamer immobilization technique based on the strep-
tavidin-biotin interaction, with specific affinity between streptavidin and biotin, through the MPA (3-
mercaptopropionic acid) linker. The aptasensor demonstrated excellent sensing performance in terms
of sensitivity, accuracy, and fast response with the time of analysis (60 min), easiness of use, and the
requirement of portable instrumentation, especially the possibility of using smartphones, boost this
electrochemical aptasensor has the potential to become a Point of Care (POC) device for SARS-CoV-2
detection on clinical specimens, including nasal, nasopharyngeal swabs, or saliva.
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