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A label-free electrochemical biosensing system as a suitable analysis technique for COVID 19 specific spike
receptor-binding domain protein (RBD) was developed with an aim to facilitate the diagnosis of coronavirus. A
novel production procedure for the fabrication of gold nanoparticles (GNPs)-capped 11-mercaptoundecanoic
acid (MUA) modified bioelectrode was presented and its application potential for RBD biosensing was exam-
ined. The bioelectrode fabrication protocol was based on covalent ester linking formation between hydroxylated
ITO electrode and GNPs-capped MUA (GNPs@MUA) with carboxyl ends. For this aim, spherical GNPs were
prepared and characterized with scanning-transmission electron microscopy (S-TEM), UV-vis, and Raman
spectroscopy. The synthesized GNPs were functionalized with MUA yielding Au-S bonds. Then, covalent
immobilization of anti-RBD antibodies on the GNPs@MUA was performed with the help of carbodiimide
coupling chemistry. The assembly processes of GNPs@MUA, anti-RBD antibodies and RBD antigens were char-
acterized electrochemical, chemical and morphological techniques. GNPs@MUA was used as immobilization
environment and provided the most effective surface design for target immunosensor. The resulting immuno-
sensor is further applied to the impedimetric detection of RBD and it displayed a linear response to RBD antigen
in the linear range of 0.002—100 pg mL™! with a limit of detection of 0.577 fg mL™! and sensitivity of 0.238
kohmpgmL ™! cm™2. The fabricated immunosensor had a good repeatability, long storage, stability and a reusable
property after simple regeneration process. Furthermore, it was successfully employed for selective determina-
tion of RBD in artificial nasal secretion samples.

SARS-COV-2 is a class of the genus B-COronavirus that contains
crown-like, enveloped, positive sense single-stranded RNA viruses [3,4].

1. Introduction

In late 2019, a new coronavirus called severe acute respiratory
syndrome coronavirus (SARS-CoV-2) was first discovered and started to
spread around the world [1]. Afterwards, the World Health Organiza-
tion (WHO) categorized this coronavirus illness 2019 (COVID 19)
outbreak as a global pandemic. As of 4 January 2020, there were more
than 83 million confirmed COVID 19 cases and more than 1.835 million
COVID-119 related deaths globally (http://covid19.who.int/). There
are various vaccines for this outbreak; however, not everyone living in
the world has been vaccinated. In addition, early diagnosis of COVID 19
disease can have an important role in making the right decision for the
isolation of infected humans, and consequently, the spread of the COVID
19 outbreak will slow [2].
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The dimension of the whole virus changes from 50 nm to 200 nm.
SARS-COV-2 virus encodes at least four structural protein called
nucleocapsid (N), spike (S), small envelope (E) and membrane (M) and
also several accessory proteins. The N protein holds the viral genome.
The M and S glycoproteins are essential for virus binding. The S glyco-
protein is important for connecting to host cells, where RBD and S
proteins interact with angiotensin-COnverting enzyme 2 (ACE-2) [1,5].
S and N proteins are precious antigen markers for identification of
COVID 19 disease. Therefore, screening of RBD as a target of COVID 19
virus is a priority [6,7].

At present, the reverse transcription-polymerase chain reaction (RT-
gqPCR)-based method has been usually utilized as the gold key diagnostic

Received 5 February 2021; Received in revised form 7 June 2021; Accepted 22 June 2021

Available online 24 June 2021
0925-4005/© 2021 Published by Elsevier B.V.


http://covid19.who.int/
mailto:msezginturk@hotmail.com
www.sciencedirect.com/science/journal/09254005
https://www.elsevier.com/locate/snb
https://doi.org/10.1016/j.snb.2021.130355
https://doi.org/10.1016/j.snb.2021.130355
https://doi.org/10.1016/j.snb.2021.130355
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2021.130355&domain=pdf

E.B. Aydin et al.

tool for diagnosis of COVID 19 [8,9]. This technique is sensitive and
requires a small amount of input RNA. However, the analysis procedure
of this method takes 2 h to get results. In addition, this method requires
specialized equipment, specialized handling and transportation,
well-trained staff. Furthermore, the result of RT-qPCR can give
false-negative results in persons with unapparent clinical findings and
false-positive results in recovered patients [2]. Therefore, the develop-
ment of a fast, ultrasensitive and specific technique will facilitate the
identifying the patients with COVID 19 and thus, the spread rate of
disease is controlled [6,10,11].

Biosensor have gained the attention throughout the world in recent
years. They are utilized in various fields like medical diagnosis, food
analysis, environmental measurements and biotechnology because of
their rapid response and ease of fabrication [12,13]. Electrochemical
immunosensors are a significant class of biosensors due to their simple
usage procedure, fast response and possibility of portability and mini-
aturization [14]. Owing to their excellent sensitivity, high selectivity
and low cost, they have utilized to quantify the level of biomarkers, food
contaminants, dangerous chemicals for environment and biowarfare
agents [15,16]. EIS is a versatile and sensitive technique which provides
non-destructive characterization of the electron transfer between
modified electrode surfaces and electrolyte solution [17]. This tech-
nique is carried out in the presence of a redox couple and it is a proper
method to measure molecular interactions of electrochemically inactive
compounds taking place on the working electrode surface. Conventional
applications of EIS include protein-protein interactions, DNA-DNA in-
teractions and dsDNA-drug interactions. This tool is highly sensitive and
can be utilized for a “label-free” detection of a wide range of bio-
recognition events happening on the working electrode surface.
Although this method is quite sensitive, it has some limitations such as
inability to discriminate between specific and nonspecific linking. This
limitation may be originated from initial electrode contamination and
repetitive analyses [18,19].

Nanomaterials such as nanoparticles, nanotubes, graphene and
fullerene have gained interest in several research fields because of their
promising chemical and physical properties containing large specific
surface area, and suitable biocompatibilities [20]. Metal nanoparticles
with their outstanding features including large surface area for volume
ratio and high surface activity have become an intensive research area
and they have been usually utilized in fabrication of biosensors [16].
Especially, gold nanoparticles (GNPs) have been widely employed for
construction of immobilization platforms in the development of elec-
trochemical biosensors. The high surface area and a biocompatible
microenvironment supported the successful immobilization of bio-
recognition elements and the bioactivity of biomolecules. In addition,
the excellent conductivity of GNPs makes them suitable matrix material
and they enhance electron transport between working electrode surface
and electrolyte solution [21]. In biosensor fabrication, self-assembled
monolayer functionalized GNPs are usually utilized, and this modifica-
tion method increases the area of the electrode surface. Sulphur con-
taining materials like alkane thiol have high affinity to metals [22]. For
the modification of an electrode surface by using SAM functionalized
GNPs, silanization agents, polymers and chitosan have been utilized
[23-25]. In all these techniques, an extra electrode modification mate-
rial is necessary and therefore, in this study, we select a simple way for
modification of electrode.

In the designing of an electrochemical biosensor, the working elec-
trode is the basic part of the biosensing system. Progress in modification
procedures of working electrode can increase the biosensor response,
thus more sensitive biosensors can be produced. ITO electrode was a
low-cost substrate compared to other carbon-based electrodes and
therefore, it was selected as an immobilization platform for immuno-
sensor fabrication. In addition, it had promising properties such as low
surface resistivity, good electrical conductivity and optical trans-
parency, high chemical stability, wide electrochemical working area and
stable electrochemical features for biosensor fabrication. All these
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properties make ITO substrate a convenient platform to develop a
biosensor. In order to develop a biosensor including ITO substrate as a
working electrode, firstly, ITO substrate should be modified for bio-
recognition element immobilization. In this study, the working ITO
electrodes are hydroxylated by using by using NH,OH/H505/H,0 mixed
solution and the GNPs@MUA are bound to these hydroxyl groups with
ester bond. As a consequence, the focus of the current study is to develop
a suitable and easy fabrication method for RBD biosensor with improved
stability and sensitivity.

In this study, a low-cost, easy-to-prepare and easy-to-use biosensor
was fabricated by using conductive metal gold nanoparticles and cost-
effective ITO working electrode platform for RBD detection.
GNPs@MUA were used as an immobilization matrix material and MUA
provided attached points for biomolecules. MUA was a bifunctional
molecule which contained both thiol and carboxyl functional groups.
Thiol ends served as connecting points which bound to GNPs through
Au-S bond. Carboxylic acid groups of MUA linked to amino groups of
biorecognition elements after a carbodiimide coupling reaction with N-
(3-dimethylaminopropyl)-N’-ethylcarbodiimide (EDC) and N-hydrox-
ysuccinimide (NHS). This procedure provided a stable biosensing
interface and high sensitivity. The fabrication of the prepared biosensor
was characterized electrochemical techniques by EIS and CV using [Fe
(CN)6]3’/ 4~ as a redox probe and SEM microscopic technique.
Furthermore, the produced GNPs and the resultant modified GNPs were
characterized with UV-vis absorption spectroscopy. The immunosensor
was applied for determination of RBD concentrations in artificial
samples.

2. Experimental

All utilized materials and reagents in RBD biosensor development
and instruments used for characterization of RBD biosensor are available
in Supplementary Material File.

2.1. Preparation of gold nanoparticles and MUA-capped gold
nanoparticles

Nano-sized GNPs were synthesized employing a reported procedure
with minor modifications [26]. The size and surface morphology of gold
nanoparticles can be checked during the preparation steps. In a typical
preparation route, GNPs were synthesized through Na-citrate reduction
of HAuCl4.3H20 [27]. Briefly, gold (III) chloride trihydrate salt (1 mM)
was added into 20 mL of boiling and stirring ultra-pure water; then, 2 mL
of 1% Na-citrate was rapidly poured out to the prepared solution. After
that, the resulting solution was boiled for 10 min, meanwhile, the color
of the solution varied from pale yellow to deep red. The prepared GNPs
solution cooled down to ambient conditions and then, it was stored at 4
°C until use.

MUA-capped GNPs was prepared by addition of 0.10 mL of MUA
(0.05 M prepared in absolute ethanol) into 10 mL of GNPs solution
during stirring. After that, the mixed solution was stored in refrigerator
overnight. Before fabrication of the proposed biosensor, GNPs@MUA
was prepared freshly. The functionalization of nanoparticles was
investigated with UV-vis absorption spectroscopy.

2.2. Fabrication of RBD specific bioelectrodes

Prior to modification, ITO covered PET plates were sequentially
cleaned in ultrasonic bath with acetone, soap solution and ultra-pure
water for 10 min each. After that, they were washed with ultra-pure
water and finally argon dried. The clean ITO electrodes were dipped
into the mixed solution of ultra-pure water/hydrogen peroxide/ammo-
nium hydroxide (5:1:1, v/v) for 90 min. Thus, hydroxylated active ITO
surface was produced. These activated surfaces were rinsed with ultra-
pure water and dried under a stream of using argon gas. Then, the hy-
droxylated ITO electrode was immersed in GNPs@MUA solution
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overnight and ester bond formed between hydroxyl groups of ITO
electrodes and carboxyl groups of GNPs@MUA in the presence of EDC
(3%) and 4-dimethylaminoantipyrine (DMAP, 0.05 %). To activate the
carboxylic ends of GNPs@MUA modified ITO electrodes, they were
immersed in a 50 mM PBS solution (pH 7.4) containing EDC (0.4 mM)
and NHS (0.1 mM) for 60 min. In the following stage, ITO/GNPs@MUA/
NHS-EDC modified surfaces were dipped in anti-RBD solution for 1 h,
followed by rinsing with ultra-pure water and drying with argon flow.
Anti-RBD antibodies were covalently bound through its amino groups to
the carboxyl groups present on the GNPs@MUA modified ITO electrode.
After rinsing the electrodes, they were incubated in the BSA solution (0.5
%, for 1 h) to block the unbound ends present on the electrodes. Anti-
RBD antibody immobilized electrodes can be utilized directly as
immunosensor or kept dry at 4 °C for a few weeks without any decline in
the activity. The procedure of the GNPs@MUA decorated RBD biosensor
fabrication is illustrated in Scheme 1.

2.3. Impedimetric measurement of RBD antigen

The electrochemical studies were performed in 10 mL 5.0 x 107> M
K3[Fe(CN)gl/K4[Fe(CN)g] (1:1) and 1 M KCl solution. EIS signals were
recorded with in the frequency range of 0.5 Hz to 50 kHz. The DC and AC
voltage were 0 V and 5 mV, respectively. The ITO/GNPs@MUA/NHS-
EDC/anti-RBD/BSA electrodes were incubated for 60 min in standard
RBD antigen solutions with a concentration varying from 0.002 pg mL ™!
to 100 pg mL ™}, followed by washing thoroughly with ultra-pure water
prior to electrochemical measurements. The RBD antigens were
captured based a specific interaction between anti-RBD and RBD anti-
gen. This interaction caused a dramatic steric hindrance on the redox
probe transfer through electrode surface. Then, the ITO/GNPs@MUA/
NHS-EDC/anti-RBD/BSA/RBD electrode incubated in the IgG Aby so-
lution (250 pg mL™?) to obtain an enhanced signal change. Thus, RBD
antigens were detected sensitively and specifically by the proposed
sandwich biosensing system.
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2.4. Analysis of nasal secretions

Nasal secretions are produced chiefly from submucosal glands and
goblet cells. SARS-CoV-2 spike RBD can be determined in nasal and oral
cavities. Hence, nasal secretions were chosen a proper analysis matrix
for coronavirus. Nasal secretion contains water (95 %), glycoproteins
(2%) such as albumin, immunoglobulins, lysozyme, lactoferrin and
others, inorganic salts (1%) and lipids (<1%) [28]. In order to test the
suggested immunosensor in analytical application, artificial nasal
secretion samples were prepared by utilizing water, immunoglobulin G,
immunoglobulin M and inorganic salts. Five different levels of RBD were
spiked in the prepared solutions and the quantifications of RBD con-
centrations were performed 3 times.

3. Result and discussion

The synthesis of GNPs and electrochemical RBD immunosensor
fabrication strategy are displayed in Scheme 1. Accordingly, GNPs and
GNPs@MUA were first prepared through multiple steps. The hydroxyl-
ated ITO working electrode incubated in GNPs@MUA overnight to
construct the immobilization matrix. Afterwards, the carboxyl ends
were activated NHS-EDC crosslinking agents (Step 1). Then, anti-RBD
antibodies were subsequently immobilized on the surface of activated
working electrode surface for specific capture of RBD antigen (Step 2).
After that, free active carboxyl ends were blocked with BSA protein
(Step 3). In the fourth step, RBD antigens were captured by anti-RBD
antibodies (Step 4). The resulting RBD antigen/anti-RBD antibody
immobilized electrode was dipped in the IgG Ab, protein to construct a
sandwich biosensor (Step 5). On account of specific biorecognition and
excellent binding affinity of anti-RBD protein, the sandwich biosensing
system was constructed successfully.

3.1. Characterizations of GNPs and MUA-capped GNPs

Spherical and small size distribution gold nanoparticles (GNPs) was
successfully prepared by employing a three-step reaction process.
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During the synthesis of gold nanoparticles, the control of the size and
surface morphology of GNPs was possible. This procedure was chosen
instead of the other methods because we want to obtain acceptable small
size distribution of gold nanoparticles. The detailed GNPs fabrication
procedure is given in Scheme 1.

Small size of gold nanoparticles was investigated with S-TEM,
UV-vis. and Raman spectroscopy. STEM has emerged as a suitable
characterization technique for nanoparticles. In this study, two modes of
S-TEM were utilized to characterize GNPs: bright field (BF) and dark
field (DF) STEM. Gold nanoparticles was synthesized for morphological
monitoring on 200 mesh copper grids with formvar and carbon supports.
S-TEM analysis was performed to investigate to particle size of GNPs.
Fig. 1A shows that uniformly dispersed spherical DF (sub-series) and BF
images (top-series) of gold nanoparticles. Spherical size diameter of
GNPs was average 7-15 nanometers.

In order to show the successfully synthesized GNPs and functional-
ized GNPs with MUA, different MUA amounts were utilized and opti-
mum amount of MUA was selected by following RBD immunosensor
signals. The UV-vis absorption spectrum of the GNPs and GNPs@MUA
are illustrated in Fig. 1B-Top Corner. It can be observed that the typical
absorbance of spherical GNPs appeared at 530 nm (blue line) [29]. After
functionalization of the GNPs with MUA, a decline in intensity of char-
acteristic absorbance was seen, and this decrease illustrated successful
modification of GNPs through Au-S bond.

Also, GNPs@MUA were characterized with Raman spectroscopy
(Fig. 1B). Unlike FT-IR analysis, Raman measurement can directly
monitor molecules present in solution because the Raman scattering
signal of water is very weak [30]. Raman spectroscopy also supplies
similar data about the chemical structure of target molecule like FTIR
spectroscopy. Raman spectra of GNPs (blue line), 11-MUA (red line) and
GNPs@MUA (purple line) are illustrated in Fig. 1B. The Raman spectrum
in 11-MUA presented the bands at 2550 and 2569 cm™! which was
assigned to S—H stretching modes in structure. This bands did not
observe spectrum of GNPs@MUA [31]. This indicating that the MUA
molecule was adsorbed on the gold nanoparticle by deprotonation of the
sulfur atom as a thiolate [32]. Based on these Raman results, it assumed
that the gold nanoparticles are covered by amounts of MUA molecules.

The chemical composition of GNPs@MUA modified electrode surface
after and before with anti-RBD immobilization were characterized via
FTIR spectroscopy. The FTIR spectra of GNPs@MUA modified electrode
surface before (purple line) and after anti-RBD antibody immobilization
(red line) are shown in Fig. 2A, respectively. As for spectrum of
GNPs@MUA modified electrode, characteristic peaks were observed at
2915 and 2849 cm ™! (aliphatic CH), 1695 cm— ! carbonyl groups and
1429 cm™! (CO—) [33]. As shown in FTIR spectrum of anti-RBD anti-
body immobilized electrode surface, a broad peak centered at ~3250
em is attributed to stretching vibration of O—H, the low-intensity
peaks at 1543 cm’l, 1638 cm! and sharp peak at 1280 cm™ are
ascribed to the stretching vibrations of amide I, amide II, and amide III,
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respectively [34-36]. Three main peaks in antibody were proved to
presence of anti-RBD protein on the surface.

Furthermore, in order to confirm the presence of GNPs@MUA and
the surface homogeneity of the ITO substrate, GNPs@MUA decorated
electrode surface was also monitored with Scanning electron
microscopy-energy dispersive X-ray analysis (SEM-EDX). The bare ITO
electrode had oxygen (O), indium (In) and tin (Sn) elements and after
GNPs@MUA fuctionalization, Au and S elements were present on the
electrode surface. These elements originated from GNPs@MUA struc-
ture. Besides, five different places from ITO/GNPs@MUA electrode were
investigated to test the homogeneity of the surface and the percentages
of gold elements were similar. This result confirmed that a homogenous
GNPs@MUA layer was successfully constructed.

3.2. Electrochemical characterizations of the suggested biosensor
fabrication process

EIS and CV were selected for investigation of electrochemical process
happening at the electrode/electrolyte solution interface during the
stepwise assembly of the bioelectrode. Impedance alterations on the ITO
electrode surface during modification procedure provided useful infor-
mation about conductivity of formed layers on the electrode surface
[27]. Fig. 3A displays the EIS spectra presented as Nyquist plots ob-
tained on different modified surfaces in a redox solution of 5.0 x 10~> M
[Fe(CN)6]>~/#~ and 1 M KCl solution. The EIS signals were fitted by
using a Randles equivalent circuit, which contained four elements: (i)
Warburg impedance (w), (ii) ohmic resistance of the electrolyte (Ry),
(iii) constant phase element (CPE) and (iv) electron transfer resistance
(Ret) [37]. The Rt value of the electrode surface was found from di-
ameters of high frequency semicircle. The impedance spectrum of the
hydroxylated ITO surface had a small semicircle (R, = 0.818 kQ). The
Rt of GNPs@MUA modified ITO electrode (0.952 kQ) was significantly
increased compared to hydroxylated ITO electrode. This increase illus-
trated that the assembled GNPs@MUA layer generated an obstruction to
the electron transfer of the redox couple at electrode surface. The
carboxyl groups present on the electrode surface was activated
NHS-EDC chemistry. Because of electrostatic pushing between negative
charged carboxyl groups and redox probe, an electrostatic obstacle,
which hindered the ability of the redox couple to access the layer, was
formed. Thus, the electron transfer rate decreased, and an increment
was observed in electron transfer resistance (1.017 k). When incu-
bating the ITO/GNPs@MUA/NHS-EDC electrode in anti-RBD antibody
solution for 1 h, a great increase in semicircle diameter (1.119 kQ) was
observed. The binding of anti-RBD antibodies on the GNPs@MUA
decorated electrode surface formed electron transfer-blocking layer. The
blocking of free active carboxyl groups with BSA solution increased the
Rt value (1.197 kQ). Afterwards, the R¢ value increased to 2.194 kQ,
when the immunosensor was utilized to detect the RBD antigen. The
binding between RBD antigen and RBD-antibody formed an additional

— GNPs I = GNPs.
— 11-MUA 25 — GNPs@MUA
— GNPs@MUA H f;’
2 |:o - </\
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Fig. 1. S-TEM image of GNPs (A). Raman spectra of GNPs (blue line), 11-MUA (red line) and GNPs@MUA (purple line) (B) UV-vis absorption spectrum of the GNPs
and GNPs@MUA (Top Corner). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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layer. In the last step of fabrication procedure, IgG Aby was utilized to
increase the immunosensor signal and a sandwich immunosensing sys-
tem was constructed. The Rt was measured as 3.248 kQ after IgG Aby
immobilization.

CVs of fabricated bioelectrodes were recorded in ferro-ferro solution
to monitor variations in their electrochemical property at different
stages of electrode modifications (Fig. 3B). The CV at the hydroxylated
ITO electrode had well-defined redox peaks. After the ITO electrode was
decorated with GNPs@MUA, the peak currents decreased dramatically
in comparison with those of the hydroxylated ITO electrode. This
decrease was originated from the slow electron transfer kinetics through
GNPs@MUA SAMs. The activation of carboxyl groups with NHS-EDC
crosslinking agent caused slow electron transfer kinetics through the
negative charged carboxyl groups. The negatively charged carboxyl
groups repulsed the negatively charged redox couple and promoted the
electron transfer for the electrode surface and thus, peak currents of
ITO/GNPs@MUA/NHS-EDC were less than ITO/GNPs@MUA. After
binding of anti-RBD on the ITO surface, decreases were monitored in
peak currents. These increases showed that the anti-RBD antibody layer
promoted electron transfer. CV of ITO/GNPs@MUA/NHS-EDC/anti-
RBD/BSA electrode had lower peak currents, which displayed that an
insulating layer of BSA was generated. After incubating ITO/
GNPs@MUA/NHS-EDC/anti-RBD/BSA electrode in RBD antigen solu-
tion, decreases were seen in peak currents because of insulating
behavior of the protein molecules.

3.3. Morphological characterizations of the constructed bioelectrodes

SEM analyses were carried out to investigate the morphological
variations on the working electrode surface obtained after immobiliza-
tion stages of electrode construction (Fig. 4). Fig. 4A shows bare ITO
electrode surface and the electrode surface was smooth and pure. The
self-assembly of GNPs@MUA on the ITO electrode provided uniformly
dispersed spherical GNPs and numerous clusters of GNPs@MUA

(Fig. 4B). When anti-RBD antibodies attached on the MUA-capped GNPs
modified electrode surface, the morphological image of electrode was
changed, and the carboxyl groups of GNPs@MUA provided effective
area for attachment of biomolecules. Anti-RBD immobilized surface had
globular structures due to morphological shapes of antibodies (Fig. 4C).
The SEM image of ITO/GNPs@MUA/NHS-EDC/BSA electrode illus-
trated that BSA biomolecules were immobilized directly on the free
active carboxyl ends and therefore, the surface morphology of electrode
was changed (Fig. 4D). The specific immune-interaction between anti-
RBD and RBD caused variations in electrode surface. As seen Fig. 4E,
RBD antigens were immobilized on the anti-RBD antibody attached
electrode surface and the change on the electrode surface was evident of
successful fabrication of the proposed biosensor. Lastly, with the
immobilization of IgG Ab,, a sandwich system was produced, and this
step changed the electrode surface morphology (Fig. 4F).

3.4. Effect of important parameters for RBD detection

In order to analyze the effects of several parameters (concentrations
of MUA-capped GNPs and anti-RBD antibodies, and incubation time of
anti-RBD antibody and RBD antigen) on the capacity of immunosensor,
different bioelectrodes were prepared and the signals of them were
recorded. Firstly, the amount of GNPs@MUA was optimized, because the
carboxyl ends present on the MUA provided attachment points for anti-
RBD antibodies. Three different MUA concentrations (0.1 M, 0.05 M and
0.025 M) was utilized and different electrodes were prepared with
GNPs@MUA. During the optimization of this parameter, the antibody
amount, incubating times of antibody-antigen were constant. As seen
Fig. 5A, the high MUA concentration (0.1 M) did not form a smooth
SAMs on the GNPs and thus, a low impedimetric signal was obtained.
The low MUA level (0.025 M) usage resulted in a low impedimetric
response because insufficient number of carboxyl groups were generated
for the antibodies to bind. The immunosensor signal, which was
measured after 0.05 GNPs@MUA usage had the highest response.
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Fig. 4. Morphological images obtained after RBD biosensing system fabrication procedure.

Therefore, 0.05 M GNPs@MUA level was the optimum amount (Fig. 5A).
Then, the effect of anti-RBD concentration on the RBD immunosensor
signal was investigated. During the biosensor construction, different
amounts of antibodies (0.88 ng mL™}, 4.4 ng mL ™! and 22 ng mL™})
were employed and maximum response was measured at 4. 4 ng mL "
Therefore, this concentration was selected as the optimum (Fig. 5B).
After optimization the amount of MUA and anti-RBD antibodies, the
incubation times of anti-RBD and RBD were optimized. ITO/
GNPs@MUA electrodes were incubated in anti-RBD solution (4.4 ng
mL™") for three times (30, 45 and 60 min). The obtained biosensor
signals after incubation these durations were similar, and 30 min was
sufficient for binding of anti-RBD antibody (Fig. 5C). Lastly, the RBD
incubation time was optimized. ITO/GNPs@MUA/NHS-EDC/anti-RBD/
BSA electrodes were incubated in RBD antigen solutions for three times
(30, 45 and 60 min). As seen Fig. 5D, 30 and 45 min were not enough for
immunoreaction and after 60-min incubation, the immunosensor had
maximum signal (Fig. 5D).

3.5. Detection of RBD antigen with the proposed immunosensor

The specific bioreaction between anti-RBD antibody and RBD anti-
gen formed an antibody-antigen immunocomplex. This protein layer
created a kinetic barrier that perturbed the interfacial electron transfer
at the immunoelectrode and electrolyte solution. Thus, R increases and
also peak currents decreases were observed. Fig. 6A and C display the
Nyquist curves and CVs after incubation of ITO/GNPs@MUA/NHS-EDC/

anti-RBD/BSA electrodes in increasing concentrations of target protein,
respectively. The fitting R.; values are illustrated in Table SI-1. The
calibration curve in Fig. 6B displayed that the impedimetric signal
increased linearly with the increment in RBD antigen level in the
detection range of 0.002—100 pg mL?, the detection limit, the quan-
tification limit, and the sensitivity were calculated as 0.577 fg mL™! 1.9
fg mL™!, and 0.284 kQpg 'mLcm2, respectively.

The kinetic behavior of the immunoreaction between anti-RBD and
RBD proteins was appraised by following the variations in impedance
and phase angle at a single frequency (SFI) in a nonfaradaic environ-
ment. The determination of the single frequency (44 Hz) was performed
with the help of the Bode plot. The Bode plot give information con-
cerning the kinetic behaviors formed on the electrode-electrolyte solu-
tion interface for various frequencies. The impedance of this system at
44 Hz is demonstrated in Fig. 4D. As seen in the Fig. 6D, the binding
between RBD antigen and anti-RBD antibody is quite high for the first
400 s. The increment in impedance value was an evidence of specific
biointeraction and the developed immunosensing system demonstrated
the satisfactory selectivity for the determination of RBD antigen.

Table 1A displays the characteristic features of some reported RBD
biosensors. The developed biosensors had high performance, low
detection limit and wide linear range. As can be figured out in Table 1A,
the suggested RBD sensor had a lower detection limit than other RBD
sensing system stated in Table 1A. Furthermore, the developed
biosensor was a simple and low-cost technique for determination of RBD
antigen. Thus, it can be concluded that the constructed RBD
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Table 1
Comparison of RBD sensing systems (A), results of nasal secretions by suggested
RBD biosensor (B).

Analysis method Detection Detection Detection Reference
method Range (pg/ limit (pg/
mL) mL)
Silanized Fluorescence - 1.6 x 10° [38]
microfluidic
device
Co- Electrochemical ~ 0.721-72.1 36 [39]
functionalized
TiO,
nanotubes
Anti-S1 cell- Colorimetric 10"%10° 1 [40]
based
biosensor
Paper based Colorimetric 10%-10° 11 x 10° [41]
ePAD
Lateral flow Colorimetric 5 x 10%-5 x 106 [42]
assay 10°
GNPs@MUA Electrochemical ~ 0.002—100 0.577 Present
decorated ITO study
platform
B) Added Found by *SDand *CV  Recovery Relative
Sample RBD biosensor (%) (%) difference
(pg/mL)  (pg/mL) (%)
1 0.10 0.12 100.47 0.47
1 0.10 0.10 0.01-14.43 100.07 0.07
1 0.10 0.09 99.67 —0.33
2 0.25 0.24 99.63 —0.37
2 0.25 0.22 0.01-6.28 99.25 —0.75
2 0.25 0.25 100.02 0.02
3 1.00 1.06 101.41 1.41
3 1.00 1.23 1.14-7.13 104.95 4.95
3 1.00 1.14 103.02 3.02
4 25.00 23.36 94.27 —5.73
4 25.00 23.52 0.34-1.43 94.84 —5.16
4 25.00 24.01 96.54 —3.46
5 50.00 51.03 101.92 1.92
5 50.00 50.16 0.48—-0.96 100.29 0.29
5 50.00 50.96 101.78 1.78

*SD: Standard Deviation, *CV: Coefficient Variation.
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immunosensor had a good performance and it was effective in mea-
surement of RBD antigen.

3.6. Repeatability, reproducibility, long-time stability, specificity and
regeneration of the biosensor

Repeatability and reproducibility are important parameters which
provided information about precision of the immunosensor. The
repeatability of this sensor was tested by impedimetric measurement of
2.5 pg mL~! RBD antigen with ITO/GNPs@MUA/NHS-EDC/anti-RBD/
BSA bioelectrodes and a low relative standard deviation (RSD 6.47 %)
was obtained (Fig. 7A). The reproducibility of the suggested sensor was
studied by preparing 10 different biosensors. These biosensors were
prepared under identical conditions and used for RBD antigen detection.
The RSD of the reproducibility test was found as 1.49 % (Fig. SI-1).

Considering in terms of application, an immunosensor should be not
only sensitive but also selective [43]. To measure the specificity of the
fabricated RBD biosensor, control experiments were carried out using
nucleocapsid and other biological markers found in nasal secretions
(interleukin 1f, interleukin 8 and tumor necrosis factor o) [44].
ITO/GNPs@MUA/NHS-EDC/anti-RBD/BSA electrodes were incubated
60 min in different PBS solutions containing 5 different levels of inter-
ferents. As seen in Fig. 7B, incubation with interferents did not generate
important variations in AR ratios. These obtained results proved that
the suggested immunosensor had excellent specificity to the RBD
antigen.

Although ITO is cheap material, being reusable is very important in
practice. Therefore, the reusability feature of the prepared electrode was
investigated. First of all, the prepared ITO/GNPs@MUA/NHS-EDC/anti-
RBD/BSA electrode was incubated in RBD solution and then, the
impedimetric signal of this prepared electrode was recorded. After
measurement, the electrode was regenerated with acid solution (10 mM
HCI) and then, it was dipped in RBD antigen solution. After incubation in
RBD solution, the impedimetric signal was re-measured. This treatment
contained until the electrode was damaged. As shown in Fig. 7C, the
prepared electrode could be regenerated 6 times with good activity.

The long-term stability of the bioelectrode was also studied. Firstly,
10 different bioelectrodes (ITO/GNPs@MUA/NHS-EDC/BSA) were
prepared and stored at 4 °C. At each week one of them were used for
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Fig. 7. Repeatability (A), specificity (B), reusability (C) and long-time stability (D) results.
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RBD antigen (10 pg mL™') detection and this measurement procedure
was contained ten weeks. After 5 weeks, there was no obvious variation
in impedimetric response and the measured EIS responses retained
about 71.91 % of its original signals after seven weeks, illustrating
acceptable stability (Fig. 7D). The high stability, repeatability and
reproducibility implied the excellent biocompatibility of GNPs@MUA
interface. The role of covalent attachment between hydroxylated ITO
electrode and GNPs@MUA in increment the stability of the bioelectrode
should not be-ignored.

3.7. Applications of the RBD immunosensor to nasal secretions

In order to evaluate the applicability of the suggested immunosensor
for RBD analysis, artificial nasal secretions were tested. Firstly, artificial
nasal secretions were prepared by using water, immunoglobulin G,
immunoglobulin M and inorganic salts. Five different concentrations of
RBD antigen were added these prepared solutions and the de-
terminations of RBD concentrations were carried out 3 times. In these
experiments polyclonal IgG for SARS-CoV-2 spike RBD was used as a
secondary antibodies as before. As illustrated in Table 1B, this method
had good recovery rates from 94.27%-104.95 % and this result indi-
cated that the developed immunosensor could be used to detect RBD
antigen with low concentrations.

4. Conclusion

In this study, a simple and different modification strategy was uti-
lized for the fabrication of a RBD immunosensor to achieve an efficient
biosensing system. The self-assembled GNPs@MUA on the electrode
surface provided a biocompatible environment and a large surface area
for antibody binding and improved the electrode surface conductivity.
The RBD antigen specific anti-RBD antibodies attached covalently with
their amino groups to carboxyl groups of MUA. This covalent linkage
resulted in effective binding and increased the bioactivity of antibodies.
By this way, the fabricated biosensor had a selective behavior to RBD
antigens and at the same time, it maintained this bioactivity for a long
time. The developed RBD biosensor had a double functionality, con-
taining specific biorecognition and signal amplification for detection of
RBD. This sandwich type impedance based immunosensor achieved a
linear detection range from 0.002 pg mL™' to 100 pg mL! and a
detection limit of 0.58 fg mL~. Furthermore, in clinical diagnosis, the
biosensing strategy was successfully utilized for detection of RBD pro-
tein in artificial nasal secretions. The obtained results demonstrated that
this label-free immunosensor illustrated the notable advantages such as
highly sensitive, economical, selective and simple. Consequently, the
recommended RBD immunosensor approach provided a feasible and
sensitive method for detecting spike RBD protein in the early diagnosis
of COVID 19 disease.
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