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Electrochemical biosensors for determining wildtype and omicron variant of the severe acute respiratory
syndrome-coronavirus-2 (SARS-CoV-2) nucleocapsid antigen in nasopharyngeal swab samples were produced by
using functionalised graphene oxide and the wildtype and omicron types of SARS-CoV-2 nucleocapsid antibody
modified glassy carbon electrodes. The developed biosensors characterised by cyclic voltammetry, scanning
electron microscopy, energy dispersive X-ray spectroscopy and X-ray photoelectron spectroscopy were able to
detect 0.76 and 0.24 ag/mL of the wildtype and omicron SARS-CoV-2 nucleocapsid antigen protein in linear

ranges varied from 1 ag/mL to 100 fg/mL and from 1 ag/mL to 10 fg/mL, respectively. The performance of both
biosensors produced was compared in nasopharyngeal swab samples containing the wildtype and omicron
variant of the SARS-CoV-2, and it was evaluated whether they could be used interchangeably.

1. Introduction

The unparagoned coronavirus disease 2019 (COVID-19) has heavily
ruined public health systems and economies worldwide [1,2]. In addi-
tion to the large amounts of money spent by countries with the
COVID-19 pandemic, global debt has also increased from $226 trillion in
2020 to $303 trillion in 2021. According to the IMF, this is the highest
amount reached after the Second World War [3]. Apart from the fiscal
issues, as of 1 June 2022, more than 527.6 million confirmed cases of
COVID-19 and 6.29 million deaths have been tallied by the World
Health Organization (WHO) [4].

SARS-CoV-2, a member of betacoronavirus genus, has a tendency to
genetic evolution while adapting to new human hosts with the devel-
opment of mutations in time, like other RNA viruses. This has led to the
appearance of various variants that might have different features in
comparison to their hereditary strains [5]. The WHO has classified the
SARS-CoV-2 variants as alpha, beta, gamma, delta and omicron (vari-
ants of concern, VOCs) and has announced that delta and omicron
variants are in circulation as of May 2022 [6]. The studies show that the
omicron variant has a 13-fold increase in viral infection and this variant
is 2.8 times more contagious than the delta variant [7]. It was deter-
mined that the efficacy of ChAdOxl1 nCoV-19, BNT162b2 and
mRNA-1273 vaccines against the omicron variant was lower than the
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delta variant at all post-vaccination intervals and in all primary and
booster dose combinations investigated [8]. This situation also affected
the diagnosis of the disease, and especially with the emergence of the
omicron variant, the need to revise RT-PCR kits, rapid antigen test kits
and biological materials sensitive to the omicron variant used in bio-
sensors has arisen [9].

Diagnosis of COVID-19 is mostly based on real-time polymerase
chain reaction (RT-PCR) distinguishing the genetic material of the virus
in bodily fluids including saliva, oropharyngeal and nasopharyngeal
swab samples. RT-PCR has advantages involving being sensitive and
selective, whereas it entails a long assay time and an expensive instru-
ment [10-12]. Other commonly used diagnostic methods include lateral
flow immunoassay (LFIA) [13-15], serological tests such as
enzyme-linked immunosorbent assay (ELISA) [16], and electrochemical
biosensors [17-25]. LFIA- and ELISA-based methods have mentioned
benefits such as cheap, rapid and easy-to-use, whilst LFIA-based
methods have lower sensitivity and ELISA-based methods are not proper
for early diagnosis since they detect antibodies against viral antigens
[16,26]. By comparison, electrochemical methods have demonstrated
many benefits involving ease of use, cost-effective and rapid analysis,
high sensitivity and selectivity. Thus, electrochemical studies for the
diagnosis of infectious diseases including COVID-19 are constantly
increasing, the featured ones are compiled in Table S1 [17-25].
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However, among these methods, the production of biosensors for the
simultaneous detection of wildtype and omicron variant of the
SARS-CoV-2 in real samples and whether these sensors can be used
interchangeably have not been investigated up to now.

We here produced two biosensing platforms obtained by modifying
the wildtype and the omicron nucleocapsid antibodies onto functional-
ised graphene oxide modified electrodes for determining the wildtype
and the omicron variant of the less mutated SARS-CoV-2 nucleocapsid
antigen proteins in nasopharyngeal swab samples. To the best of our
knowledge, this is the first electrochemical comparative study to
simultaneously detect nucleocapsid proteins of both the wildtype and
the omicron variant of the SARS-CoV-2 in real samples.

2. Material and methods
2.1. Chemicals and equipment

The SARS-CoV-2 (2019-nCoV) nucleocapsid-his recombinant protein
(WAG, >90% as determined by SDS-PAGE, Cat: 40588-V08B), SARS-
CoV-2 B.1.1.529 (omicron) nucleocapsid protein (his tag) (0AG, >95%
as determined by SDS-PAGE and SEC-HPLC, Cat: 40588-V07E34), SARS-
CoV-2 nucleocapsid antibody (wAB, validated by WB and ELISA, Rabbit
MAD Cat: 40143-R019), SARS-CoV-2 omicron nucleocapsid antibody
(0AB, validated by WB, ELISA, IHC-P and ICC/IF, Rabbit MAb Cat:
40143-R001), influenza A HIN1 Hemagglutinin/HOA protein (A/
Guangdong-Maonan/SWL1536/2019)/(A/Hawaii/70/2019) (his-tag)
(>95% as determined by SDS-PAGE, Cat: 40717-VO8H) and the Middle
East respiratory syndrome-coronavirus (MERS-CoV) nucleocapsid pro-
tein (his-tag) (>90% as determined by SDS-PAGE, Cat: 40068-V08B)
were purchased from Sino Biological, and the native extract of Strepto-
coccus pneumoniae antigen (inactivated antigen from culture,
NAT41604-100) was supplied from Native Antigen Company. Graphene
oxide (GO, Powder, Sigma-Aldrich 796034), phosphate-buffered saline
(PBS, tablet, Sigma-Aldrich, P4417, 0.01 M phosphate buffer, 0.0027 M
potassium chloride and 0.137 M sodium chloride, pH 7.5, at 25 °C), N-
Hydroxysuccinimide (NHS, 98%, Sigma-Aldrich 130672), N-(3-Dime-
thylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC, >98,
Sigma-Aldrich 03450) and bovine serum albumin (BSA, >98%, Sigma-
Aldrich, 05470) were purchased from Sigma-Aldrich, USA. 0.01 M
(pH 7.5) of PBS solution and Eppendorf protein LoBind tubes were used
to prepare and store the antibody and antigen solutions, respectively.
The other chemicals were dissolved in ultrapure water.

Thermo Scientific HiPPR Detergent Removal Spin Column Kit (Cat:
88305) was used to remove detergent from the nasopharyngeal swab
samples.

Merck Millipore Milli-Q Integral 10 system was used to procure ul-
trapure water, ISOLAB 3 L ultrasonic bath was operated to clean the
surface of glassy carbon electrode (GCE) and General Electric 250W
infrared lamp (E27, 125 mm) were utilized to evaporate the ultrapure
water and dry the graphene oxide suspension onto the GCE.

Voltammetric measurements were performed using Metrohm Auto-
lab PGSTAT 128 N potentiostat/galvanostat with a three-electrode sys-
tem consisting of working electrodes (the wildtype or the omicron
nucleocapsid antibody and functionalised graphene oxide modified
glassy carbon electrode, BASi MF-2012 GCE as a supporting surface),
reference (Ag/AgCl/3 M NaCl, BASi MF-2052 RE-5B) and counter
(platinum wire, BASi MW-1032, 7.5 cm) electrodes.

Biorad CFX Connect Real-Time PCR system was used to analyse the
nasopharyngeal swab samples.

Hitachi Schottky SU5000 field emission-scanning electron micro-
scope (FE-SEM), FEI Oxford Instruments Model 7260 energy dispersive
X-ray spectroscopy (EDX) and Thermo Fisher K-Alpha X-ray photoelec-
tron spectroscopy (XPS) were operated to characterise the biosensing
platforms.
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2.2. Preparation of the SARS-CoV-2 wildtype and omicron variant
biosensing platforms

To prepare the wildtype SARS-CoV-2 nucleocapsid antibody (wAB)
modified electrode, first the surface of GCE was orderly lustered with
0.5, 0.3 and 0.1 pm of diamond paste on the felt and washed with ul-
trapure water, subsequently ultrasonicated in a 1:1 ethanol-ultrapure
water mixture taken turns with ultrapure water for 5 min each. Then, 3
pL of 2.5 mg/mL GO suspension was dropped onto the GCE surface,
dried under an infrared lamp and allowed to cool for 15 min. Next, 6 uL
of 100 mM EDC and 14 pL of 100 mM NHS were dropped onto the GO/
GCE surface for 1.5 h to activate the electrode surface and to ease the
wAB immobilisation for the further step (aGO/GCE). Finally, after
incubating 10 pL of the 20 ppm wWAB on the aGO/GCE surface for 30
min, the free sites were blocked with 10 pL of 2% BSA. The obtained
platform was denoted as BSA/wAB/aGO/GCE (Fig. 1).

To prepare the omicron SARS-CoV-2 nucleocapsid antibody (0AB)
modified electrode, the sequence of the biosensor preparation steps was
the same, only the ratios of EDC and NHS were 16 pL and 4 pL,
respectively, and the activation time is 30 min. Apart from that, oAB was
used instead of wAB for antibody immobilisation. The obtained platform
was denoted as BSA/0AB/aGO/GCE (Fig. 1).

The incubations were carried out at 21 + 3 °C and the prepared
platforms were stored in a cooler at 4 °C until further use. At the end of
each of the sensor preparation steps, washing was made with the solu-
tion in which the modified material was prepared, and then the surface
was dried with high purity argon gas.

2.3. Voltammetric measurements

The wildtype (WAG) or the omicron variant nucleocapsid antigen
(0AG) was incubated on the related biosensing platform for 45 min
before being measured. Square wave voltammetry (SWV) was applied in
the potential range between —1 V and 1 V with 5 mV of step amplitude,
10 Hz of frequency and 25 mV of pulse amplitude. Cyclic voltammetry
(CV) was performed in the same potential range with 3 mV of step
amplitude and an appropriate scan rate. All electrochemical measure-
ments were recorded in a supporting electrolyte solution containing
0.01 M (pH 7.5) of PBS degassed with argon for 5 min before the mea-
surement. The anodic peaks of the produced platforms increased at
approximately —60 mV in proportion to wAG and 0AG, which were used
for determining wAG and 0AG.

2.4. Clinical analyses

Nasopharyngeal swab samples (30 negative and 30 positive samples
for wAG detection, 25 negative and 25 positive samples for oAG
detection) collected in the first quarters of 2020 and 2022 and confirmed
by RT-PCR were used for determining wAG and 0AG, respectively. The
selection of these samples was carried out randomly from approximately
300 nasopharyngeal swab samples for each variant and each positive
and negative samples using the TRaNS (Stratified Random Sample Se-
lection) software. Ethical approvals for wAG and oAG studies were ob-
tained from Acibadem University Ethical Committee with IDs of
ATADEK 2020-14/2 and ATADEK 2021-24/34, also respectively.

2.5. Sample preparation for voltammetric analyses

First, nasopharyngeal swab samples in detergent solution marked
positive or negative and confirmed by RT-PCR were cleaned of detergent
in order to reveal the nucleocapsid proteins. For this purpose, 200 pL of
detergent removal resin was added into spin columns with stoppers.
Next, the stoppers were removed and spin columns were placed in
Eppendorf tubes, centrifuged at 2000 rpm for 1 min at room tempera-
ture, and the liquid collected in Eppendorf tubes was discarded. After
200 pL of 0.01 M (pH 7.5) PBS solution was added into the spin columns,



L. Liv and A. Bas

Determination step
| —
wAG or oAG

Analytical Biochemistry 657 (2022) 114898

Ultrasonication

Polishing

Fig. 1. Schematic presentation of the procedures for preparing wildtype and omicron variant biosensing platforms.

the resin was washed by centrifuging at 2000 rpm for 1 min. This process
was repeated 3 times and the liquid collected in Eppendorf tubes was
discarded each time. Then, the resin-cleaned spin columns were placed
inside the clean Eppendorf tubes with stoppers. Nasopharyngeal swab
samples with a volume of 100 pL were added onto the resin, pipetted 3
times and incubated for 10 min at room temperature. At the end of the
incubation, the stoppers were opened and the samples were centrifuged
at 2000 rpm for 1 min. After centrifugation, the supernatants of naso-
pharyngeal swab samples without detergent were transferred to +4 °C.
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Those RT-PCR confirmed samples were incubated on the biosensor
surfaces with a volume of 5 pL and used for the determination of wAG
and 0AG and hence for the diagnosis of COVID-19. The whole sample
preparation and measurement procedure is summarized in Fig. 2.
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Fig. 2. Schematic presentation of the sample preparation and measurement procedure.
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3. Results and discussion
3.1. Surface characterisation of the produced platforms

Surfaces of the produced biosensors were characterised by CV, FE-
SEM, EDX and XPS to identify each modification of the BSA/wAB/
aGO/GCE and BSA/0AB/aGO/GCE. Cyclic voltammograms of the GCE,
GO/GCE, aGO/GCE, wAB/aGO/GCE, 0AB/aGO/GCE, BSA/wAB/aGO/
GCE and BSA/0AB/aGO/GCE in the presence of 1 mM of K3[Fe(CN)g], 1
mM of K4[Fe(CN)g] and 0.1 M of KCl as shown in Fig. 3.

The peak heights of the redox couple remarkably increased owing to
the enhancing surface area and hence the electron transfer rate after the
GO modification onto the GCE surface (Fig. 3A-a and b, 3B-a and b).
After activation of GO with EDC and NHS, since unpaired electrons
found in the carbonyl of NHS faced the outside of the electrode, the peak
intensities decreased due to the repulsion forces between the carbonyl
groups and the redox couple as appear in Fig. 3A—c and 3B-c. With wAB
and BSA modified on the aGO/GCE, it was observed that the peak
heights first increased and then decreased (Fig. 3A-d and e). The former
is based on the electrostatic attraction between the amino groups in the
wAB and the negatively charged redox couple, whereas the latter arises

Current (UA)

-0.2 0.0 0.2 04 0.6
Potential (V) vs. Ag/AgCl (3M NaCl)

Current (pA)

-0.2 0.0 0.2 0.4 0.6
Potential (V) vs. Ag/AgCl (3M NaCl)

Fig. 3. (A) Cyclic voltammograms of (a) GCE, (b) GO/GCE, (c) aGO/GCE, (d)
wAB/aGO/GCE and (e) BSA/wAB/aGO/GCE and (B) cyclic voltammograms of
(a) GCE, (b) GO/GCE, (c¢) aGO/GCE, (d) oAB/aGO/GCE and (e) BSA/0AB/aGO/
GCE with a scan rate of 50 mV/s in the presence of 1 mM of K3[Fe(CN)¢], 1 mM
of K4[Fe(CN)g] and 0.1 M of KCl.
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from the high concentration of BSA and due to the fact that a physical
barrier is encountered for the redox couple to reach the electrode sur-
face. These findings are in full agreement with the results of our previous
study [18]. Unlike this study, the peak intensities decreased when oAB
was modified on the aGO/GCE surface (Fig. 3B—d). This is due to the fact
that wAB, the ancestor of 0AB, has undergone numerous phosphoryla-
tion and therefore, there have been changes in its conformation and
possibly occurred negative charges on its surface [27]. The repulsion
forces between these negative charges and the redox couple or steric
hindrance due to the oAB structure caused a decrease in the peak
heights. The peak heights continued to lessen with the BSA immobili-
sation similar to the BSA/wAB/aGO/GCE (Fig. 3B-e).

SEM images for the aGO/GCE, wAB/aGO/GCE and 0AB/aGO/GCE
are demonstrated in Fig. S1. Activated graphene oxide (aGO) appears to
have clear, sharp-edged and acicular shapes (Fig. S1A and S1A’). After
wAB or 0AB incubation, it was observed that it was covered with cloudy
structures (Fig. S1B and S1C) [28].

After GO deposition onto the GCE’s surface, carbon and oxygen
contents were found in the mass ratio of 59.7% and 40.3%, respectively
(Fig. S2A). With the functionalisation of GO/GCE with EDC and NHS,
the rate of oxygen significantly decreased and the rate of carbon
remarkably increased since the carbon ratio on the aGO/GCE is higher
than oxygen (Fig. S2B). It was observed that the sulfur peaks emerged
for both wAB/aGO/GCE and oAB/aGO/GCE with the immobilisation of
wAB and 0AB, respectively (Fig. S2C and S2D).

Although the proteins contain high amounts of nitrogen, they were
not observed with EDX. Therefore, XPS, a more advanced surface
characterisation technique, was used as appear in Fig. 4. Cls bonds
between 284.48 — 285.68 eV and 285.98-286.78 eV are related to the
graphitic and etheric structures, respectively. The weak Cls peaks at
288.58 and 290.48 eV and the strong O1s peak at 532.78 eV for GO/GCE
belong to the carbonyl and carboxyl groups [29] and C-O (from
carbonyl), respectively [30]. With the activation of GO/GCE, the Cls
peak at 289.18 eV and the O1s peak at 531.78 eV indicate the presence
of ester and amide groups on the surface, respectively [30,31]. In
addition, the N1s core-level spectrum demonstrates a main peak
component at 400.08 eV referred to the neutral amine groups, and a
minor peak component at 402.48 eV attributed to the positively charged
nitrogen species, respectively [32]. These findings showed that the
electrode surface was successfully activated by EDC and NHS. After the
WAB or 0AB was modified on the surface of aGO/GCE, large increases in
the overall N1s peaks observed for each electrode are related to amino
acids in the structure of antibodies. Next, the emergence of S2p peaks is
associated with C-S bonds in the structure of amino acids [33-35].
Furthermore, it is crucial to indicate that the N1s amine peak intensities
in the wAB/aGO/GCE are much higher than in the 0AB/aGO/GCE.
Regardless of the conformation mutation, this could be associated with
the increasing peak heights due to the interaction between the amine
protons and the negatively charged redox couple for the wAB/aGO/GCE
in CV characterisation.

Accordingly, well-matched CV, SEM, EDX and XPS results revealed
that the developed biosensing platforms for detecting the wAG and 0AG
were produced accurately and appropriately.

3.2. Cyclic voltammetric characteristics of the developed systems

To elucidate the electrode reaction mechanisms between the nucle-
ocapsid antigen proteins and the developed biosensing platforms, CV
was used for both supporting electrolyte and antigen at 75 mV/s, and for
antigen at increasing scan rates as appear in Fig. S3. The peak of the
biosensing platforms at —60 mV irreversibly increased in the presence of
WAG and 0AG as shown in Fig. S3A. The logarithm of peak height (log(I,,
pA)) and the logarithm of scan rate (log(9, mV /s)) plotted to specify
whether the wAG and o0AG’s relocation to the sensor surfaces was
diffusion- or adsorption-controlled were log(l,) = 1.190 log(9) — 1.487
(R% 0.999) and log(I,) = 1.109 log(8) + 0.723 (R% 0.992) for wAG and
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step size.

0AG, respectively (Figs. S3B and S3C). The slopes of these equations
revealed an adsorption-controlled electrode reaction in both systems.

3.3. Optimisation studies

Significant parameters having an effect upon the performance of
BSA/wAB/aGO/GCE and BSA/0AB/aGO/GCE were optimised in the
presence of 1 fg/mL of the related nucleocapsid antigen protein (Figs. S4
and S5). Among the results, the concentrations of GO and wAB, the EDC-
NHS ratio (100 mM each), and the incubation times of wAB, EDC-NHS,
BSA and wAG were determined to be 2.5 mg/mL, 20 pg/mL, 6 pL/14 pL,
30 min, 1.5 h, 10 min and 45 min for BSA/wAB/aGO/GCE, respectively
(Fig. S4). All parameters are the same for BSA/wAB/aGO/GCE, only the
ratio and incubation time of EDC-NHS are 16 pL/4 pL and 30 min, also
respectively (Fig. S5). Supporting electrolyte of PBS solution (0.01 M pH
7.5) was used for all the measurements.

3.4. Validation of the method and sample application

Capacitive current based on the interaction between nucleocapsid
antibody and antigen proteins increased in proportion to antigen pro-
teins [35]. The SWV results and calibration curves for determining the

wAG and 0AG appear in Fig. 5. Alp values were obtained by subtracting
the corresponding biosensor’s own signal from the incubated antigen
signal. The developed biosensors, BSA/wAB/aGO/GCE and BSA/o0A-
B/aGO/GCE, have limit of detection values and linear range intervals of
0.76 and 0.24 ag/mL (i.e. from the standard error of estimate) and 1
ag/mL-100 fg/mL and 1 ag/mL-10 fg/mL for determining wAG and
0AG in 0.01 M (pH 7.5) of PBS solution, respectively.

The relative standard deviation values were found as 5.0% for BSA/
wAB/aGO/GCE and 1.2% for BSA/0AB/aGO/GCE in the presence of
100 ag/mL of the wAG and 0AG, respectively.

The proposed method was applied to nasopharyngeal swab samples
for detecting wAG and 0AG separately using BSA/wAB/aGO/GCE and
BSA/0AB/aGO/GCE. Hereby, it was decided to set 1.3 and 9.1 pA cur-
rent increase as threshold for wAG and 0AG positive nasopharyngeal
swab samples, respectively. The results showed that 27/30 wAG posi-
tive, 26/30 wAG negative, 24/25 0AG positive and 23/25 0AG negative
samples were in agreement with RT-PCR analyses, depicting 90% and
96% sensitivity and 87% and 92% specificity for wAG and 0AG,
respectively. More importantly, it was investigated whether the pro-
duced biosensing platforms by using the cross-reactivity between
WAB-0AG and oAB-wAG and the difference in current increases for
WAG and oAG could be used interchangeably. For this purpose, 6



L. Liv and A. Bas

Analytical Biochemistry 657 (2022) 114898

1] 100 fgimL of wAG 3 r
= e A y =0.447x + 0.180
25 R? = 0.990
_— 2 ; x4
T - A
E 0 ag/mL of wAG % 15 F I
e 3
5 10 1+ X
(] N N
05 | -1
5 = B
0 1 1 1 1 1
01 0 1 2 3 4 5
06 0.4 02 0.0 0.2 0.4 10g (C 6, 38/mL)
Potential (V) vs. Ag/AgCI (3M NaCl)
41 10 fgimL of oAG c 10 4
y=0.392x + 8.179 I
06 ] Re=0998
30 |
g A
= T 92 A o
- 0 ag/mL of 0AG 3 '._.
g = = .
5 < 8.8 - o
o
] ga] ¥
8 T T T T
0 T L T T
0.4 0.2 0 1 2 3 4

-0.6 0.0 0.2

Potential (V) vs. Ag/AgCl (3M NaCl)

0.4
log (C 5a5, ag8/mL)

Fig. 5. (A, C) The square wave voltammograms and (B, D) the calibration curves (n = 3 for each concentration) for (A, B) BSA/wAB/aGO/GCE and (C, D) BSA/0AB/

aGO/GCE in 0.01 M (pH 7.5) of PBS solution.

positive and 6 negative nasopharyngeal swab samples for each wAG and
0AG were tested with both biosensors and it was observed that each
platform was able to distinguish wildtype and omicron variant of SARS-
CoV-2 nucleocapsid protein as appear in Fig. 6.

The obtained results showed that the BSA/0AB/aGO/GCE platform
gave a more distinctive response than the BSA/wAB/aGO/GCE.

4. Conclusion

In this study, simple, easy-to-use, cost-effective, ultrasensitive and
highly accurate two biosensing platforms are presented for detecting the
wildtype and omicron variant of SARS-CoV-2 nucleocapsid protein in
nasopharyngeal swab samples and the results show excellent sensitivity
and specificity compared to RT-PCR. To our best knowledge, this is the
first example to distinctively detect the nucleocapsid proteins of the
wildtype and the omicron variant of the SARS-CoV-2 in real samples by
any of the two sensors produced.

CV, SEM, EDX and XPS results of the biosensors have provided
crucial information about the wildtype and omicron antigen and anti-
body structures. Although nucleocapsid proteins are less mutated, it has
been observed that this could lead to misdiagnosis in electrochemical
biosensing studies.

The electrochemical approach used here can be applied to different
mutations of various viruses or biological materials, leading to the
identification of different types of the same species.
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