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ABSTRACT

The 21st century has already brought us a plethora of new threats related to viruses that emerge in humans after zoonotic transmission or drastically change their
geographic distribution or prevalence. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was first spotted at the end of 2019 to rapidly spread in
southwest Asia and later cause a global pandemic, which paralyzes the world since then. We have designed novel immunosensors targeting conserved protein se-
quences of the N protein of SARS-CoV-2 based on lab-produced and purified anti-SARS-CoV-2 nucleocapsid antibodies that are densely grafted onto various surfaces
(diamond/gold/glassy carbon). Titration of antibodies shows very strong reactions up to 1:72 900 dilution. Next, we showed the mechanism of interactions of our
immunoassay with nucleocapsid N protein revealing molecular recognition by impedimetric measurements supported by hybrid modeling results with both density
functional theory and molecular dynamics methods. Biosensors allowed for a fast (in less than 10 min) detection of SARS-CoV-2 virus with a limit of detection from
0.227 ng/ml through 0.334 ng/ml to 0.362 ng/ml for glassy carbon, boron-doped diamond, and gold surfaces, respectively. For all tested surfaces, we obtained a
wide linear range of concentrations from 4.4 ng/ml to 4.4 pg/ml. Furthermore, our sensor leads to a highly specific response to SARS-CoV-2 clinical samples versus
other upper respiratory tract viruses such as influenza, respiratory syncytial virus, or Epstein-Barr virus. All clinical samples were tested simultaneously on biosensors
and real-time polymerase chain reactions.

1. Introduction automation of the process is possible, mass testing can be very labor-

intensive, with several points along the path of performing a single

Towards the end of 2019, a new infectious disease appeared in
Wuhan, Hubei Province, China. This disease caused by the new coro-
navirus is called the COVID-19 disease, while the virus was denoted as
SARS-CoV-2. Millions of tests for infection have been performed
worldwide, reported by 135 countries. Cases of infection were
confirmed predominantly via nucleic acid amplification tests for viral
RNA. Such testing requires specialized laboratories, and although some
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test where errors may occur. Alternative diagnostic methods are bio-
sensors which are generally faster and less labor-intensive. To improve
the specificity and selectivity of such diagnostic tests, it is crucial to
select targets that are predominant and not highly variable due to nat-
ural selective pressure.

Although the observed genetic diversity of SARS-CoV-2 variants was
low at the beginning of the pandemic, its rapid global spread provides
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the virus with many opportunities for natural selection to act upon rare
but favorable mutations (Forni et al., 2021). Even though SARS-CoV-2 is
a new threat, the accumulation of such mutations within the spike
protein was reported. Up to date, according to the Centers for Disease
Control and Prevention (CDC), fourteen mutations are prevalent within
SARS-CoV-2 variants (CDC, 2020). Moreover, recent studies reveal that
rapid diagnostic of SARS-CoV-2 is highly desired due to the reinfection
cases with the virus (Tillett et al., 2020).

The current standard in virus diagnostics is a quantitative polymer-
ase chain reaction (QPCR), which detects the pathogen’s amplified ge-
netic material from a patient’s fluid sample and requires highly
specialized equipment and trained personnel. The time required for the
qPCR analysis is still acceptable (45-90 min). Nevertheless, the logistics
of collected samples to the centralized laboratory followed by isolation
of the nucleic acids often exceeds 24-48 h. Next, a variety of different
tests were developed and approved involving amplification of RNA or
protein interaction detection. A couple of novel testing platforms were
reported, but unfortunately, none of them were experimentally vali-
dated and capable of achieving reproducible and sensitive results (Asif
et al., 2020; Pokhrel et al., 2020; Samson et al., 2020; Xu et al., 2020).
These platforms include tailoring and monitoring the key symptoms
(Jeong et al., 2020), enzyme-linked immunosorbent assay (ELISA) or
chemiluminescence (Espejo et al., 2020), surface-enhanced Raman
scattering (Liu et al., 2021) plasmonic (Qiu et al., 2020) or field-effect
transistor-based biosensors (Seo et al, 2020a), loop-mediated
isothermal amplification (Thi et al., 2020a), and various PCR tactics
(Carter et al., 2020; Mahapatra and Chandra, 2020). Nevertheless, more
sensitive and specific tests with simplified procedures and high yield
fabrication approaches should become accessible (Weissleder et al.,
2020a). Therefore, the design of novel and fast diagnostic tests based on
conserved proteins is vitally needed to enable a test-and-trace strategy
(Hussein et al., 2020).

In the recent decade, affinity ligand-based biosensing devices have
received rapid development. Such nano-biosensors have wide applica-
tion potential with various detection formats (Lima et al., 2021).
Immuno-based biosensing devices as a fast and real-time platform
approach would help to monitor the pandemic (Balkourani et al., 2021;
Lu et al., 2021; Mahshid et al., 2021; Weissleder et al., 2020b). Rashed
et al. (2021) demonstrated electrochemical impedance based on
commercially available sensing electrodes precoated with
receptor-binding domain (RBD) and tested with samples of
anti-SARS-CoV-2 monoclonal antibody CR3022. Next, a nano-Pd thin
film electrode was reported to detect modulators that affect the
SARS-CoV-2 and angiotensin-converting enzyme 2 (ACE2) interaction
(Kiew et al., 2021). It was also shown that the surface ligand plays a
critical role in the efficient design of biosensors (Szunerits et al., 2021).
Chaibun et al. (2021) manifested an electrochemical biosensor based on
multiplex RCA for the rapid detection of the N and S genes of
SARS-CoV-2 from clinical samples on carbon screen-printed electrodes
by differential pulse voltammetry (DPV). Moreover, the
electrode-tethered sensors using chronoamperometry were applied to
detect viral particles by the kinetic response of the complexation state of
the antibody (Yousefi et al., 2021). Recent approaches for immuno-
sensor detection of SARS-CoV-2 were based on spike protein (Witt et al.,
2021). Mahari et al. (2020) and Perdomo et al. (2021) developed
in-house built devices using bio-modified screen-printed carbon elec-
trodes (SPCE) with immobilized monoclonal antibodies recognizing
spike protein. By the end of 2020, Torrente-Rodriguez et al. (Torren-
te-Rodriguez et al., 2020, p.) described a platform prepared with
commercially available SARS-CoV-2 reagents such as proteins and an-
tibodies. The proposed graphene-based multiplexed platform allowed
for the detection of full-length nucleocapsid protein and anti-spike IgG
and IgM as well as C-reactive protein. Despite the substantial potential of
this approach, still, the cross-reactivity with other respiratory viruses
was not shown.

The future perspective on immunosensor design should take into
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consideration the fact that new variants of the virus emerge. For that, it
is crucial to choose conserved regions within structural proteins less
prone to mutation. In this report, we design and critically compare real-
time immunoassays (boron-doped diamond/gold/glassy carbon) tar-
geting conserved sequences of inner components of the viral particle
from a patient’s sample of nasopharyngeal fluid. In contrast to other
affinity biosensing devices or detection methods (Table 1), our solution
is based on custom-made conserved protein sequences of the N protein
of SARS-CoV-2. We estimated the grafting density of the molecular
recognition system at different electrodes and the detection mechanism
using hybrid modelling with both density functional theory (DFT) and
molecular dynamics (MD) methods. The binding of SARS-CoV-2 anti-
body to the nucleoprotein leads to a change in electrochemical imped-
ance that is transduced into a highly sensitive electrical detection signal.
The platform was tested on real clinical samples received from the
diagnostic laboratory and verified with RT-PCR.

2. Materials and methods
2.1. Reagents

Potassium hexacyanoferrate (III), methanol, sodium nitrite, and
hydrochloric acid were purchased from Chempur (Poland). Phosphate-
buffered saline (PBS), 4-aminobenzoic acid (4-ABA), N-hydrox-
ysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(EDC), Tris-buffered saline (TBS), IPTG, HIS-Select® Nickel Affinity
Gel, Tris-HCl, Glycerol, 4-aminothiphenol (4-ATP), glutaraldehyde
(GA), bovine serum albumin (BSA), ethanol, demineralized/ultrapure
water (ddH20), hydrochloric acid (37%), sodium nitrite and ethyl-
enediaminetetraacetic acid (EDTA) were purchased from Sigma Aldrich
(Germany). Codon optimization for E. coli, ALICator Ligation Indepen-
dent Cloning, B-PER Complete Bacterial Protein Extraction Reagent,
Gene Art Gene Synthesis, Slide-A-Lyzer Dialysis Cassettes, Wedge Well
Gel, Super Signal West Pico Plus Chemiluminescent Substrate, and 1-
Step Turbo TMB-ELISA were purchased from Thermo Fisher Scientific
(USA). pFastBacl was purchased from Invitrogen (USA). 15 cm Chro-
matography column, Trans-Blot Turbo RTA Transfer Kit were purchased
from Biorad (USA). Protein A-agarose affinity matrix was purchased
from Roche (Swiss). Instant Blue was purchased from Expedeon (United
Kingdom). Secondary goat anti-rabbit HRP antibodies were purchased
from Jackson ImmunoResearch (United Kingdom). 96-well ELISA plate
was purchased from Greiner Microlon (Germany).

2.2. Biomaterials preparation and identification

Expression and purification of RNA binding domain of nucleo-
capsid protein of Wuhan strain in E. coli: The DNA sequence coding
for SARS-CoV-2 protein N (amino acid sequence: MGGSGGGSGY-
PYDVPDYAGSSSGGSSSGGSSSGVDENLYFQSSWFTALTQHGKEDLKFPR
GQGVPINTNSSPDDQIGYYRRATRRIRGGDGKMKDLSPRWYFYYLGTGP
EAGLPYGANKDGIIWVATEGALNTPKDHIGTRNPANNAAIVLQLPQGTTL
PKGFYAEGSGHHHHHHG) was synthesized with codon optimization for
E. coli by Thermo Fisher Scientific. For recombinant 6xHis-protein
isolation, synthetic fragment of N plasmid was cloned into the
PLATE31 expression vector using ALICator Ligation Independent Clon-
ing [Thermo Fisher Scientific] with primers CoV-31F: AGAAGGAGA-
TATAACTATGGGTGGTAGCGGTGGTGGTAGT; CoV-31R: GTGGTGGT
GATGGTGATGGCCGCTACCTTCGGCATAAAAACC. The recombinant
protein was expressed in E. coli BL21(DE3) by induction with 0.3 mM
IPTG (Sigma-Aldrich) at 37 °C for 3 h. The cells were harvested by
centrifugation (12.000xg, 30 min, 4 °C). Whole-cell lysates were pre-
pared with B-PER Complete Bacterial Protein Extraction Reagent
(Thermo Scientific). Recombinant Protein (Wuhan-N) was purified
under native conditions by Ni-NTA affinity chromatography using HIS-
Select® Nickel Affinity Gel (Sigma Aldrich). The purified recombinant
protein was dialyzed to TBS buffer (150 mM NacCl (Sigma Aldrich), 50
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Table 1
Comparison of available diagnostic techniques for SARS-CoV-2.
Detection platform Turnaround Sensitivity Selectivity Limit of detection Reference
time
Surface plasmon resonance (LSPR) Few-minutes - — 0.22 pM Seo et al. (2020b)
RT-PCR >4 h 95% - 3.6 copies/reaction Corman et al. (2020)
Digital polymerase chain reaction (ddPCR) >2h 94% 100% 1.8 copies/reaction Corman et al. (2020)
Reverse-transcription LAMP with turbidimetric detection ~1h 100% 100% 20 copies/reaction Yan et al. (2020)
CRISPR-based LAMP with lateral flow assay <45 min 95% 100% 10 copies/pL Broughton et al.
(2020)
FET-based biosensor ~30 min - - 242 copies/mL Thi et al. (2020b)
LAMP with colorimetric readout <1lh - - 4.8 copies/pL Zhang et al. (2020)
Digital PCR <lh 100% 80% 1 copy/pL Lu et al. (2020)
RCA with magnetic nanoparticles <2h - - 2 fM Tian et al. (2020)
RT-LAMP with colorimetric readout <2h 97.5% 99.7% 100 copies/pL Thi et al. (2020b)
RT-LAMP with colorimetric readout <1lh - - 80 copies/mL Huang et al. (2020)
Electrochemical Impedance Spectroscopy Few minutes - - - Rashed et al. (2021)
Electrochemical Impedance Spectroscopy Few minutes - - 200 copies/ml (Zhao et al., 2021), (
Chaibun et al., 2021)

Reagent-free sensing of viral particles using an 10 min > ng/mL - 4 % 108 viral particles per mL Yousefi et al. (2021)

electrochemical approach monitoring the kinetics of

transport for a DNA—antibody complex
Magnetic beads combined with carbon black-based ~30 min 6.5 x 10° PFU/mL ~ — untreated saliva: equal to 19 ng/  Fabiani et al. (2021)

screen screen-printed electrodes mL

In saliva clinical samples and
cultured SARS-CoV-2: 8 ng/mL

Ultrasensitive supersandwich-type electrochemical ~2h - Confirmed 200 copies/ml Zhao et al. (2021)

sensor patients 85.5%

Recovery

Electrochemical Impedance Spectroscopy

Ligand on the surface of electrochemical biosensors

Few minutes

Few minutes

Depending on the
ligand, above 95

High sensitivity

RT-PCR with viral RNA ~2-4h

Lateral flow immunoassay Few minutes 95%
MIP-based electrochemical sensor ~15 min -
Enzymatic test 13 min -
Electrochemical impedance spectroscopy-based 15-20 min

High sensitivity

patients 46.2%

High selectivity

Can detect clinically relevant
antibody concentrations
Depending on the ligand, for
example, 80 fM, 120 fM for the S1
protein

15fM-50fM
125 copies/ml

Rashed et al. (2021)

Szunerits et al.
(2021)

Mahshid et al. (2021)
Liu et al. (2021)
Raziq et al. (2021)
Singh et al. (2021)
Kiew et al. (2021)

biosensing platform

mM Tris-HCl (Sigma Aldrich), pH 7.5) containing 5% glycerol (Sigma-
Aldrich) and 10 mM EDTA (Sigma-Aldrich).

Expression of full-length nucleocapsid protein in insect cells:
DNA coding sequence of nucleocapsid protein of SARS-CoV-2 with in-
sect enhancer sequence added on the N-end was synthesized by Gene Art
Gene Synthesis (Thermo Fisher Scientific). The synthetic sequence was
cloned under the polyhedrin promotor into pFastBacl (Invitrogen,
Carlsbad, CA) using Nhel and Kpnl restriction sites. Recombinant
baculoviruses were generated according to the manufacturer’s protocol.
Briefly: DH10Bac™ competent E. coli cells were transfected with pFB1-N
plasmid to obtain recombinant bacmid DNA, which was used to generate
recombinant baculovirus (rBV-N) in Spodoptera frugiperda (Sf9) insect
cells. For the production of nucleocapsid protein, Sf9 cells in suspension
culture were infected with recombinant baculovirus at a multiplicity of
infection (MOI) of 3 and harvested 60 h post-infection. Cell lysates
containing full-N protein were used as a positive control.

Production of polyclonal antibodies: To obtain specific polyclonal
antibodies against the nucleoprotein of SARS-CoV-2, a 9 months old
rabbit was immunized twice with 100-200 pg purified Wuhan-N protein
mixed with Addavax adjuvant, and boosted 3 weeks later with the same
dose of purified Wuhan-N recombinant protein in Freund’s incomplete
adjuvant. The animal blood was collected 2 weeks after the second
injection.

Purification of IgG rabbit antibodies using Protein A affinity
chromatography: A 15 cm column (BioRad) was packed with 3 ml of
Protein A-agarose affinity matrix (Roche). The column was pre-
equilibrated with 5 bed volumes of Starting buffer (100 mMTris-HCI,
pH 8.0, degassed and filtered). 2 mL of serum sample was filtered
through a 0.2-pm syringe filter to remove insoluble debris. An aliquot of

filtered serum (1 mL) was mixed with 100 pl of 1.0 M Tris, pH 8.0 to
adjust the pH of the crude antibody sample to pH 7.5-8.0. Next, the
serum sample was loaded on a protein A-agarose gravity column. The
column was washed with 10 bed volumes of Washing buffer 1 (100 mM
Tris-HCl, pH 8.0 degassed and filtered) followed by washing with 10 bed
volumes of Washing buffer 2 (10 mM Tris-HCl, pH 8.0, degassed and
filtered). The rabbit IgG was eluted using 2 bed volumes of Elution
buffer (100 mM glycine, pH 3.0, degassed and filtered). 6 x 1 ml frac-
tions were collected into collection tubes containing 200 pl of Neutral-
ization buffer (1.0 M Tris, pH 8.0). 6 ml of purified rabbit IgG was
dialyzed against PBS buffer using Slide-A-Lyzer Dialysis Cassettes
(Thermo Fisher Scientific). Purified rabbit IgG was analyzed on SDS-
PAGE gel and stored at 4 °C for further use. The concentration of puri-
fied antibodies was measured by BCA assay reaching 0.5 mg/ml
(Thermo Fisher Scientific).

SDS-PAGE and western blotting: Samples were loaded on 10-20%
precast Wedge Well Gel (Thermo Fisher Scientific) and run at the con-
stant voltage of 165V. After electrophoresis, proteins were stained with
Instant Blue (Expedeon) or transferred onto PVDF membranes using the
semi-dry immune transfer (Trans-Blot Turbo RTA Transfer Kit, Biorad).
PVDF membranes were blocked for 1 h in a 5% semi-skimmed milk
solution (5%milk/TBS/0.01%Tween20) and incubated for 1 h with
purified rabbit anti-N antibodies (dilution 1:1000 from 0.5 mg/ml
stock). Next, the membranes were washed (TBS/0.01%Tween20) and
incubated for 1 h with secondary goat anti-rabbit HRP antibodies
(1:4000, Jackson Immuno Research). A reaction was developed with
Super Signal West Pico Plus Chemiluminescent Substrate (Thermo
Fisher Scientific).

Tittering of the Wuhan-N-ab by Enzyme-linked immunosorbent
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assay (ELISA): A 96-well ELISA plate (Greiner Microlon High-Binding,
clear) was coated with 100 ng/well of purified Wuhan-N protein in
PBS for 16 h at 4 °C. Then, the plate was washed 4 times for 5 min with
200 pl/well of washing buffer (PBS/0,05%Tween20) and blocked for 1 h
at 37 °C with 250 pl/well of blocking buffer (3%BSA/PBS/0,05%
Tween20). After the incubation had ended, the blocking buffer was
discarded and the plate was washed as above. Then 100 pl/well of serial
dilutions of rabbit Wuhan-N-ab were added and the plates were incu-
bated for 1 h at 37 °C. The antibody solution was then discarded, and the
plate was washed as previously. 100 pl/well of secondary goat anti-
rabbit HRP antibodies (1:4000, Jackson Immuno Research) were
added and incubated for 1 h at room temperature. Finally, following the
last plate-washing step (6 times for 5 min with 200 pl/well) 100 pl/well
of HRP-substrate solution was added (1-Step Turbo TMB-ELISA, Thermo
Fisher Scientific). The reaction was stopped by adding 50 pL of 0.5M
sulfuric acid to each well. Signal intensity was measured at 450 nm using
a plate reader (Epoch, Biotek).

Cross-reactivity testing by Enzyme-linked immunosorbent
assay (ELISA): A 96-well ELISA plate (Greiner Microlon High-Binding,
clear) was coated with 100 pl/well of inactivated viruses: Influenza A
Virus (IVA), Influenza B virus (IVB), Respiratory Syncytial Virus (RSV)
and Epstein-Barr Virus (EBV) (SkyWayBiolab, Poland) in PBS for 16 h at
4 °C. Then, the plate was washed 4 times for 5 min with 200 pl/well of
washing buffer (PBS/0,05%Tween20) and blocked for 1 h at 37 °C with
250 pl/well of blocking buffer (3%BSA/PBS/0,05%Tween20). After the
incubation had ended, the blocking buffer was discarded and the plate
was washed as above. Then 100 pl/well of rabbit Wuhan-N-ab (dilution
1:1000 from 0.5 mg/ml stock) was added and the plates were incubated
for 1 h at 37 °C. The antibody solution was then discarded, and the plate
was washed as previously. 100 pl/well of secondary goat anti-rabbit
HRP antibodies (1:4000, Jackson Immuno Research) were added and
incubated for 1 h at room temperature. Finally, following the last plate-
washing step (6 times for 5 min with 200 pl/well) 100 pl/well of HRP-
substrate solution was added (1-Step Turbo TMB-ELISA, Thermo
Fisher Scientific). The reaction was stopped by adding 50 pL of 0.5M
sulfuric acid to each well. Signal intensity was measured at 450 nm using
a plate reader (Epoch, Biotek).

Immunofluorescence assay: Human airway epithelium culture was
infected with SARS-CoV-2 virus. Cells were fixed with 4% formalde-
hyde, permeabilized with 0.3% Triton X-100 in PBS, and blocked for 1 h
with 5% bovine serum albumin in PBS. Cells were stained with primary
rabbit Wuhan-N-ab antibody (dilution 1:1000 from 0.5 mg/ml stock)
and secondary anti-Rabbit antibody conjugated with Alexa Fluor 546
(1:400, Invitrogen, Carlsbad, CA, United States) diluted in 5% BSA with
0.5% Tween. Cell nuclei were stained with DAPI (0.1 pg/ml in PBS;
Sigma-Aldrich). Fluorescent images were acquired under a Zeiss LSM
880 confocal microscope (Carl Zeiss Microscopy GmbH) at 40x
magnification.

2.3. Immunosensors fabrication

2.3.1. Gold disc electrodes (Au)

Before modification, each gold disk working electrode of 1.6 mm
diameter was mechanically polished on a micro cloth pad with 0.05 pm
alumina slurry followed by rinsing in absolute ethanol and then dried
under an argon stream. Dry electrodes were immersed in 0.1 M 4-ATP
solution in absolute ethanol and left at 4 °C for 20 h. The modification
process of gold electrodes involves the immobilization of antibodies
based on the self-assembled monolayer of 4-ATP. It is covalently bonded
to the gold surface through the amine group (Aditya Jayanthi et al.,
2019), which reacts with GA cross-linker. Next, the antibody is grafted
to GA by the amine groups through imine group formation. The use of
cross-linker results in an enhanced immobilization of antibodies. Elec-
trodes were thoroughly washed with ethanol again and dried under an
Ar stream. Every next incubation step was followed by rinsing with ul-
trapure water and drying under Ar stream. Then 10 pL of 2.5% GA
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solution in ultrapure water was placed on each electrode surface and left
at room temperature for 15 min in the dark medium. Functionalized
electrodes were then exposed to direct antibody immobilization by
dropping 10 pL of 0.1 mg/ml antibody solution on the electrode surface
for 90 min at 4 °C. In the last step, the electrodes were incubated in 10 pL
of 0.1% concentrated solution of BSA dissolved in 0.01M PBS of pH =
7.45 for 30 min at 4 °C to block possible remaining uncovered active
sites of the electrode surface. The modified gold disk electrodes were
then used for impedimetric measurements, being ready to selectively
anchor SARS-CoV-2 antigen.

2.3.2. Boron doped diamond (BDD) and glassy carbon (GC) electrodes

BDD electrodes were synthesized using the microwave plasma-
enhanced chemical vapor deposition (MWPECVD) system (SEKI Tech-
notron AX5400S, Japan). BDD electrodes were grown on p-type (100)-
oriented silicon substrates. Substrates were seeded by sonication in
nanodiamond suspension (crystallite size of 5-10 nm) for 1 h. The
substrate temperature was kept at 700 °C during the deposition process.
Excited plasma was ignited by microwave radiation (2.45 GHz). The
plasma microwave power, optimized for diamond synthesis, was kept at
1300 W (Bogdanowicz et al., 2014). The gas mixture ratio was 1% of the
molar ratio of CH4—Hj at a gas volume of 300 sccm of total flow rate. The
base pressure was about 10~° Torr, and the process pressure was kept at
50 Torr. All samples were doped by using diborane (B;Hg) dopant pre-
cursor; [B]/[C] ratio was 10 000 ppm in plasma (Bogdanowicz et al.,
2013). The time of synthesis was 12h resulting in the film thickness of
ca. 6 pm.

Before electrochemical measurements, both BDD and GC (Stanlab,
Poland) were cleaned using an ultrasonic cleaner for 15-min in methanol
and demineralized water. Then the electrodes were modified by polar-
izing the sample eleven times in a previously prepared deoxidized so-
lution of diazonium salt (Zhang et al., 2014). 20 mg of 4-ABA was
dissolved in 2 ml of 37% HCI (stirring for 15 min - average stirring speed
400 rpm). Then it was cooled to 0 °C. Next, 2 ml of demineralized water
was added to the mixture. The mixture was then stirred for a further 15
min to dissolve the precipitated 4-ABA chloride. Then 25 mg NaNO
dissolved in 3 mL ddH20 was added dropwise for 30 min. After the
addition of sodium nitrite, the compounds were stirred at 0 °C for about
10 min.

Modification of GC and BDD surface was achieved by voltammetric
electroreduction of the aryldiazonium reagents. The nitrosonium ion is
formed formation, which subsequently activates the amino group on 4-
ABA. During CV sweeping, irreversible reduction peaks occur at a po-
tential around 0.2 V. These peaks form due to the reduction of the
diazonium precursor reagents by single electron transfer. Modification
by electrode polarization from 0 V vs Ag/AgCl to -1V vs Ag/AgCl eleven
times at a speed of 100 mV/s was prepared with deoxidized diazonium
salt solution with an Ag/AgCl (3M KC) electrode as reference electrode
(RE), and a platinum mesh as a counter electrode (CE). The geometric
surface of the sample in this processing process is 0.38 em?.

The samples were then washed with a strong stream of ddH20, dried
with a stream of argon, and 50 pl of protein A solution with EDC and
NHS (protein A = 0.5 mg/ml, EDC = 4.80 mg/ml, NHS = 2.87 mg/ml)
was placed on them. This process lasted an hour and occurred at 4 °C.
The samples were then washed with ddH20, and incubated with 50 pl of
0.1 pg/ml antibody solution and left for 24h at 4 °C. Then the antibody-
modified electrodes were washed with ddH20, dried with argon, and
treated with 1% BSA for 15 min. After this stage, proper measurements
were started consisting of adding the specified amount of the tested
agent (PBS, protein, pathogen) to the measuring system.

2.4. Electrochemical experiments
The cyclic voltammetry (CV) and electrochemical impedance spec-

troscopy (EIS) were conducted using a Palmsens 4 potentiostat/galva-
nostat system (Methrom, Autolab, Netherlands) in the standard three-
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electrode configuration. BDD/Au/GC surfaces were used as a working
electrode, the Pt mesh was used as a counter electrode, and Ag/AgCl/
0.1M KCl as a reference electrode. All electrochemical tests were carried
out in 5 mM Kg[Fe(CN)gl/K4[Fe(CN)gl/in 0.01 M PBS that was previ-
ously deaerated. In the case of the EIS, the frequency ranged from 10
kHz to 1 Hz for BDD, and to 0.2 Hz for Au/GC with 40 points. The
amplitude of the alternating current (AC) signal was 10 mV. Each po-
tential was held constant for 5 s before each measurement to obtain
steady-state conditions. Obtained data were subjected to analysis using
EIS Spectrum Analyzer according to the proposed electric equivalent
circuit (EEQC) (Fig. S2).

2.5. Clinical samples

Clinical samples were received thanks to the courtesy of GeneMe Ltd,
Piotrkowska 41C, 80-180 Gdansk. GeneMe is a diagnostic laboratory in
Poland working for the service of Polish Health Ministry. Therefore, as
the sole activity of GeneMe is to analyze patient samples under the
cooperation with Polish Health Ministry there was no necessity to apply
for a bioethical comity approval. Residual saliva swab material was
anonymized and delivered to the Institute of Biotechnology and Mo-
lecular Medicine to be utilized for the study. The samples were tested
according to the WHO regulations — Anatolya Gene Works qRT-PCR
(Bosphore, Turkey) Kit was both genes with Ct max 38. Negative
SARS-CoV-2 samples had only amplification in E gene or none.

3. Results

3.1. Production, purification, and validation of antibodies revealed a
universal selective character towards the nucleocapsid protein of SARS-
CoV-2

The SARS-CoV-2 is an enveloped virus with three main structural
proteins: membrane protein (M), an envelope protein (E), spike protein
(S), and one multifunctional structural nucleocapsid protein (N). The N
protein is the main component of the virus nucleocapsid and determines
the replication cycle through binding the viral RNA (Kang et al., 2020).

Structurally, the nucleocapsid protein can be divided into five
distinct regions (Fig. 1B): the N-terminal domain (NTD), the RNA
binding domain, the central Ser/Arg (SR)-rich linker (LINK), the
dimerization domain, and the C-terminal domain (CTD) (Dutta et al.,
2020).

The biosensing device presented in this report is based on the anti-
RNA binding domain of nucleocapsid protein antibodies of SARS-CoV-
2. Our research for the first time compared different electrode surfaces
and their modification procedures which allow for the adjustment and
development of a wide range of biological recognition systems for target
pathogens with great freedom for customization. Thus, for our study, we
chose the nucleocapsid protein, which is an inner virus component that,
similarly to spike protein, shows little sequence variation (for both
amino acids and nucleotides sequences) between isolates from around
the world as listed in Tables S1 and S2 in Supplementary materials.

The nucleocapsid protein is present in multiple copies in the viral
particle and is one of the most abundant proteins in the virus particle
(Fig. 1A). Because the nucleoprotein is translated during the early stages
of virus replication, multiple copies of N-protein are present within cells
at the beginning of the virus infection. Moreover, the N protein has few
post-translational modifications such as phosphorylation and N and O
glycosylation (Supekar et al., 2020). Most modifications are present in
the linker region, the dimerization domain, and the C-terminal domain.

In contrast, the spike protein is heavily glycosylated (22 glycosyla-
tion sites) (Watanabe et al., 2020) which requires long and complex
maturation processes in ER-Golgi compartments (endoplasmic reticu-
lum). These can have a negative impact on the binding affinity to anti-
bodies dedicated to detecting the virus. Even a single change in one
amino acid can cause changes in the glycosylation pattern. For our

Biosensors and Bioelectronics 209 (2022) 114222

Membrane protein (M
_— protein (M)

/—Envelope protein (E)
— Spike protein (S)
Nucleocapsid protein (N)

Lipid membrane

Dye

M1C R63C Y172C T245C
RNA bindi Dimerization
NP ’domai:!l] B L LS J domain -

F363C  A419C

1 50 174 246 365 419
C

O-linked glycosylation

Fig. 1. The universal character of nucleocapsid protein. (A)Structure of the
virus. (B) Domain architecture of SARS-CoV-2 N protein. (C) Predicted struc-
ture of nucleocapsid protein with post-translational modification prepared
using the Robetta comparative modelling tools and two templates, the NMR
structure of the RNA-binding domain (PDB:1SSK) and the X-ray structure of the
dimerization domain (PDB:6YUN) (details in Fig. S8.). The identity of nucleo-
capsid and spike proteins of different human coronaviruses has been listed in
Tables S1 and S2.

study, we chose the RNA-binding domain of N protein, which lacks
N-glycosylation sites and has only two predicted O-glycosylation sites
(Fig. 1C). This makes the truncated N protein (RNA binding domain) an
exceptionally good target for detecting SARS-CoV-2 infection. All the
above features make the N protein the perfect candidate for a diagnostic
target.

For sensor preparation, the RNA-binding domain of N protein was
produced in bacteria, purified using a two-step purification process, and
used for rabbit vaccination (Fig. 2A). Antibodies obtained from rabbits
were validated, showing great reactivity with the RNA-binding domain
of N protein produced in bacteria (Fig. 2B) and with the full-length N
protein produced in insect cells (Fig. 2C). Both recombinant proteins
show reactivity with the obtained antibodies, which may suggest that
the glycosylation status does not play a role in the protein-antibody
interaction (Fig. 2C). Wuhan-N-ab antibodies show no cross-reactivity
with other upper respiratory tract viruses (Influenza A Virus (IVA),
Influenza B virus (IVB), Respiratory Syncytial Virus (RSV), and Epstein-
Barr Virus (EBV) as well as with saliva proteins as was shown in ELISA
assay (Fig. 2D). Antibodies were reactive with the whole virus, which
was confirmed on cells infected with SARS-CoV-2 using an immuno-
fluorescence assay (Fig. 2E).
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Fig. 2. Production, purification, and validation of antibodies. (A) A pipeline of antibody production: expression and purification of the recombinant protein —
Wuhan-N (truncated form of N protein); immunization of the rabbit; purification of rabbit antibodies. Right panel: SDS PAGE gel showing purified Wuhan-N protein,
Left panel: SDS PAGE gel showing BSA standard titration and purified Wuhan-N-ab antibodies (NC — Negative control, PP — Purified Wuhan-N, PA - Purified Wuhan-
N-ab). (B) Titration of the Wuhan-N-ab antibodies in ELISA tests, ELISA plates were coated with Wuhan-N protein, bacterial cell lysate from BL21 E.coli served as a
negative control. (C) Cross-reactivity of the Wuhan-N-ab antibody with different forms of nucleoprotein antigens produced in heterologous expression systems.
Purified Wuhan-N protein was produced in a bacterial system, full-length N protein - full-N was produced in insect cells. Bacterial cell lysate from BL21 E.coli, Sf9
insect cell lysate, and wild-type baculovirus lysate served as a negative control (NC - BL21 E.coli cell lysate, SF9 - Sf9 cell lysate, WT - WT baculovirus lysate and fN -
full-N) (D) Cross-reactivity of the Wuhan-N-ab antibody with other respiratory tract viruses. Influenza A Virus (IVA), Influenza B virus (IVB), Respiratory Syncytial
Virus (RSV), and Epstein-Barr Virus (EBV) inactivated viruses were used to coat the ELISA plate. Norovirus (NoV) served as a non-respiratory tract virus control,
Wuhan-N and full-N served as a positive control, swab from the healthy individual served as a negative control. (E) Detection of SARS-CoV-2 virus using immu-
nofluorescence assays in infected human airway epithelial cells using the Wuhan-N-ab antibody. Red: SARS-CoV-2 virus, blue: nucleus. Images were obtained at 40x
magnification.

3.2. Design of the COVID 19 immunosensors for real-time multiplatform: amino groups. The next step was blocking the unsaturated binding sites
GC, BDD, and Au electrode surfaces with BSA as conducted for Au surface. The total time required is 26 h,
which is 2-times longer than for Au. The main difference in BDD and GC
We chose three-electrode materials for the various procedures to procedures was for diazonium salt concentration (stock for BDD, 1000-
form antibody-modified immunoassays. We present here the optimized times diluted for GC). This was due to the high surface area of the
procedures revealing favored sensing performance toward virus proteins developed polycrystalline diamond structure and the relatively smaller
(Fig. 3A). The pretreatment approach for gold differed significantly from one for GC (Niedzialkowski et al., 2020a).
that for carbon-based (GC, BDD) materials. The Au electrode was The characterization of all electrodes during modification was con-

modified mainly by chemisorption using a two-part linker (4-ATP and ducted utilizing simultaneously CV and EIS. Fig. 3B presents the
GA). Next, antibodies were attached to the surface by incubation of the impedance spectra for bare and modified Au, GC, and BDD. For the EIS

initially functionalized electrode material in a solution of antibodies. data analysis, an EEQC was elaborated, as displayed in Fig. S2. EEQC
Finally, the unsaturated sites of electrode material have been blocked by was used to estimate the electrochemical parameters of electrode sur-
the solution of BSA. This procedure lasted around 13 h. face such as resistance charge transfer (R.). Except for Ry, the constant

The carbon-based surfaces (BDD and GC) undergoing an analogous phase element (CPE, Q) parameter was used to define material hetero-
procedure turned out to be slightly parametrically different after geneity and the n exponent was used to measure the degree of homo-
advanced optimization. Laboratory equipment was required for diazo- geneity (tables in Fig. S3, formula in SI) (Wang et al., 2004). Also to
nium salt synthesis and potentiostat for its electro reduction in the first better compare the different samples of immunosensor the relative
step. Before anchoring antibodies, protein A was linked via EDC/NHS to change in R parameter, also called sensor response, has been calculated

the 4-ABA acid electro-grafted BDD/GC-CcH5COOH. This step is pre- according to the formula (1):
sented in Fig. 3A where lighter spheres represent the 4-ABA molecules at
the surface of BDD, while darker spheres represent the products of the Sensor response =
reaction between 4-ABA and EDC/NHS, later replaced by antibody
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Fig. 3. Functionalization process of immunosensors. (A) Schematic representation of the modification process for gold and carbon electrodes. (B) EIS spectra
restored at the formal potential of K3 [Fe(CN)e] 374 in the Nyquist projection recorded at each stage of the procedure (dots) with fitting data (lines). (C) Atomic
structures of ab-initio simulated electrode surfaces covered by linkers. (D) Model of binding of N proteins to antibodies grafted onto various electrode surfaces based

on molecular dynamics investigations.

where RB% is Ry before the test (blank, positive sample, negative
sample) and R™®% is R after the test. The sensor response can be
interpreted as the ratio of the modified surface to the total surface of the
sample (Munoz et al., 2017) and can nihilate differences between results
that are caused by slight differences of samples surface initial state.
The R, resistance for gold increased by a factor of two in the pres-
ence of glutaraldehyde. For GC and BDD, the diazonium salt linkage was
more efficient, delivering 94.20% and 88.60% of impedance changes.

These high values indicate a dense-packed layer of linkers to enable
further protein linkage. One difference in resistance was observed for
BDD and GC after GC/BDD-protein A immobilization: R decreased 2.7-
times (BDD) and 5-times (GC), compared to measurements on the
electro-grafted electrode. This may be caused by differences in the
molecular charge of this protein and its impact on electron transfer
(Furst and Francis, 2019; Niedzialkowski et al., 2020b; Wang et al.,
2011) as proved also by impaired potentials in CV curves and decreased
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reduction/oxidation couple currents (Fig. S3).

The R resistance increased significantly after protein immobiliza-
tion, indicating effective anchoring of the antibodies and BSA adsorption
— for more detailed data, please, see Tables S3-S5 in Supplementary
Information. The degree of electrode coverage with antibodies was
calculated to be comparable to the prior coverage by linkers. We
conclude that a thick biolayer was formed successively, so we investi-
gated it further as a sensing platform.

3.3. Ab-initio and molecular dynamics of RNA binding domain of
nucleocapsid protein of Wuhan strain of SAR-CoV-2 antibody
(WUHAN-N-ab) system grafted onto various electrode surfaces

To get a deeper insight into the antibody surface coverage, we per-
formed ReaxFF reactive force field (Schneider et al., 2017) simulations
of the Au(111), Diamond(110), and Glassy Carbon molecular surfaces
followed by manual placement of the antibody model on such surfaces
with very short MD simulations (the time required to fully equilibrate
such systems multiple starting positions of the antibody is beyond the
current computational capabilities). MD simulation at the atomic scale
for a periodic system consisting of the antibody and model surfaces. The
Au(111), Diamond(110), and Glassy Carbon molecular surface models
were prepared and then activated with 4-ATP (Gold) and 4-ABA (BDD,
GC) molecules. Each model was then relaxed in a water box using the
ReaxFF reactive force field with the Limited-memory Broyden—
Fletcher-Goldfarb-Shanno algorithm (Liu and Nocedal, 1989) using the
Quantum ATK software (“Atomistic Simulation Software | QuantumATK
- Synopsys,” n.d.) (Fig. 3C).

The optimized cells were recalculated with different surface areas for
single linker molecules. Those calculations showed the optimal coverage
of linkers on each studied surface (minimal energetic configuration in
Fig. S1) of the linker (Fig. 3C). The optimized coverage was taken and
the work function of the surfaces was computed using DFT approach to
determine the change in surfaces’ work function due to linker adsorp-
tion (Smidstrup et al., 2017). The calculated results show that 4-ATP
increases work function (WF) by 1.46 eV at Gold surface increasing
the energy needed for electron removal from the surface. In the case of
GC and BDD, WF is decreased by 1.92 eV and 0.18 eV respectively
(Fig. S1B). The minimal surface area per molecule was calculated to
129.68 A (Gold), 105.75 A (BDD), and 64.32 A (GCQ) per linker molecule.

The surface coverage of linkers did not influence ligand coverage
(Fig. S1B). We then prepared a covalently linked antibody (PDB code:
1IGT (Harris et al., 1997) to surfaces either via the K384/K445/K446
lysine cluster of the antibody heavy chain connected to three 4-amino-
thiophenol moieties on the Au surface via imine bonds to glutaral
aldehyde or via K446 connected to the protein A (via amide bonds)
immobilized on the Diamond surface via amide bonds to benzoic acid
moieties. The lysine cluster was chosen based on the analysis of all lysine
moieties found on the antibody surface, which led to the assumption that
the K384/K445/K446 triad is the most likely candidate to bind three
different linker molecules during grafting. Short canonical ensemble
NVT MD runs of 10 ns of the entire antibody on surfaces followed by 1 ps
NPT MD runs were conducted (Figs. S7-S10.). Fig. 3D displays the final
snapshot of the MD for both studied surfaces. Additionally, the nucleo-
capsid protein was docked to the antibody, subjected to a 5 ns MD run,
minimized, and superimposed onto the final MD snapshot. The nucleo-
capsid-antibody pose was obtained via protein-protein docking of the
nucleocapsid protein model (described earlier) to the crystal structure of
the antibody.

Our calculations predict a relatively flat orientation of the antibody
on the surface, with both the heavy chains and one of the light chains
close to the surface while the second light chain points away from the
surface (Fig. 3D). Such an orientation should favor the interaction of the
second light chain with the nucleocapsid protein, allowing for an un-
perturbed recognition process (Fig. S10). A 5 ns of isothermal-isobaric
ensemble NPT MD of the antibody light chain complex with the N
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protein, followed by minimization and molecular mechanics/general-
ized Born surface area (MM/GBSA) calculations allowed to estimate the
Gibbs free binding energy for this system at —129.2 kcal/mol, suggest-
ing a very strong binding.

3.4. Electrochemical validation of immunosensors (GC, BDD, and Au) by
impedimetric detection of the truncated form of nucleocapsid N protein of
Wuhan strain of SARS-Cov-2

The validation of immunosensors included the optimization of time
needed for protein N to be detected, defining the limit of the detection,
and cross-reactivity test with pathogens other than the target pathogen.

To estimate the optimal time for detection of target pathogen the
immunosensor based on Au, BDD and GC were prepared according to
the presented procedure then the solution of protein N with a concen-
tration of 266 pg/mL (positive sample) was diluted in PBS was spotted
on the surface of each electrode and incubated at a temperature of 5 °C
for different periods. Next, their impedance spectra were recorded to
estimate changes in electrode surface properties. Incubation of the
sample at the temperature of 5 °C suppresses potential structural
changes in proteins. The measurements were performed at room tem-
perature until no change in the impedance spectra of each sensor was
observed. The results are presented in Fig. 4A. It can be seen that Au and
GC impedance spectra recorded after 3 and 5 min of incubation in a
solution of protein N haven’t changed which would lead to the sug-
gestion that incubation in protein solution for 5 min is enough for those
immunosensors. On the other hand, the BDD has shown other behavior
where after a short time of incubation (10 min) the change in impedance
spectra was the most significant and decrease with increasing time. Such
behavior may be caused by a change of the conformation of adsorbed
molecules of protein N on the surface of the electrode or even occurring
the desorption process. Such observations lead authors to statement that
10 min is the most optimal time needed for detection by immunosensor
deigned with BDD.

After optimization of time detection, the EIS was used to investigate
the metrological performance of the biosensor detecting the SARS-CoV-
2 virus protein N by spotting the solutions with a different concentration
(4.4 pg/mL, 44.4 pg/mL, 444 pg/mL, and 4.44 ng/mL - diluted in PBS)
on the surface of electrodes and incubating them for the optimal time.
Next, based on the data obtained from EEQC fitting to impedance
spectrum (more specifically - from R.¢) the sensor response has been
calculated by the formula (1). The relationship between protein N
concentrations and sensor response is presented in Fig. 4B for all three
electrode materials.

The linear regression equations, presented in Fig. 4B, for Au, GC,
BDD electrodes with the corresponding values of the correlation coef-
ficient (R?) and the limit of detection (LOD), can be expressed as:

ARct[%]au = 22.427-Cywpun—N [ng/ml] + 71.394 R? =0.827 LOD = 0.362 ng/
ml

ARct[%]gc = 27.791-Cwpun—N [ng/ml] + 13.290 R? = 0.940 LOD = 0.227 ng/
ml

ARct[%]ppp = 36.438-Cwpn-N [ng/ml] + 17.281 R? = 0.823 LOD = 0.334
ng/ml

The limit of detection was calculated from the relation LOD = 3 x SD/
slope, where SD is the standard deviation in the low concentration
range. For all tested surfaces, a wide linear range of concentrations from
4.4 ng/ml to 4.4 pg/ml was obtained. Error bars were calculated as
relative standard deviation (RSD) (For detailed data, please see Table S6
in Supplementary information), while their low levels indicate high
repeatability of conducted measurements.

In the last step of sensors validation, the cross-reactivity tests were
performed with different pathogens and patients’ saliva swabs sick with
COVID-19 as positive samples. To prepare saliva swabs for the
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Fig. 4. Data from tests of sensitivity, selectivity, and linearity range of the prepared biological sensors. (A) Study of the optimal response - incubation of the
electrode in a protein N solution for different periods. (B) Dependence of the responses of various sensors (Au, BDD, GC) versus concentrations of Wuhan-N protein
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(HIN1v3), PBS/TBS buffer, recombinant N protein from a different human coronavirus (HCoV-NL63) served as a negative control, and swabs from COVID-19

positive patients served as a positive sample.

electrochemical measurement 1 mL of it was diluted in the 1 mL of
electrolyte utilized in the whole experiment, but with twice time higher
concentration of electrochemical species to obtain the same concentra-
tion of [Fe(CN)g]3”# after dilution. The 30 pL of that mixture was then
spotted on the surface of each electrode and left for the incubation time
estimated in previous measurements for each electrode material. In
cross-reactivity tests the same sample of saliva swab was used for mul-
tiple samples of prepared sensors, ensuring better reproducibility and
comparability of results. All electrochemical measurements were con-
ducted in the same manner as previous tests and results are shown in
Fig. 4C and are elaborated in caption 3.5.

3.5. Comparison of immunosensors (GC, BDD, and Au) selectivity,
repeatability, and stability studies

RSV, EBV, and HIN1v3 were used as potentially interfering viruses
to investigate the selectivity of the immunosensor. The selection was
based on the causatives of respiratory tract infections, especially Influ-
enzae A which is known as a common coinfection species with SARS-
CoV-2. The Wuhan-N protein concentration was kept in the same
order of magnitude to receive comparable results (Fig. 4B). The
repeatability and reproducibility studies involved three independent
sensors. According to Fig. 4C, all negative controls did not give a sub-
stantial impedance increase. The R changes calculated for the PBS/TBS
buffer as a negative response did not exceed the absolute threshold value

of 10.2% for BDD electrode, while for glassy carbon and gold electrodes
were —9.5% and 7.7%, respectively. The strongest interaction with
protein was observed using the gold electrode (96.6%), next was the
BDD electrode (89.4%), and the weakest was the glassy carbon electrode
(58.4%). The sensor exposed to pathogenic negative control gave
changes ranging from —27.85% (H1N1 on GC electrode) to 7.7% (EBV
on the gold surface). The negative value of sensor response means that
the decrease in R occurred after incubation in the studied sample — in
the case of GC for any negative sample and at BDD/Au for HCov-NL63.
The explanation of that phenomenon could be attributed Vroman effect
(Vroman et al., 1980), meaning that some of the antibodies present on
the surface of the electrode have been substituted by proteins present in
the studied samples. This effect eventually could lead to the opening of
pathways for electrochemical species and so to decrease in R values.

According to the results obtained, the immunoassays exhibited high
specificity for the detection of the N protein of the Wuhan strain of
SARS-Cov-2 produced in E. coli (WUHAN - N protein) without giving
false-positive results in PBS/TBS buffer, and other viruses. Additionally,
we found that the antibodies were not cross-reactive with other upper
respiratory tract viruses (Fig. 5D).

3.6. Clinical samples diagnostics of SARS-CoV-2 using the real-time Au-
based immunosensor platform

In this report, we aimed to use a relatively most effective gold
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electrode platform to determine whether the virus can be detected in a
‘one-step’ process from aqueous samples (Malinowska et al., 2020).
Clinical diagnostic of gold immunoassay specificity was determined
using 10 human saliva swabs (5 positive samples, 5 negative samples)
previously identified using a real-time RT-PCR test. This test is routinely
used for the screening and diagnosis of SARS-CoV-2 (Fig. 5A). The
immunosensor has a significantly faster analysis time (15 min) than the
standard qRT-PCR (3-5 h). Saliva swabs were collected and suspended
in a 0.9% Nacl solution.

According to the WHO standard, if the cycle threshold (Ct) value of
the internal reference channel is less than or equal to 40, the sample is
judged as positive. It follows that the threshold of the impedance
immunosensor must be Ct = 39 to minimize the false positive to a false-
negative ratio in determining the presence of COVID-19.

As described previously, to prepare swabs samples for electro-
chemical measurements they were diluted in electrolyte and then 30 pL
of that solution has been spotted on the electrode. Negative samples
were taken from human saliva swabs lacking SARS-CoV-2. These swabs
were from both healthy and nonhealthy patients. As pre-diagnosed
infected swabs contained Streptococcus pyogenes (S.py) (Ct = 41),
Streptococcus pneumonia (S.pn) (Ct = 43), and Hemophilus influenzae (Hi)
(Ct = 45). Two swabs were from healthy patients (Ct = 39.8 and Ct =
40.2). All samples have been tested with RT-PCR, please refer to
Figs. S6-S7. Fig. 5B illustrates the impedimetric curves for the ready
biosensor (gold electrode modified with antibodies) and for sensors
incubated with samples for 10 min for two representative samples, for
all datasets please refer to Fig. S4. Particularly, no significant rise in a
semicircle was observed in the shape of the EIS spectra upon incubation
of the electrode with negative samples, meaning that no specific
adsorption of the biomolecules present in the swab occurred. For posi-
tive samples, the semicircles rise considerably, which is related to
blockage of the electrochemically active surface by biomolecules,
namely virus particles with protein N on their surface, for the electro-
chemically active species.

10

The correlation between Ct and R values based on the analysis
applied to the impedance spectra for each sample is shown in Fig. 5C.
Negative samples (Ct > 39) gave a small impedance response (up to 10%
relative R¢; change), which is insignificant compared to the significant
(65-85%) relative R, changes for positive samples. After electrode
exposition to positive samples for just 10 min, we observed a substantial
AR ascent (up to 85% in Fig. 5C). The sensitivity of the applied
detection methodology depends on the viral life cycle and the correla-
tion between the number of viral copies and the type of swab used to
collect the sample. It is worth noting that the quantity of RNA copies in
the nasopharynx swab is 10 ®~10 °, while the throat swab reaches 10 *-
108. Those differences would impact the sensitivity of the assay. More-
over, the viral RNA is encapsulated by N protein. It was also confirmed
that N protein is an early viral marker present in high amounts at the
first hours of infection. It was reported that a single SARS-CoV-2 virion
contains around 2200 copies of N protein, while only 100 copies of Spike
protein (Bar-On et al., 2020). Corresponding to other studies, the Ct
value may be correlated with the number of RNA copies, copies of viral
particles, and PFU per ml (Brandolini et al., 2021; Pickering et al.,
2021). According to Brandolini et al. (2021), a Ct value over 35 corre-
sponds to no viral particles present in the sample. Furthermore, samples
with a Ct less than 25, corresponding to approximately 1.5 x 10 ©
copies/ml or 400 PFU/ml, while Ct 28 refers to approximately 1.65 x 10
5 copies/ml or 50 PFU/ml. It was recently shown that the limit of
detection is approximately 250 pfu/ml for most available diagnostic
tests (Stanley et al., 2022). The correlation between the concentration of
N-protein is critical to assess assay applicability in clinic samples. Thus,
we have estimated the concentration of N protein within the viral par-
ticle. Single virions contain up to 2200 copies of N protein which equals
168.1 ag. For Ct value around 25, the PFU reaches 400 corresponding to
67.2 fg of N protein.
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4. Discussion and conclusions

In summary, the developed impedimetric immunoassays offer a
competitive and time-effective alternative for SARS-CoV-2 detection
approaches. Surface modification methods proposed in this work are
simple and do not require specialized equipment. Thus, the biosensor
fabrication process has a great potential for automation. Accessibility,
simplicity, and repeatability are crucial for effective pandemic coun-
teraction, allowing for the number of people who will be tested in the
shortest time to increase. Fast and reliable diagnostic is of great
importance to reduce virus transmission. The fundamental interactions
between the ligand and the receptor indicating the antibody and the
protein of interest are constantly analogous. Next to the golden standard
nucleic acid amplification tests (NAATs), there are ELISA tests and
additional immunological methods like lateral flow assay (LFA). From
the last decade, rapid electrochemical assays were of the most interest
due to their sensitivity and short detection time. The advantage of the
electrochemical assays is fast response time, lower uses of reagents, and
high specificity relating to conventional methods. The potential of the
proposed approach is not only the sensing device but also custom-made
biological components. Manufactured antibodies show strong and
highly specific affinity to RNA binding domain of nucleocapsid protein
of SARS-CoV-2. The antibodies anchored to the electrode surface result
in improved selectivity and sensitivity towards SARS-CoV-2 virus. Since
the conserved regions of RNA binding domain of the inner protein were
chosen, probably, the antigenic drift may not influence the detection
pattern. Established technological processes for all components put our
biosensor one step closer to mass production.

The described biosensor can be deployed as broad and repeated
testing routines for saliva swabbed specimens for SARS-CoV-2 and
shows no cross-reactivity with other respiratory tract viruses. Negative
samples and measurement conditions reveal a satisfactorily low impact
on the sensor response which leads to the high stability of the system and
thus the results can be obtained with good reproducibility. However, it is
recommended to incubate the sensor with the sample for at least 5 min
to let the system equilibrate before a test. This may be particularly
important regarding the desorption process of non-specifically bonded
interfering species naturally present in the sample. The limits of detec-
tion for the biosensor detecting the SARS-CoV-2 virus protein were from
0.227 ng/ml through 0.334 ng/ml to 0.362 ng/ml for GC, BDD, and gold
electrodes, respectively. Such low detection limits, combined with a
linear response in a broad range of target protein concentrations and
reduced influence of undesirable entities make developed sensing plat-
forms good candidates for common use. Electrodes exhibited various
selectivity behavior depending on the antibody density and orientation
tuning binding of N protein, thus influencing immunoassay sensitivity.

The most critical impact on the immunoassay sensitivity has the
electro-immobilization procedure of linker and architecture of antibody
complexes. Their density depends on the specific surface as shown in the
paper but it could be also strongly affected by electrochemical and
structural heterogeneities of electrode surfaces (A. Armstrong et al.,
1997; Hirst, 2006). The multi-faceted and sharply edged BDD surfaces
induce a negative surficial charge attracting positively charged proteins.
This allows for numerous immobilization alternatives and conforma-
tions of proteins at different regions of BDD electrode (Yates et al., 2018)
followed by protein-protein accidental interactions, which could be
responsible for decreased specificity and sensitivity. The orientational
alterations may be also accountable for variation of the electrochemical
electrode performance observed as various electron-transfer kinetic rate
constants tuned by the distance between the electrode surface and the
electron entrance/exit spot at the specific protein group (Morris et al.,
2015). Although BDD shows the low capacity and background currents
extending sensory efficiency, unfortunately, it is characterized by high
heterogeneity of electrostatic interactions, often causing non-specific
protein adsorption. The work of (Trouillon and O’Hare, 2010)
ascribed partial blocking of BDD surface to inhomogeneous boron
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dopant concentration and sp? induced heterogeneities. On the other
side, the interwoven graphite ribbons in the GC complex structure result
in much homogenous adsorption of proteins even at the bare surface
(Léger and Bertrand, 2008).

Next, it was observed that Gold electrode showed the most intensive
interaction with N protein, while the glassy carbon revealed the weakest
character. MD simulations revealed that Au results in the lowest density
of coverage expressed as a large surface area per linker molecule. Area
per linker for Au was almost doubled versus GC suggesting that large
inter-linker area provides multi-point binding of antibody along with its
unhampered motion. Although, the high sensitivity of gold is mainly
attributed to the spatially expanded active antibodies immobilized at
relatively lower surface coverage degree (Sharafeldin et al., 2019). The
presented atomistic simulations prove details of the entire immuno-
sensor platform architecture. The DFT and MD modelling showed a
probable mode of binding of SARS-CoV-2 nucleocapsid protein to the
specific antibodies functionalized on different electrode surfaces. The
mechanism of interactions revealed the grafting conformation and sur-
ficial density of the molecular system, which leads to a change in elec-
trochemical impedance that is transduced into a highly sensitive
electrical detection signal. To win the race against the XXI century
pandemic, test-and-trace strategy is pivotal. We believe that the pro-
posed real-time multiplatform immunoassay may be easily used in
containing current and future pandemics.
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