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ABSTRACT: The widespread and long-lasting effect of the COVID-19 pandemic has
called attention to the significance of technological advances in the rapid diagnosis of SARS-
CoV-2 virus. This study reports the use of a highly stable buffer-based zinc oxide/reduced
graphene oxide (bbZnO/rGO) nanocomposite coated on carbon screen-printed electrodes
for electrochemical immuno-biosensing of SARS-CoV-2 nuelocapsid (N-) protein antigens
in spiked and clinical samples. The incorporation of a salt-based (ionic) matrix for uniform
dispersion of the nanomixture eliminates multistep nanomaterial synthesis on the surface of
the electrode and enables a stable single-step sensor nanocoating. The immuno-biosensor
provides a limit of detection of 21 fg/mL over a linear range of 1-10000 pg/mL and
exhibits a sensitivity of 32.07 ohms-mL/pg-mm? for detection of N-protein in spiked
samples. The N-protein biosensor is successful in discriminating positive and negative
clinical samples within 15 min, demonstrating its proof of concept used as a COVID-19

rapid antigen test.
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\
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1. INTRODUCTION

With the outbreak of the COVID-19 pandemic globally, the
urgent need for rapid and accurate diagnostic tests has been
underlined to prevent further disease spread.'”> While
detecting viral RNAs through real-time reverse-transcriptase-
polymerase chain reaction (rRT-PCR) is the gold standard
diagnostic technique,®’ growing demands for rapid diagnosis,
through the integration of detection techniques and fluid
handing chips,® are highlighted for controlling the spread,
which can be enabled through the advancement of immuno-
assays’~'' and nanodiagnostics.'”” In this regard, methods
working based on the distinct antibody (Ab)/antigen viral
biomarkers have become prevalently adopted, especially when
rapid and early detection is of interest.”'”'* Taking advantage
of the structural proteins of the SARS-CoV-2 virus, highly
specific monoclonal antibodies'*'® are becoming commonly
employed for the development of immunoassays.'”'® Among
different structural proteins, Nucleocapsid proteins (N-
protein) exist in the blood,"” saliva,”® serum,”' and
nasopharyngeal (NP) swab samples of infected patients™
and proved to be the most predictive with less susceptibility to
mutation for COVID-19 detection in the early phase of
infection.”® It has been used as a reliable disease indicator
when used for Rapid Antigen Testing”* along with the
incorporation of Artificial Intelligence and the Internet of
Things can provide big data and predictive models for
pandemic management.”>”*’
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Electrochemical immuno-biosensors have offered ultra-
sensitivity as opposed to optical detection methods for clinical
detection of various protein biomarkers in different dis-
eases;”>”” thanks to the use of label-free approaches and
employment of conductive nanostructures.’””' They have
demonstrated their benefits for rapid and sensitive diagnosis of
different viral infectious diseases.”” They have also been used
for detection of SARS-CoV-2 RNA and antigen bio-
markers,”** with a low limit of detection (LoD) suitable for
early disease diagnosis,” as well as multiplex detection through
multichannel screen-printed electrodes for simultaneous
sensing of several biomarkers.” Different electrochemical N-
protein biosensors such as molecularly imprinted polymer
(MIP)-based electrochemical sensors,”® square wave voltam-
metric sensing on carbon nanofiber-modified electrodes,’” and
magnetic bead-assisted voltammetry electrochemical assays’
showed their success for COVID-19 detection.”"***’

Nanomaterials are considered as an inseparable component
in the initial phase of fabricating highly sensitive electro-
chemical biosensors. Zinc oxide (ZnO), carbon nanotubes
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(CNTs), graphene (Gr),*>*" and gold nanoparticles
(AuNPs)** have been introduced as “elite” materials, offering
enhancing sensitivity for electrochemical sensing.**~* Various
forms of ZnO have been used for electrochemical biosens-
ing;46_48 thanks to their unique properties for creating active
sites with a large surface area as well as owning to their high
isoelectric point (IEP) of 9.5 contributinég to the absorption of
biological components such as proteins.*>*’ Being an attractive
material for electrochemical biosensor fabrication,®® gra-
phene®”*"? has also been utilized prevalently as a companion
element with ZnO in sensing devices,>>™° for example, for
enzymatic’® and nonenzymatic detection of glucose,’”*
endorphins,” and ascorbic acid.?’ It is worth noting that the
coexistence of the graphene and ZnO assists the uniform
dispersion of the ZnO NPs inside the mixture.”’ In this study,
we get to benefit from these two nanomaterials for developing
a ZnO/Gr-based nanocomposite and using it for the detection
of SARS-CoV-2 N-proteins. The process involves dispersing
the ZnO and reduced graphene oxide (rGO) nanostructures in
a buffer solution containing salt ions and coating the sensor
with the nanomixture using a single-step nanocoating process
without the need for synthesizing the ZnO NPs on rGO. The
effect of ionic compounds of the mixture with equal positive
and negative charges, obtained from the dissolving of the salts
to form a water-based buffer, is investigated to assess uniform
dispersion of the nanostructures, leading to the formation of a
stable and uniform coating.62

Several approaches have been examined for immobilizing
bioreceptors on ZnO-contained electrodes. Physical adsorption
was tested for immobilizing antibodies on ZnO for
immunosensing of human salivary cortisol”® and a-amylase.®*
Also, carboxyl functional groups existing on graphene® form
covalent amide bonding with the amine group of antibodies
upon their surface deposition, creating more stable bonds and
increasing the stability and sensitivity of the immunosensors.
To this end, the accompanying elements such as gold
nanoparticles have been used to hybridize DNA probe
strands®® on ZnO—Gr nanocomposites to connect the cross-
linkers needed for immobilizing the carboxylic groups. In
another study, for creating hydrogen peroxide sensors, pyrene
succinimide ester (PSE) was utilized to functionalize ZnO—Gr
nanocomposites to immobilize streptavidin.®’ A similar
functionalization approach was used to create a genosensor
detecting coconut cadang—cadang viroid (CCCVd) RNA
sequence.”® The PSE cross-linker, according to its chemical
structure, lays within the graphene nanosheets, leaving the
functionalization potential of embedded ZnO unleveraged.
Only carboxyl groups of the reduced graphene oxide (rGO)
were activated using N-hydroxysuccinimide-1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (NHS-EDC).®* (3-
Aminopropyl)triethoxysilane (APTES) was also deployed to
functionalize ZnO nanorods, enrichin% the surface with amine
groups for antibody immobilization,”” used for sensing of
human serum albumin on a field-effect transistor (FET)
immunosensor. The APTES cross-linker was also used in
conjunction with glutaraldehyde (GA) activation, for con-
jugating Aflatoxin Bl target receptors on polyacrylonitrile/
ZnO nanofibers in a photoluminescence label-free immuno-
sensor.”' Despite the effort for successful cross-linking of ZnO
essential for sensitive biosensing, the combination of cross-
linked ZnO/rGrO for fabricating highly stable electrochemical
immunosensors has not yet been explored. Thiol-based L-
cysteine cross-linker is a promising cross-linker for creating

biosensors,”” owing to its ability to create stable and strong
covalently bonded functional moieties via room-temperature
incubation, as opposed to APTES cross-linkers and NHS-EDC
activations that often require temperature consideration for
their functionalization process.

In this study, for the first time, a self-assemble L-cysteine
cross-linker is utilized to enhance the functionality and
sensitivity of buffer-based (bb) ZnO/rGO nanocomposites
on carbon screen-printed electrodes (cSPEs) for ultrasensitive
detection of N-protein in spiked samples and NP swab samples
of COVID-19 infected patients. Using electrochemical
impedance spectroscopy (EIS), the prepared N-protein
immuno-biosensor successfully recognized N-protein within a
linear range of 1—10 000 pg/mL, spiked in phosphate-buffered
saline (PBS) with a limit of detection (LoD) down to 21 fg/
mL and sensitivity of 32.07 ohms-mL/pg-mm?’. Further,
positive NP swab samples were distinguished from negative
controls by the EIS signals recorded, confirming the utility of
this biosensor for clinical detection of COVID-19 infected
patients.

2. EXPERIMENTAL SECTION

2.1. Preparation of ZnO-rGO-Coated Electrodes. DS-110
carbon electrodes with carbon as the counter electrode and silver as
the reference electrode were purchased (DropSens). A 10 mg/mL
solution of rGO nanosheets (Sigma-Aldrich, #910406) was prepared
in the water. ZnO nanoparticles, with particle sizes of less than 100
nm dispersed in APTES, were obtained from Sigma-Aldrich
(#721077, Sigma-Aldrich). A solution containing 2.5% (v/v) rGO
and 2.5% (v/v) ZnO dispersion was prepared in 1X phosphate-
buffered saline (PBS) (Growecells, CA, pH = 7.4), given its relatively
high concentration of ions (137 mM NaCl, 10 mM phosphate, 2.7
mM KCl) for creating desired charge distribution across the matrix
for uniform dispersion of the nanostructures. Ten microliters of this
solution was deposited on top of each carbon working electrode using
drop casting. After 6 h, the electrodes were rinsed five times in
deionized (DI) water to remove PBS salts. The electrodes were
incubated overnight at room temperature to allow for stable
nanocomposite deposition on the electrode surface. Sodium chloride
(NaCl) (#S988, Sigma-Aldrich) and potassium chloride (KCI)
(#P3911, Sigma-Aldrich) were dissolved in deionized (DI) water to
prepare the matrix used for testing various salt solutions for dispersing
the ZnO/rGO nanocomponents.

2.2. Preparation of the N-protein Immuno-Biosensor.
bbZnO/rGO-deposited electrodes were drop-casted with 10 mM L-
cysteine 97% cross-linker (#168149, Sigma-Aldrich) prepared in DI
water. These electrodes were then incubated at room temperature for
4 h to introduce amine and carboxylic functional groups through the
formation of a self-assembled monolayer attached to ZnO nano-
particles. Following the washing of functionalized electrodes, N-
protein antibodies (anti-N-protein) (HC2003, GenScript Inc.) were
diluted in PBS to reach the optimal concentration of 50 yg/mL and
deposited on the surface of working electrodes, incubated at room
temperature for 1 h, followed by incubation overnight at 4 °C. The
antibody (Ab)-immobilized electrodes were rinsed the next day prior
to the deposition of 0.1% (w/v) bovine serum albumin (BSA)
(#A2153, Sigma). BSA as the blocker agent was dissolved in 1X PBS
and incubated on the functionalized electrodes for 15 min at room
temperature to eliminate nonspecific binding. SARS-CoV-2 N-protein
(GenScript Inc., #203488) was used as the target antigen. Standard
concentrations of this antigen were prepared in PBS, drop-casted on
the surface of the prepared immuno-biosensor, and incubated at room
temperature for an optimized interaction time of 15 min before
reading the electrochemical signals.

2.3. Characterizations of the Coated Electrode. To assess
successful functionalization of the electrodes in different preparation
steps, Fourier-transform infrared (FTIR) spectroscopy technique was
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carried out using a Bruker IFS 55 Equinox instrument equipped with
an MCT cryodetector. Field emission scanning electron microscopy
(FESEM, Sigma ZEISS, Germany) was conducted on each electrode
to characterize the morphology of the coated materials. An electron
beam was swept across the desired area of the electrode where the
topography of the coated electrode was observed. A confocal Raman
microscope (Alpha 300 R-WiTec) with a laser at 532 nm
wavenumber and 60 s accumulation time was utilized to obtain the
Raman spectra of the prepared electrodes. Atomic force microscopy
(AFM) images in a dynamic force mode (tapping) were obtained
(Bruker AFM, Dimension Edge System, Germany) using silicon
nitride tips to record and characterize two- and three-dimensional
images, histograms, cross sections of the surface images, and surface
roughness.

2.4. Electrochemical Characterizations of N-protein Immu-
no-Biosensors. A PGSTAT 204 potentiostat/galvanostat (Met-
rohm) was utilized for reading out the electrochemical signals from
the electrodes at their different stages of functionalization. All
electrochemical tests were performed using the redox probe
containing 2.5 mM potassium ferricyanide (III) (#702587, Sigma)
and potassium hexacyanoferrate (II) trihydrate (#33358, Alfa Aesar,
Thermo Fisher Scientific) dissolved in PBS. For signal measurements,
140 pL of redox solution was drop-casted on cSPEs, covering all three
electrodes. The EIS measurement was conducted within a frequency
range of 5000—1 Hz, with a single sinus wave (signal amplitude of 10
mV) and the open-circuit potential (EOCP) of 170 mV. The equivalent
electrical circuit was fitted and simulated using NOVA 1.11
(Autolab).

2.5. Selectivity Assessment and NP Swab Testing of COVID-
19 Infected Patients. To perform cross-reactivity tests, immuno-
globulin G (IgG) from the human serum (Sigma; #14506) and SARS-
CoV-2 Spike protein (S1) (Genscript Inc.; #T80202) was purchased.
After immobilizing the surface of bbZnO/rGO/L-cysteine-function-
alized cSPEs with anti-N-protein and blocking it with BSA, 1 pg/mL
each of IgG and S1 proteins, prepared in PBS, was cast-coated on the
immuno-biosensor. Another PBS solution containing both 1 pg/mL
S1 proteins and 1 pg/mL N-proteins was incubated on the biosensor
for 15 min. Following the washing step, the EIS signals were extracted
using the previously mentioned parameters. NP swab samples positive
or negative for SARS-CoV-2 were obtained from the Alberta Public
Health Laboratory (Alberta Precision Laboratories, Calgary, AB). The
samples were initially collected in universal/viral transport media for
clinical diagnosis of COVID-19 and frozen at —20 °C after testing
with real-time quantitative reverse transcription PCR (qRT-PCR). All
positive SARS-CoV-2 samples were identified as the Alpha variant of
concern (B.1.1.7 lineage). The clinical sample testing was performed
in a Biocontainment Level Class II laboratory at the University of
Calgary (Ethics ID: REB20-1032), without any prior heat treatment,
deactivation, or other sample preparation steps.

3. RESULTS AND DISCUSSION

The biosensor developed in this work benefits from ZnO
nanoparticles with improved features of adsorbing of antibod-
ies and stable covalent bonding with the thiolated self-assemble
monolayer L-cysteine, along with the enhanced receptor
conjugation due to functional groups on the rGO. Scheme 1
represents stepwise modifications of fabricating the bbZnO/
rGO-decorated N-protein immuno-biosensor. In short, the
bare cSPE is first deposited with a nanodispersion of bbZnO/
rGO in PBS, carboxylated after incubation with L-cysteine, and
ultimately immobilized with N-protein antibodies. BSA then
blocks nonspecific binding sites, preparing the immuno-
biosensor for the detection of SARS-CoV-2 N-proteins. The
fabricated immunosensor is then linked to the readout system,
generating the resulting electrochemical signals associated with
the presence of the virus on the surface.

3.1. Physical and Chemical Characterizations of the
bbZnO-rGO-Based Nanocomposite. To characterize the

Scheme 1. Graphical Illustration of the Step-by-Step
Immuno-Biosensor Preparation”

O functionalize

“The stepwise sensor preparation is represented through (1) the
addition of buffer-based (bb) zinc oxide (ZnO) nanoparticles
(illustrated as gray particles) and reduced graphene oxide (rGO)
(illustrated as black sheets) on the surface of the bare carbon screen-
printed electrode (cSPE), (2) L-cysteine functionalization (the
chemical structure of the L-cysteine depicts the existence of thiol
and carboxyl functional groups), (3) antibody conjugation (antibody
representation in green, the surface is pre-modified with carboxyl
functional groups in this step), (4) bovine serum albumin (BSA)
deposition (depicted in light green protein clump placed among the
antibodies on void areas), and ultimately (5) detection of N-proteins
antigens (illustrated by the virus here). (6) The fabricated
immunosensor is then connected to the potentiostat for measuring
the electrochemical signal from the surface, before (a) and after (b)
antigen detection as represented by the Nyquist plot showing the
electrochemical impedance spectroscopy (EIS) results.

deposition of ZnO nanoparticles and rGO nanosheets on the
electrode surface, the morphology of the nanocoating was
captured using FESEM. ZnO nanoparticles are normally found
within the thickness range of 40—100 nm and a semispherical
shape, with nanocrystallites packed in each individual
aggregate.74 Graphene nanosheets, on the other hand, are
cloth-like transparent structures with single-atom thickness and
up to 1 micrometer in width.”” Figure 1A-a confirms the
presence of graphene nanosheets when added to the ZnO
dispersion. Graphene nanosheets are located among the ZnO
nanoparticles, with a vertical cloth-like sheet that is seen
opaque due to the FESEM gold-coating pre-treatment
requirement. ZnO nanoparticles are also observed with less
than 100 nm in size (an average of 40 nm) and their spherical
shape. The antibody immobilization was assessed using the
FESEM images, where the surface change upon deposition of
antibodies is illustrated in Figure 1A-b. The highlighted areas
depict the surface valleys covered with the coated antibody.
Surface topography analysis of ZnO/rGO and ZnO/rGO/
Ab coatings was characterized using AFM tapping mode. The
rGO nanosheets are uniformly distributed in the ZnO matrix
and provide a smooth surface across the films (Figure 1B). The
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Figure 1. Physical and chemical characterizations of ZnO-rGO-coated electrodes. (A) Field emission scanning electron microscopy (FESEM)
obtained from (a) surface of the ZnO/rGO composition coated on cSPE with both graphene nanosheets and ZnO nanoparticles visible and (b)
same surface in (a) where deposited with antibodies (scale bar: 200 nm). (B) Images obtained from atomic force microscopy (AFM), representing
the roughness of (a) ZnO/rGO-modified electrode and (b) same surface coated with antibodies for the surface area of 10 X 10 um” (C)
Attenuated total reflectance (ATR) mode of Fourier-transform infrared spectroscopy (FTIR) and (D) Raman spectroscopy graphs for chemical
analysis of (a) bbZnO/rGO coating and (b) L-cysteine-functionalized bbZnO/rGO coating.

average values of root-mean-square (RMS) roughness (R,) for unoxidized sp?> C—C bonds was also observed at 1576—1620
the ZnO/rGO and ZnO/rGO/Ab coatings are 222 and 199 em™" (iii) wavelengths (Figure 1C-a) and with higher intensity
nm, respectively. The ZnO/rGO/Ab coating has a smoother in the ZnO/rG/1-cysteine (Figure 1C-b). The spectrum of -
surface compared to the ZnO/rGO coating, attributed to Abs cysteine (Figure 1C-b) was labeled as a (—NH) bending
filling the voids and making a smoother surface (comparing vibration at 1263 cm™" (iv), along with the peaks around 900
Figure 1B-a,b). The AFM height histograms of ZnO and ZnO/ ecm™ (iv), proving the existence of the —COOH functional
rGO coatings (Figure S1) also show a high uniformity of the group. The sharp peak of the C=0 bond in both ZnO/rGO

deposited films, measured for the surface area of 10 X 10 pum>, and ZnO/rGO/L-cysteine coatings was indicated at 2100 cm™!
The height histograms have a normal data dispersion, and the (ii),79

shapes of curves are mostly symmetrical, which indicates the Raman spectroscopy was carried out to analyze surface-
coexistence of hills and wells of identical sizes distributed on specific vibrational states of ZnO/rGO and ZnO/rGO/L-
the surfaces. The surface functionalized with L-cysteine was cysteine coatings. The Raman spectrum illustrates two
also analyzed using FESEM and AFM, with no significant characteristic peaks situated at 1315 and 1595 cm™ (ii),
changes observed as opposed to the ZnO/rGO-coated surface, which are assigned as D and G peaks, respectively (Figure 1D-
ow)ing to the molecular scale coating on the surface (Figure a). The D peak is related to the breathing mode of k point
S2).

phonons of A; symmetry, arising owing to local defects and
The ATR spectroscopy, as a mode of FTIR spectroscopy, ¢

was conducted to perform functional analysis on the coating,
the results of which are shown in Figure 1C. The spectrum of

disorders, particularly at the edges of graphene. The G peak, on
the other hand, is ascribed to the A, phonon mode of sp>-

ZnO/rGO shows a band at 1495 cm™" (iii) wavelength due to hybridiszoed carbon atoms presented within the graphene
the skeletal vibration of graphene, in addition to a broad matrix.”’ The Raman shift of ZnO was observed at 373 cm™
absorption band at 3357 cm™' (i) associated with the (i), generated from the second-order Raman spectrum arising
stretching vibrations of the hydroxyl groups of water molecules from zone boundary phonons of the hexagonal ZnO. The peak
absorbed over the surface of ZnO/rGrQO.”® The existing C— appeared at 445 cm™" (i) is attributed to the nonpolar optical
OH and COO- bonds of 3430 cm™ (i) and 2360 cm™ (ii), phonon E, high-frequency mode of ZnO in the wurtzite
respectively, were found in the spectrum, which are rooted in structure from the Cg, symmetry group.®"** This confirms that
the porosity and hygroscopic nature of graphene. The hexagonal wurtzite ZnO crystallites are formed on the
characteristic bonds at 1440, 1390, and 1230 cm™" (jii) were graphene layer. The peak at 620 cm™ (i) corresponds to the
attributed to C—H stretching, C—O stretching, and C—O El (LO) mode of hexagonal ZnO, which is associated with
vibration, correspondingly. Also, the peaks of S—O bonds were oxygen deficiencies.”** The multiple phonon scattering is also
represented at 972—1010 cm™' (iv) wavelengths, in both observed at 1126 cm™ (ii).”* The Raman spectrum of the

spectra, with a higher intensity in the ZnO/rGO/L-cysteine ZnO/rGO/L-cysteine film (Figure 1D-b) illustrates similar
spectra (Figure 1C-b). Furthermore, the ATR spectrum was characteristic peaks of ZnO as well as G and D bands of ZnO/
able to reveal the board O—H stretching vibration [3230— rGO. The intensity ratios of D and G peaks (Ip/I;) in ZnO/
3554 cm™ (i)], C=O0 stretching vibration [1720—1750 cm™ rGO and ZnO/rGO/L-cysteine were determined to be 0.98
(iii)], and associated Zn—0O [597—704 cm™' (v)] functional and 1.02, respectively. It is known that ZnO/rGO is a highly
groups.”””””® Through this analysis, the C=C peak from defective structure in which I/I; decreases as an increasing
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Figure 2. Electrochemical characterizations of the bbZnO/rGO N-protein immuno-biosensor. (A) Charge-transfer signals for different
compositions of nanocoating [2.5% (v/v) ZnO only, bbZnO/rGO composite, and L-cysteine self-assembled monolayer cross-linked surface on the
ZnO/rGO] before and after immobilization of the S0 yig/mL N-protein antibody on the working electrode. (B) EIS signal of the immunosensor in
response to various tested concentrations of the antibody (10, 25, S0, and 100 yg/mL) was used to find the optimal antibody concentration. (C)
Nyquist plots representing the stepwise deposition of nanocoating, L-cysteine cross-linker, nucleocapsid antibody, bovine serum albumin (BSA)
blocker, and 1 pg/mL nucleocapsid target protein (antigen). (D) Charge-transfer resistance signals obtained for different incubation times (S, 10,
15, 30 min) were used to obtain the optimal (minimal) interaction time needed to ascertain the completion of the antibody—antigen interaction.
(E) Nyquist diagrams obtained from electrochemical impedance spectroscopy (EIS) measurements of the immuno-biosensor subject to standard
concentrations of N-protein prepared in PBS and (F) corresponding calibration curve of the biosensor.

defect density. Furthermore, the G peak in the ZnO/rGO/L-
cysteine film is slightly red-shifted by 8 cm™ compared to the
ZnO/rGO film. The deviation of the G peak corresponds to
the functionalization of organic molecules on the surfaces of
carbon layers,” confirming that r-cysteine molecules are
functionalized on the surface of the rGO layer. Raman
spectroscopy was utilized to investigate the single-, bi-, and
multilayer characteristics of rGO layers, with the 2D peak of
the iiéngle—layer graphene nanosheet observed at 2878 cm™
(iid).

3.2. Electrochemical Characterizations of bbZnO-
rGO-Coated Electrodes. 3.2.1. Compositions of the Coated
Nanomaterial. In this work, the specific characteristics of ZnO
nanoparticles and graphene-based nanosheets were employed
for the fabrication of highly sensitive and stable immuno-
biosensors.* First, the addition of the ZnO nanocomponent,
more specifically particles with the size of less than 100 nm,
increases the effective surface area of the working electrode,
where the target analytes are captured, leading to the rise in the
sensitivity of the biosensor.”” The chemical characteristics of
this metal oxide are also employed for anchoring thiolated self-
assemble monolayers, introducing more carboxyl functional
groups to the surface.”” Second, graphene has been extensively
used as one of the carbon-based nanostructures for fabricatin
nanobiosensors due to its biocompatibility,” nontoxicity,”
and excellent electrical properties.”” rGO nanosheets added to
the ZnO-coated surface add more carboxyl functional groups
to the surface of the electrode. The rGO nanomaterial is
known to be compatible with ZnO nanoparticles and has been
previously used for supporting the ZnO nanoparticles and

preserving the stability of the nanocomposite.”® Hence, the
combined ZnO-rGO composite has the potential in providing
an abundant source of functional moieties on the surface of the
working electrode required for antibody immobilization. Here,
we showed the need for combining these nanostructures to
achieve a stable coating while providing a high affinity for
antibody optimization needed for fabricating an ultrasensitive
immunosensor. To this end, this nanocomposite, with defined
volume concentrations, was mixed into a base solution and
deposited and dried on the electrode surface to be further used
for biosensing.

The uniform dispersion of the ZnO/rGO nanocomponents
was assessed when mixed into various salt-based solutions,
including 1X PBS, 2.5 mM NaCl in water, and 2.5 mM KCl in
water (Table S1). Owing to the initial suspension of both
graphene and ZnO dispersions in water and considering the
polarity of ZnO, the selected ion-enriched solutions are
suitable matrices for the dispersion of this nanocomposite.’”
The stability of the nanomaterial coated on the surface of
cSPEs was evaluated applying 10 cycles of the potential by the
cyclic voltammetry (CV) technique. After coating the
electrodes with each of the mixed dispersions, the coated
electrodes were rinsed, dried, and underwent CV measure-
ments, within the potential window of —0.4 to 1 Vin a 2.5 mM
[Fe(CN)4]** redox probe in PBS (Figure S3). Comparing
the voltammograms confirms the contribution of rGO to the
stability of the nanocomposite coating, where a considerable
current drop in the consecutive cycles of applied potential is
observed for the only ZnO coating [2.5% (v/v) ZnO dispersed
in PBS; the redox solution of K;(Fe(CN)4)/K,(Fe(CN))]
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(Figure S3A,B). It is noted that surface stability did not
improve even adding rGO [2.5% (v/v)] to the ZnO
suspension made in 2.5 mM KCl (Figure S3C) and 2.5 mM
NaCl (Figure S3D). Alternatively, PBS was tested as the
dispersion matrix, with a dispersed 1% (v/v) ZnO and rGO
(Figure S3E) and 2.5% (v/v) ZnO and rGO (Figure S3F),
wherein the latter showed the highest surface stability, with
lowest peak current drop of 0.81% from the second oxidation
peak current to the last oxidation peak current in the CV
cycles. The differential peak currents between the second and
the last oxidation cycles were measured for other surfaces and
are presented in Table S1. The results depict that high
concentrations of the ionic compounds in PBS (137 mM
NaCl, 10 mM phosphate, 2.7 mM KCI) are effective in
creating the charge distribution required for uniform
dispersion of the polar ZnO nanoparticles.”” Also, the
existence of the electrical charges on the rGO enhances its
uniform dispersion in polar/ionic solvents (e.g, water or
PBS).”" The highly stable surface coating (2.5% (v/v) ZnO
and rGO in PBS) was used for proceeding with longitudinal
stability analysis of the coated electrodes, with CV measure-
ments performed 7, 21, and 30 days following the initial
nanomaterial coating. While all of the electrodes were stable
for biosensing during a 1-month period, a slight drop in the
peak current is observed comparing the results of electrodes
tested on different days (moving from day 1 to day 7 (7.5%
reduction) and day 1 to day 30 (12.5% reduction)) (Figure
S4). This drop in the peak signal needs to be considered for
the use of different batches of electrodes depending on their
shelf-life coating. It is noted that all biosensing data presented
in this work are for freshly coated electrodes, unless otherwise
mentioned.

A solution of the 2.5 mM [Fe(CN)4]*~/*~ redox probe in
PBS was used for conducting all electrochemical measurements
and investigating the electrochemical reaction mechanism on
the surface of working electrodes, coated with the selected
nanocomposite, i.e., 2.5% (v/v) of ZnO and rGO in PBS. In
this regard, CV measurements were performed with scan rates
ranging from 10 to 700 mV/s (Figure SSA). The correlation of
reduction and oxidation peak currents with the scan rate
(adsorption) and the square root of the scan rate (diffusion) is
shown in Figure SSB,C, respectively. As illustrated, the linear
correlation is found within the current versus square root of
the scan rate, showing the diffusion-control mechanism of
reduction/oxidation reactions.

To evaluate whether carboxyl moieties contribute to the
level of antibodies captured on the electrodes, first, the Ab-
immobilized bbZnO/rGo-coated electrodes were subject to
EIS measurement in the absence of the cross-linker L-cysteine
(Figure 2A). The EIS signals show that the existence of the
intrinsic carboxylic groups in the rGO nanosheets along with
the electrical characteristic of ZnO nanoparticles for bioanalyte
adsorption increases the charge-transfer resistance (R.,) signals
from 10.14 + 0.31 kQ for Ab-free biosensors to 15.60 + 1.37
kQ for antibody-deposited electrodes. This verifies the
immobilization of antibody bioreceptors on the surface (AR,
= 5.45 kQ) in the absence of the cross-linker.

To further assess the contribution of the cross-linker in
antibody immobilization, the bbZnO/rGo-coated electrodes
were functionalized with 10 mM L-cysteine solution, forming a
self-assembled monolayer containing carboxyl functional
groups. Following the immobilization of Ab on bbZnO/rGo/
L-cysteine electrodes, the R, signal changed from 9.60 + 0.88

kQ for the pre-Ab-immobilized electrode to 26.23 + 0.23 kQ
for the Ab-immobilized electrode (AR, = 16.63 kQ). This
significant change in R, indicates the effective role of L-
cysteine in enhancing the surface potential for antibody
capturing and hence increasing the sensitivity of the biosensor.
Comparing the R for the biosensors functionalized with L-
cysteine (16.63 kQ) as opposed to those of bbZnO/rGO-non-
functionalized biosensors (5.45 kQ) shows that L-cysteine
functionalization increases conjugation of antibodies on the
working electrode.

Also, another group of electrodes was coated with 2.5% (v/
v) ZnO in PBS (without any rGO) to showcase the role of
rGO not only in adding stability to the biosensor but also in
enhancing the surface capacity for antibody immobilization.
The results show that elimination of conductive rGO increases
surface charge resistance and decreases AR, (3.06 + 3.23 kQ2),
demonstrating a decline in surface capacity in antibody
immobilization in the absence of rGO. Ultimately, the optimal
antibody concentration was determined to be 50 pg/mL, upon
evaluating the R, signals for 10, 25, 50, and 100 pg/mL
antibody concentrations spiked in PBS (Figure 2B). The
associated Nyquist plots for the antibody optimization process
are shown in Figure S6A.

3.3. Detection Performance of the N-protein Immu-
no-Biosensor. The formation of semicircles in the Nyquist
plots obtained from EIS measurements reveals the electro-
chemical characteristics of the electrode surface and the
associated electrical fit with its simulated equivalent circuit
([Ry(RQ)]). In this equation, R, is the solution resistance, R,
is the charge-transfer resistance, and Q is the constant phase
element (CPE). Figure 2C depicts the Nyquist plot
corresponding to the bbZnO-rGO nanocomposite coated on
the electrode surface as opposed to the bare cSPE. The
increase in R, from 1.72 + 0.21 kQ for the bare c¢SPE to 10.14
+ 1.73 kQ for the bbZnO/rGo-coated electrode confirms
electrochemically the formation of the coating layer on the
electrode surface. The coated electrodes were reproducible,
showing an relative standard deviation (RSD) of 3.06% in the
signals measured by EIS for three different electrodes. The R,
values reported here are associated with the mean of three
replications; however, the plot in Figure 2C only depicts the
Nyquist plot for one of the measurements. The formation of
the complete semicircle in the Nyquist plot indicates that the
coating has not adversely affected the electrochemical
properties of the surface. Also, the increase in the R, value
confirms stable deposition of the coating layer, with ZnO as a
semiconductor material hindering the path for charge transfer.
Furthermore, functionalizing the surface of the bbZnO/rGO-
coated electrode with L-cysteine molecules causes a minimal
change in the R, values (5.32%, R, changes from 10.14 + 1.73
kQ for the bbZnO/rGO-coated electrode to 9.60 + 0.88 kQ
for the L-cysteine-functionalized electrode). Finally, the
successful conjugation of antibodies on the surface of the
functionalized electrode is detectable via the increase in R
(173.16% increase in R, with the R, = 26.23 + 0.23 kQ for
antibody-immobilized electrodes). This confirms the existence
of an increased amount of carboxylic functional groups (due to
the addition of graphene and L-cysteine) and forming covalent
amidic bonds with the amine functional groups of the
antibody. Adding the blocking agent (here BSA) to the Ab-
coated electrode further increases R, (27.20% increase in R
reaching to 33.36 + 0.45 kQ for the BSA-coated electrodes)
and completes the process of creating the N-protein immuno-
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biosensor. Exposing the immuno-biosensor to the 1 pg/mL N-
protein antigen (spiked in PBS) and washing it with the DI
water for removing nonspecific bindings completes the
immunoreaction, resulting in a rise in the radius of the
Nyquist plot’s semicircle (an increase of 11.48% in R, reaching
to 37.17 + 040 kQ). The BSA concentration was also
optimized to reduce the background signal, allowing for
detecting the biomarker in a wide detection range, with the
Nyquist plots of different BSA concentrations [0.001, 0.01, 0.1,
1% (w/v)] and the associated R, measurements presented in
Figure S6C,D.

To investigate the performance of the N-protein immuno-
biosensor, solution samples containing defined concentrations
(0.5, 1, 10, 100, 1000, and 10 000 pg/mL) of N-proteins were
prepared by a serial dilution of the stock N-protein into PBS.
Optimizing the antibody—antigen immunoreaction time
showed that a minimal interaction time of 15 min is needed
(Figure 2D), which is considered a rapid immunoreaction
response essential for developing rapid biosensing testing kits.
EIS measurements were conducted to obtain electron-transfer
resistance signals for recognizing N-protein with increasing
concentrations. The results show that the radius of the Nyquist
semicircle increased, for example, from 32.6 kQ for zero
concentration of N-protein to 35.2 k€ for 1 pg/mL N-protein
and 40 kQ for 10 ng/mL N-protein concentration as the
highest tested concentration (Figure 2E). The corresponding
calibration curve is plotted in Figure 2F, wherein the overall
sensitivity of 32.07 ohms-mL/pg-mm”* and a limit of detection
(LoD) of 0.02 pg/mL are obtained for the detection of N-
proteins. The linear detection range for the N-protein
immuno-biosensor was found to be 1 pg/mL to 10 ng/mL,
with the limit of quantification (LOQ) of 149 pg/mL. The
reliability and accuracy of the presented immunosensor are
presented by noticing no or minimal overlap between the error
bars of different measured concentrations of the N-protein
antigen within the calibration curve. Given the need for
COVID-19 rapid tests with the lowest possible LoD for
detecting samples with low viral loads while maintaining a wide
dynamic detection range, the superiority of our N-protein
immuno-biosensor over the previously developed N-protein
immunosensors is demonstrated in a comparative evaluation
presented in Table 1. Exploring this table, our immunosensor
combines both rapid detection and a very low limit of
detection (in fg/mL level), needed for early diagnosis of SARS-
CoV-2. It is worth noting that the level of complexity in the
fabrication process of our work was comparable or less than
the other methods.

The selective response of the bbZnO/rGrO immuno-
biosensor was first assessed through cast coating of human
immunoglobulin G (IgG) and human SARS-CoV-2 spiked
(S1) proteins on the biosensors. The rationale for this
selection is related to the coexistence of IgG and S1 proteins
(on the surface of the virus or freely available in the sample)
along with N-proteins existing in clinical samples of infected
individuals.”*”> The immuno-biosensor was incubated with
different solutions, including only 1 pg/mL IgG, only 1 pg/mL
S1 protein, and 1 pg/mL both of S1 and N-proteins (Figure
3A). The results of specificity testing show that the R signals
for testing the biosensors with spiked samples containing IgG
and S1 proteins (0.21 + 0.07 and 0.91 + 0.72 kQ, respectively)
are significantly lower than the response of the biosensor tested
with 1 pg/mL N-protein spiked samples (3.81 + 0.40 kQ; P-
value < 0.05). Also, an insignificant difference between the R
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Table 1. Electrochemical Immuno-Biosensors Developed for Detection of SARS-CoV-2 Nucleocapsid Protein Antigens
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Figure 3. Selectivity and clinical performance of the bbZnO/rGO N-protein immuno-biosensor. (A) Selective EIS response of the immuno-
biosensor incubated with 1 pg/mL N-protein and 1 pg/mL S1/N-protein solutions as opposed to 1 pg/mL only human immunoglobulin G (IgG)
and SARS-CoV-2 S1 protein spiked in PBS. (B) Charge-transfer resistance signals of the EIS measurements in nasopharyngeal (NP) swab samples
of four positive patients and four negative control individuals, along with the CT-values obtained from real-time quantitative reverse transcription-

polymerase chain reaction (QRT-PCR) tests (P-value < 0.05).

values of the biosensors tested with N-protein spiked samples
and combined S- and N-proteins spiked samples confirms the
high specificity of the immuno-biosensor to detect N-proteins
in the presence of interferences.

Finally, the functionality of the immuno-biosensor was
assessed for differentiating infected patients and controls. Four
SARS-CoV-2 positive patients (with viral particles associated
with the variant B.1.1.7) and four negative controls were tested
with this immuno-biosensor. The samples were collected in
universal transport media (UTM) by the Alberta Provincial
Laboratory (APL; Calgary, Canada). The samples did not need
any step of purification, filtration, thermal treatment, or lysis
prior to the experiment, and all tests were performed under
Class II Biosafety Cabinet. Each positive and negative sample
without any preparation was drop-casted on the immuno-
biosensor and incubated for 15 min prior to recording the EIS
signals. The successful immunoreaction of N-proteins existing
in the NP swab samples of infected patients is confirmed via
the significant difference (cut-off value = 3 k€2, P-value < 0.05)
of their EIS signals compared to those obtained from the
control group. The clinical samples were already tested by APL
using qQRT-PCR, CT-values of which are shown in Figure 3B.
The performance of the immuno-biosensor for detecting N-
proteins in clinical samples was further compared to the
Abbott Panbio COVID-19 N-protein Ag Rapid Test Device
(Reported Panbio’s clinically sensitivity of 82% and specificity
of 100%°°). These commercially available lateral flow assay
strips (require 100 uL of the sample) also detect N-proteins in
NP swab samples, with a turnaround time of 15 min, although
they cannot quantify N-protein concentration. For the small
number of clinical samples tested in this work, 100%
agreement was achieved for the results obtained from the
Panbio test and the bbZnO/rGO immuno-biosensor (Figure
S7). Further clinical validation in a larger cohort is needed to
compare the clinical sensitivity and specificity of the N-protein
immuno-biosensor with the other PoC testing kits (e.g,
Abbott Panbio)

4. CONCLUSIONS

The demand for COVID-19 rapid testing continues to grow
even after widespread vaccinations. Detecting trace levels of
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viral antigens, particularly those with minimal risk of mutation
(e.g, nucleocapsid protein antigen), have shown to have a
diagnostic value comparable to the nucleic acids of the virus. In
the present work, the surface of carbon electrodes was
modified with a stable nanocomposite containing ZnO
nanoparticles accompanied with rGO nanosheets dispersed
in a buffer, to enable the most sensitive and selective detection
of the SARS-CoV-2 N-protein antigen reported. The results
obtained from stability assessments of the coated nanostruc-
ture confirm that utilization of ionic salt solution (PBS buffer)
as the matrix for preparation of the nanomixture plays a key
role in taking advantage of the polarity of ZnO NPs as well as
an intrinsic charge of the rGO sheets for yielding a uniform
dispersion, forming a stable and uniform sensor nanocoating.
The thiol-based self-assembled monolayer of L-cysteine
contributed to increasing the efficiency of antibody con-
jugation and biosensor sensitivity. Among limited electro-
chemical biosensors reported in the literature for detection of
N-proteins, the bbZnO/rGO immuno-biosensor could accom-
plish yielding acceptable sensitivity and a low limit of detection
in spiked samples, which is profoundly significant when it
comes to early COVID-19 diagnosis. The initial testing of the
N-protein immuno-biosensor was successful for differentiating
infected patients from the controls, providing evidence of the
appropriateness of the nanocomposite as a reliable biosensor
coating. Future works can elaborate on evaluating the clinical
performance of this biosensor tested in larger cohorts of
COVID-19 infected patients with different variants, detecting
other COVID-19 antigen biomarkers (e.g., S1 protein), and
multiplex detection of several biomarkers for differentiating
different viruses (e.g., SARS-CoV-2 and influenza). For future
studies, the clinical sensitivity and specificity of the
immunosensor would be evaluated in larger patient cohorts
and its sensing steps would be integrated into automated fluid-
handling units, enabling the production of sample-to-result
rapid testing kits.
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