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ABSTRACT: Even after over 2 years of the COVID-19 pandemic, research on
rapid, inexpensive, and accurate tests remains essential for controlling and avoiding
the global spread of SARS-CoV-2 across the planet during a potential reappearance
in future global waves or regional outbreaks. Assessment of serological responses
for COVID-19 can be beneficial for population-level surveillance purposes,
supporting the development of novel vaccines and evaluating the efficacy of
different immunization programs. This can be especially relevant for broadly used
inactivated whole virus vaccines, such as CoronaVac, which produced lower titers
of neutralizing antibodies. and showed lower efficacy for specific groups such as the
elderly and immunocompromised. We developed an impedimetric biosensor based
on the immobilization of SARS-CoV-2 recombinant trimeric spike protein (S
protein) on zinc oxide nanorod (ZnONR)-modified fluorine-doped tin oxide
substrates for COVID-19 serology testing. Due to electrostatic interactions, the
negatively charged S protein was immobilized via physical adsorption. The electrochemical response of the immunosensor was
measured at each modification step and characterized by scanning electron microscopy and electrochemical techniques. We
successfully evaluated the applicability of the modified ZnONR electrodes using serum samples from COVID-19 convalescent
individuals, CoronaVac-vaccinated with or without positive results for SARS-CoV-2 infection, and pre-pandemic samples from
healthy volunteers as controls. ELISA for IgG anti-SARS-CoV-2 spike protein was performed for comparison, and ELISA for IgG
anti-RBDs of seasonal coronavirus (HCoVs) was used to test the specificity of immunosensor detection. No cross-reactivity with
HCoVs was detected using the ZnONR immunosensor, and more interestingly, the sensor presented higher sensitivity when
compared to negative ELISA results. The results demonstrate that the ZnONRs/spike-modified electrode displayed sensitive results
for convalescents and vaccinated samples and shows excellent potential as a tool for the population’s assessment and monitoring of
seroconversion and seroprevalence.
KEYWORDS: COVID-19, SARS-CoV-2, electrochemical immunosensors, zinc oxide, serological diagnosis, immunosurveillance,
CoronaVac

■ INTRODUCTION
The coronavirus disease (COVID-19) pandemic has been a
global health crisis for 2 years, causing over 456 million
infections and more than six million deaths.1 Several studies
have been conducted to establish the seroprevalence of SARS-
CoV-2 among the general population.2−4 Vaccination against
COVID-19 continues to be the most effective method of
preventing severe disease, hospitalization, and death during the
current pandemic, including those associated with the
Omicron variant.5,6

Mass vaccination campaigns to prevent Covid-19 are now
being conducted worldwide, with different types of vaccines,
such as viral vector-based vaccines,7 mRNA-based,8 and
inactivated virus vaccines.9 The most widely used inactivated

virus vaccine is the CoronaVac,10,11 used especially in low- and
middle-income countries.12 Several studies reported very low
vaccine-induced antibody titers in CoronaVac-vaccinated
individuals.12−15 Accurate and accessible seroprevalence
detection may be of particular interest to public health
activities in countries where this vaccine has been primarily
used in vaccination programs.
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Tests to detect seroprevalence in the general population to
COVID-19 are critical to evaluate the effectiveness of
vaccination programs, support the development of vaccines,
and contribute to our understanding of the extent of infection
among individuals who were not identified through active case
finding and surveillance efforts, determining the attack rate in
the population and the infection fatality rate.16 The conven-
tional methodology for serological determinations includes the
traditional enzyme-linked immunosorbent assay (ELISA),17

immunochromatographic Lateral flow assay (LFA),18 and
electrochemical biosensors.19,20

Methods based on electrochemical biosensors have been
explored as promising alternatives for real-time monitoring of
COVID-19.21 Such devices feature a high level of sensitivity,
specificity, operability, cost-effectiveness, miniaturization, and
expeditious testing. They also decrease the need for costly
equipment, specialized personnel, and extensive sample
preparation. Such aspects make them useful diagnostic tools
since they provide rapid and accurate results.22,23

One of the nanomaterials widely employed for biosensor
production in recent years is zinc oxide (ZnO). This n-type
semiconductive material features a broad energy gap (Eg =
3.37 eV) and a large exciton binding ability (60 meV).24 With
its unique chemical, optical, and electrical properties, added to
its easy manufacturing in nanostructures of several sizes and
morphologies, this metal oxide is a highly versatile material
that has gained the attention of researchers not only for the
development of electrochemical biosensors but also for
electronic and optoelectronic devices, solar cells and super-
capacitors, and biomedical applications.25,26

Indeed, ZnO can now be grown as bulk crystals, thin films,
and nanostructures with various techniques27 such as wet
chemical method,28 microwaves,29 sputtering,30 vapor deposi-
tion,31−33 and electrodeposition.34−36 This advancement has
enabled its usage as a biosensor component, offering a high
degree of reproducibility, scalability, design flexibility, and
multiplexing of operational features. Some successful examples
of practical device enhancement are the manufacturing of
miniaturized micro−nano electrodes in glucose and urea
sensors,37−39 bacterial meningitis detection,40 cholesterol
biosensing,41 H1N1 influenza detection,42 legionella pneumo-
phila diagnosis,43 grapevine virus detection,44 cancer diag-
nosis,45,46 and many other devices employed as promising
immunosensors.47−52

The high isoelectric point (IEP 9.5) of ZnO nanostructures
makes them suitable for adsorbing materials with lower
isoelectric points such as enzymes and proteins by the
electrostatic interactions.40,53 A positively charged ZnO matrix
offers a receptive microenvironment for the negatively charged
proteins or enzymes to maintain their activity. It significantly
promotes the direct electron transport between the enzyme/
protein and the electrode.54 Several ZnO nanostructures have
been prepared with shape controllers, such as urchin-like,55

flower-like,56 nanoplates,57 nanorods,58 and nanobelts.59 The
zinc oxide can occur in one-dimensional (1D), two-dimen-
sional (2D), and three-dimensional (3D) structures.60

In this study, we have successfully developed ZnO nanorods
functionalized with SARS-CoV-2 recombinant trimeric spike
protein for electrochemical immunoassay of SARS-CoV-2
antibody detection tests. The platform distinguished in
impedance measurement serum samples from naturally
infected and vaccinated individuals with inactivated SARS-
CoV-2 vaccine (CoronaVac) from negative control samples

and was also capable of detecting seroconversion in samples
from individuals previously considered seronegative by the
standard ELISA test, with high sensitivity. There was no cross-
reactivity for common human coronavirus (HCoV), demon-
strating excellent specificity. These hierarchical electrodes
based on ZnONRs can be used as an inexpensive surface
substrate or electrode for seroprevalence determination,
control, and monitoring of COVID-19.

■ MATERIALS AND METHODS
Materials. Zinc nitrate hexahydrate (Zn(NO3)2·6H2O, reagent

grade 98%), hexamethylenetetramine (HMTA, ACS reagent ≥99%),
glycine (ACS reagent ≥98.5%), potassium ferricyanide (ACS reagent,
≥99%), and potassium ferrocyanide (ACS reagent 98.5%) were
obtained from Sigma-Aldrich. Potassium chloride (reagent grade
99%) was purchased from Labsynth. The SARS-CoV-2 recombinant
trimeric spike protein has been kindly supplied by the Cell Culture
Engineering Laboratory (LECC) of COPPE/Federal University of
Rio de Janeiro. The monoclonal anti-SARS coronavirus recombinant
human antibody, Clone CR3022 (produced in HEK293 cells), NR-
5248 was made under HHSN272201400008C and obtained through
BEI Resources, NIAID, NIH.

A total of 107 human blood serum samples were analyzed, divided
into four groups: Pre-pandemic (N = 15), convalescents (N = 47)
with polymerase chain reaction diagnostic confirmation at least 40
days after the onset of COVID-19 symptoms, CoronaVac-vaccinated
individuals (without previous positive results for COVID-19 disease)
(N = 25), and CoronaVac-vaccinated previously infected individuals
(with a previous positive result for COVID-19 disease and vaccinated
after that ) (N = 20). All vaccinated individuals received two doses of
a 3 μg vaccine/shot each, 4 weeks apart. Serum from convalescent
individuals and CoronaVac-vaccinated individuals was processed at
the Heart Institute Immunology Laboratory�InCor/HC-FMUSP.
All convalescents and CoronaVac-vaccinated volunteers signed
written informed consent approved by the Ethics Committee in
Research of the Clinics Hospital of the University of Sao Paulo
Medical School. (CAPPesq CAAE30155220.3.0000.0068). The BCRJ
cell bank supplied serum from pre-pandemic individuals through
approval by the Ethics Committee of the Federal University of ABC
(CAAE�43139921.2.0000.5594). The samples were classified along
with the article as prepandemic, convalescents, CoronaVac-
vaccinated, and CoronaVac-vaccinated previously infected and stored
at −80 °C until subsequent use.
ZnONR Preparation Processes. Fluorine-doped tin oxide

(FTO) glasses were used as substrates to produce ZnONR films.
The 1 × 1.5 cm-dimensioned substrates were washed three times by
sonication in ethanol, deionized water, and acetone for 15 min. A two-
step methodology based on the literature has been applied to grow
the films, with minor modifications.61 First, a seed layer was prepared
by dripping aqueous solutions of Zn(NO3)2 (20 μL, 0.5 mol L−1) and
HMT (20 μL, 0.5 mol L−1) on the substrates. After 5 min of
deposition, the substrates were spin-coated for 6 s at 500 rpm and
then for 30 s at 3000 rpm. Finally, they were annealed at 200 °C for
15 min. In the second step, the ZnONR films were grown
hydrothermally by soaking the modified substrates in a mixture of
Zn(NO3)2 (0.1 mol L−1) and HMT (0.1 mol L−1), keeping their
volume ratio at 1:1 (v/v). The hydrothermal growth was performed at
100 °C for 4 h in a sealed beaker. The final modified electrode was
called FTO-ZnONRs.
Fabrication of the Electrochemical Immunosensor. The

FTO-ZnONR electrode was first rinsed with a phosphate buffer
solution to generate a hydrophilic surface; then, 20 μL of SARS-CoV-
2 recombinant spike protein (4 μg mL−1) diluted in phosphate buffer
(pH 7.4) was placed onto the FTO-ZnONR surface for adsorption.
The drop was in contact with the ZnONR surface for 5 h, rinsed to
remove any unbound protein, and dried (FTO-ZnONRs/spike). A
glycine solution (10 μmol L−1) was used as a blocking solution to
minimize the non-specific adsorption; 20 μL was placed on the
sample and left to react for 30 min, and the device was again washed
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and dried (FTO-ZnONRs/spike/Gly). After that, 20 μL of blood
serum diluted in phosphate buffer (pH 7.4) at a ratio of 1:500 (v/v)
was incubated on the electrode surface and then stored for 1 h, rinsed
next, and dried (FTO-ZnONRs/spike/Gly/serum). A schematic of
the biosensor assembly process is shown in Figure 1. The positive
samples (FTO-ZnONRs/spike/Gly/+serum) were analyzed with
serum from convalescent and vaccinated individuals, while the
negative samples (FTO-ZnONRs/spike/Gly/-serum) were analyzed
with serum from prepandemic individuals.
Electron Microscopy and Spectroscopic Characterizations.

Scanning electron microscopy (SEM) images were collected using a
field-emission scanning electron microscope JMS-6701F (JEOL)
situated in the Multiuser Experimental Center of the Federal
University of ABC (CEM/UFABC, Santo Andre,́ Brazil) with a
voltage of 5 kV. The solutions were diluted to the minimum possible
concentration to observe the changes on the ZnONR surface and to
carry out the observations on a microscope after each immunosensor
assembly stage.

Fourier transform infrared spectroscopy (FTIR, Perkin Elmer) was
recorded from 700 to 1800 cm−1 at room temperature with a spectral
resolution of 4 cm−1 and an average of 124 data acquisitions. X-ray
photoelectron spectroscopy (XPS; ThermoFisher Scientific, K-alpha
+) was acquired with monochromatic Al Kα radiation. Carbon (C 1s)
was used to calibrate the sample charging for XPS measurements. XPS
data were processed using CasaXPS processing software.
Electrochemical Measurements. The electrochemical measure-

ments were conducted with a μAutolab type III potentiostat/
galvanostat for Metrohm, using NOVA 2.1 software supplied by
Metrohm. In a conventional three-electrode system, an FTO-
ZnONR-modified electrode was regarded as a working electrode, a
platinum wire as a counter electrode, and a saturated calomel
electrode as a reference electrode against which all potentials were

measured. The response readings were performed in 5 mmol L−1

K4Fe(CN)6/K3Fe(CN)6 in 0.1 mol L−1 KCl (pH 7.3).
Enzyme-Linked Immunosorbent Assay. The ELISA was

performed using 96-well high-binding half-area polystyrene plates
(Corning, USA) coated overnight at 4 °C with 4 μg mL−1 spike
protein and diluted in carbonate−bicarbonate buffer (pH 9.6, 0.1 mol
L−1). For cross-specificity experiments using pre-COVID-19
pandemic serum samples, plates were coated with 4 μg mL−1 RDB
proteins of the four endemic human CoVs (229E, OC43, NL63, and
HKU1). All HCoV proteins used for ELISA were kindly provided by
Boscardin’s Laboratory (ICB-USP). After this period, the coating
solutions were discarded, and 80 μL of BSA (1%), skim milk powder
(5%), and Tween-20 (0.05%) in phosphate-buffered saline (PBS)
were added to each well for blocking, carried out at room temperature
for 2 h. Serum or plasma samples were thawed at room temperature,
incubated at 56 °C for 30 min to inactivate the virus, and diluted
(1:100) in BSA (0.25%), skimmed milk powder (5%), and Tween-20
(0.05%) in PBS. 25 μL of this solution was added to each well and
incubated at 37 °C for 45 min. After incubation, the plates were
washed with Tween-20 (0.05%) in PBS five times. 25 μL of
peroxidase-conjugated goat anti-human IgG secondary antibody
solutions (Jackson Immunoresearch, USA) diluted 1:10,000 in BSA
(0.25%), skim milk powder (5%), and Tween-20 (0.05%) in PBS
were added to each well and incubated at 37 °C for 30 min and then
washed five times. The o-phenylenediamine dihydrochloride tablets
(Sigma, USA) were dissolved in phosphate−citrate buffer (pH 5.0,
0.05 mol L−1) at a concentration of 0.4 mg mL−1. Immediately before
use, 5 μL of hydrogen peroxide (30%) was added to the solution.
Then, 25 μL of the final solution was added to each well, and the
plates were incubated in the dark at room temperature for 30 min.
After incubation, the reaction was halted by adding 25 μL of a 2 N
H2SO4 solution to each well. Plates were then read at 490 nm using a
plate reader (GloMax, Promega, USA). All samples were run in

Figure 1. Schematic representation of the electrochemical ZnO immunosensor fabrication for anti-SARS-CoV-2 antibody detection. (A) Two-step
method for ZnONR synthesis: In the first step, using a spin coater, a seed layer is added by dripping Zn(NO3)2 and HMT aqueous solutions on the
FTO substrate, (B) hydrothermal method promotes the ZnONR film growth on the FTO surface at 100 °C, (C) modified electroactive surface
(scanning electron microscopy highlighting the structure of ZnONRs on the FTO surface), (D) addition of SARS-CoV-2 recombinant trimeric
spike protein (4 μg mL−1), (E) surface blocking step is performed with glycine solution (10 μmol L−1) to minimize the non-specific adsorption, (F)
positive (containing anti-SARS-CoV-2 antibodies) or negative (pre-pandemic) serum samples (1:500 v/v) are placed on the ZnO electrode surface,
and (G) read out is performed using an electrochemical workstation.
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duplicate. Pre-COVID-19 samples were included as negative controls
in the experiments. The values were determined as optical density
minus blank, and results are given as the ratio of participant samples/
average of a set of 20 control pre-pandemic samples. An antibody
ratio of ≥1.2 was considered positive.
Statistical Analysis. Descriptive statistics, receiver operating

characteristics (ROCs), and correlation analysis were performed
using GraphPad Prism software version 9, and a p-value < 0.05 was
considered statistically significant. The variables were analyzed using
the Kruskal−Wallis test with Dunn’s post-hoc test for multiple
comparisons.

■ RESULTS AND DISCUSSION
Electrochemical Characterization of the FTO-ZnONR

Electrode. Cyclic voltammetry (CV) is a powerful electro-
chemical technique used to assess the oxidation−reduction
processes of molecular species and study chemical reactions
initiated by electron transfer.62 It is popularly used in the
electrochemical characterization of materials due to its ease of
execution and rapid analysis.63 The electrochemical and
morphological performance of the FTO electrode modified
with ZnONRs was evaluated and is shown in Figure 2.
The linearity of anodic and cathodic peak currents versus the

square root of the scan rate (Figure 2A,B) revealed an efficient
diffusion-controlled process, demonstrating a thermodynami-
cally favorable electron transfer with an improved electro-
chemical signal pattern. As the scan rate increases, oxidation
and reduction peak current increases along with a gradual shift
of the potential oxidation peak toward a positive direction and
reduction rise toward a negative approach. This behavior
indicates a limitation in the charge transfer kinetics, character-
istic of a quasi-reversible system.39,64 The observed peak

separation potential, ΔEp = (Epa − Epc) of 90 mV, was more
significant than the value expected for a reversible system. The
reversible systems tend to have a peak-to-peak voltage
difference of 59/n mV.65 It is known that for reversible and
diffusion-controlled systems, the peak is proportional to the
scanning speed according to the Randles−Sevcik equation66

I n AD CV(2.69 10 )p
5 3/2 1/2 1/2= × (1)

where: Ip is the peak current, n is the number of electrons
transferred during the oxidation or reduction, A is the
electroactive area of the electrode (cm2), D is the coefficient
of diffusion (cm2 s−1), C is the concentration of the
electroactive species (mol/cm3), and V is the scan rate (V
s−1). Rearranging the Randles−Sevcik equation, we can find
the electroactive area of the electrode

A
I

V
1

2.69 10 n D C1 2 5 3 2 1 2
p
/ / /= ×

× (2)

Note that the first term refers to the angular coefficient of
the lines obtained in the graph of peak current versus the
square root of scan rate (Figure 2B) [Amps/(V s−1)1/2]. The
other variables are n = 1, C = 5 × 10−6 mol/cm3, and the
coefficient of potassium ferricyanide diffusion being equal to
6.39 × 10−6 cm2 s−1. An electroactive area value of 0.017 cm2

was obtained for the FTO-ZnONR electrode. Similar results
have been reported in the literature for the ZnO electrode
surface area.67,68 In contrast, an electroactive area value of
0.039 cm2 was obtained for the bare FTO (Figure S1). As we
can see, the bare FTO electroactive area is higher than that of

Figure 2. Functional modification of the FTO electrodes. (A) Cyclic voltammograms of the FTO-ZnONR electrode at different scan rates, varying
from 10, 20, 40, 60, 80, and 100 mV s−1, (B) plot of peak current versus square root of the scan rate of the FTO-ZnONR electrodes. (C) Cyclic
voltammograms in a sweep window of −0.9 to 0.7 V at a scan rate of 50 mV s−1, (D) square wave voltammograms in a sweep window of 0−0.7 V
with a modulation amplitude of 20 mV and a frequency of 20 Hz, (E) Nyquist diagram of EIS measurements performed from 30 kHz to 0.1 Hz
with an RMS amplitude of 10 mV, demonstrating the electrode surface of FTO (pink) and after functionalization with ZnONRs (Gray). (F) SEM
images of the ZnONRs. Electrolyte: solution of 5 mmol L−1 K4Fe(CN)6/K3Fe(CN)6 in 0.1 mol L−1 KCl.
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FTO-ZnONRs, and it can be assigned to the ZnO semi-
conductor properties.69,70

On the other hand, CV significantly decreases the peak
oxidation current from 1317 μA (bare FTO) to 395 μA after
modification with ZnONRs (Figure 2C). We also observed in
the square wave voltammetry (SWV) tests (Figure 2D) that
the peak intensity had a reduction of approximately 70% with
the addition of the nanomaterial, which promoted a shift of the
peak to more positive potentials. The Nyquist diagram (Figure
2E) confirms the result that was observed in CV since it shows
an increase in the Rct signal from 0.65 kΩ (bare FTO) to 3.37

kΩ when the ZnONRs are deposited on the FTO electrode;
similar results have been reported in the literature for
electrochemical impedance spectroscopy (EIS) and CV
experiments with ZnO electrodes.40,71

The results obtained by CV, SWV, and EIS suggest that the
matrix of ZnONRs (Figure 2F) offers some resistive path for
the flow of electrons from the electrolyte to the substrate. In
contrast, a direct transfer of electrons is possible at the bare
FTO electrode. However, the ZnO matrix has several
advantages: biocompatibility, low toxicity, high electron
mobility, chemical stability, high isoelectric point, and easy

Figure 3. Electronic microscopy characterization of ZnONR immunosensors and EIS measurements at each assembly stage. (A) ZnONRs, (B)
after S protein adsorption (4 ng mL−1), (C) after glycine block (10 nmol L−1), (D) in the presence of serum from the pre-pandemic individuals
(1:1000 v/v), and (E) in the presence of serum from the convalescent individuals (1:1000 v/v).
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fabrication, turning it into a promising electrochemical
biosensing platform.37,39,54

Working Principle of the Immunosensor. A method for
directly connecting an electronic device to a biological
environment is challenging due to the inherent complexity of
biosensor development. Nanomaterials enable the miniatur-
ization of devices, enhancing their sensitivity due to their
higher surface area and long-range electron conductivity.72,73

The ZnONRs create a favorable environment for biomolecules
adsorption, maintaining their functionality and converting
biological events into a stable, selective, and sensitive
measurable signal. The SARS-CoV-2 recombinant trimeric
spike protein was the biomolecule used to construct the
electrochemical biosensing detection platform for anti-spike
antibodies as the S protein is the main target antigen
component from all structural proteins of SARS-CoV-2.74

When working at physiological pH (7.4), the IEP of S protein
(∼5) has a net negative surface charge, and the ZnONR matrix
with a high isoelectric point (∼9.5) takes a net positive surface
charge density. Thus, the negatively charged protein can be
immobilized by electrostatic interaction on the surface of the
positively charged ZnONR matrix. This principle has been
widely used for the development of multiple immunosen-
sors.43,75−78

The detection is achieved by measuring the Faradic
impedance spectra for the ferro/ferricyanide redox couple
[Fe(CN)6]3−/4− after each modification step process of the
electrode. Thus, the binding of anti-SARS-CoV-2 antibodies in
human blood to the immobilized antigenic protein increases

the Rct signal. This increase is attributed to the electrode
surface coverage with the bulky-sized antibodies. This coverage
of the surface with the antibody retards the access of the ferro/
ferricyanide redox couple to the conductive surface, reducing
the electron transfer efficiency.
Electron Microscopy and Spectroscopic Character-

izations. SEM images of ZnONRs show that the rods have a
hexagonal shape with an average diameter of 490 nm, as shown
in Figures 2F and 3A. The results are consistent with studies
previously published by the group61,79 and other research-
ers.80−82 After SARS-CoV-2 recombinant spike protein
immobilization, visual morphological changes were observed.
The surface of the nanorods does not look smooth; it seems to
be covered, indicating that an optimal immobilized protein
profile was achieved (Figure 3B). Subtle modifications on the
surface were observed after the blocking step with glycine
(Figure 3C). Surprisingly, antigen−antibody complexes (anti-
SARS-CoV-2 antibodies bound to immobilized spike proteins)
induced dramatic morphological changes on the top of the
electrode (Figure 3E). The electrode morphology modified
with negative serum from pre-pandemic individuals is very
similar to the surface where the spike protein is immobilized
with glycine (blocking step), as shown in Figure 3D. This
indicates that no SARS-CoV-2 antibodies were present in the
tested pre-pandemic samples; consequently, no antigen
recognition occurred.
Figure S2 shows FTIR spectra at each stage of device

fabrication, and we also compare the spectra obtained in the
presence of serum from the pre-pandemic and convalescent

Figure 4. Electrochemical behavior and electrochemical validation of the ZnONRs/spike immunosensor. (A) Nyquist diagram of EIS
measurements at each assembly stage performed from 30 kHz to 0.1 Hz with an RMS amplitude of 10 mV. Inset: the equivalent circuit model used
for fitting the impedance data, (B) CV at each assembly stage, where the potential was swept from −0.9 to 0.7 V at a scan rate of 50 mV s−1, (C)
SWV, swept from 0 to 0.7 with a modulation amplitude of 20 mV and 20 Hz. Being (gray) ZnONRs, (blue) spike trimeric protein (4 μg mL−1),
(orange) glycine (10 μmol L−1), (lila) serum from pre-pandemic, and (green) serum from convalescent individuals (1:500 v/v dilution), (D)
Nyquist diagram of the calibration study by varying the concentration of positive serum-containing SARS-CoV-2 antibodies (green), dilutions were
made in phosphate buffer being 0.1, 0.2, 0.33, 0.5, and 1 (%v/v) and shown in yellow the value refers to a blank (FTO-ZnONRs/spike/Gly), (E)
bar graph showing the Rct values obtained using the Nyquist diagrams and the Randles circuit as a function of the concentration of blood serum
containing SARS-CoV-2 antibodies, and (F) calibration curve showing the variation of Rct with the concentration of blood serum containing SARS-
CoV-2 antibodies. Electrolyte: solution of 5 mmol L−1 K4Fe(CN)6/K3Fe(CN)6 in 0.1 mol L−1 KCl.
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individuals in the range of 1800−700 cm−1. The FTIR
spectrum of the ZnO nanostructures shows a broad band
around 1600 cm−1 and an absorption peak at 1116 cm−1

assigned to O−H stretching and deformation vibrations of
adsorbed water on the ZnO surface, respectively.83,84 The band
at 1370 cm−1 can be correlated to NO3 stretch, which also
appeared at 831 cm−1 as a weak band.85 The absorption bands
at 1258 and 1203 cm−1 correspond to the stretching modes of
HMTA used for the growth process of the ZnONRs.80 The
FTIR spectrum from spike-attached ZnONRs shows character-
istic bands of amide-I (C�O stretching, 1600−1700 cm−1),
amide-II (N−H bending, 1500−1600 cm−1), and amide-III
(C−N stretching and N−H bending, 1200−1330 cm−1),
which indicates that protein is attached on the surface of the
modified electrode.86−88 In the presence of glycine, no
significant change in the FTIR spectrum was observed due
to the overlap with the spike protein bands. Also, in the
presence of negative serum, the vibrational spectra are very
similar to the spike protein immobilized with glycine on the
electrode ZnONR surface, as shown in Figure 3D, which
correlates with SEM images and EIS spectra (Figure 3D),
confirming no interaction has occurred. However, for
convalescent serum, a significant increase in the bands at
1560−1464 cm−1 associated with IgG, 1420−1289 and 1160−
1028 cm−1 related to IgM, and 1285−1237 cm−1 designed to
IgA were detected.87 These bands were broad and overlapping
in the spectrum of the spike-immobilized electrode surface,
which can evidence the conjugation of antibodies to the FTO-
ZnONRs/spike/Gly interface.
XPS analysis of ZnO electrodes revealed the presence of

nitrogen on the surface after functionalization, indicating
successful spike protein attachment (Figure S3).89−91

Furthermore, it is possible to observe an increase in N 1s
peak with the incubation of the antibodies anti-SARS-CoV-2
present in human samples (FTO-ZnONRs/spike/Gly/+serum
electrode), revealing the binding of antibodies to the electrode
surface (Figure S3A). Figure S3B shows the high-resolution
spectra for the FTO-ZnONR electrode. The binding energies
were calibrated using the carbon C 1s peak (284.6 eV). The
high-resolution Zn 2p spectrum peaks at 1043.28 and 1020.18
eV correspond to Zn 2p1/2 and Zn 2p3/2, respectively. The
binding energy variation determined from the XPS study was
∼23 eV, confirming that Zn atoms were in a Zn2+ oxidation
state.92,93 The O 1s high-resolution spectrum exhibited two
Gaussian peaks named O1 and O2. The O1 peak at ∼529 eV is
related to O2− ions in the wurtzite structure of the hexagonal
Zn2+-ion array.94−96 The peak O2 at 530.78 eV can be
attributed to the OH group adsorbed on the surface of the
ZnONRs.94,95 Figure S3C shows the high-resolution core-level
spectra of C 1s at each fabrication stage of the electrode, and
the peak at 284.6 eV can be attributed to C−C. The binding
energy peaks at 286 and 288 eV are related to C−O and C�O
bonds, respectively.97,98 The N 1s high-resolution core-level
spectra (Figure S3D) exhibit two peaks at 399 and 400, which
can be attributed to the C−N/N�C and N−C�O bonds,
respectively.98 Figure S3E shows the high-resolution core-level
spectra of O 1s, where a peak located at 531 eV can be
assigned to C�O, the peak at 532 eV can be assigned to C−
OH, and the peak at 533 eV can be assigned to O−C�O/O−
C−O.97

Electrochemical Response Studies of the ZnONRs/
Spike Immunosensor. The EIS, CV, and SWV were used to
characterize the electrode at each manufacturing stage (Figure

4). It shows the Faradic impedance spectra for the redox of
[Fe(CN)6]3−/4− measured at each manufacturing stage. The
imaginary impedance component (Z″) is displayed as a
function of the real component of impedance (Z′), as shown
in Figure 4A.
These impedance spectra are typical of the theoretical, semi-

circular shape observed when the data is modeled using a
Randles equivalent circuit, a helpful tool for analyzing EIS data
that accounts for the resistive and capacitive processes at
different frequencies.99 A modified Randles circuit (inset in
Figure 4A) with a constant phase element simulated the
experimental diagrams. This equivalent circuit’s components
are Rs, the electrolytic resistance between the modified working
electrode and the Pt reference electrode, and Cdl, the double-
layer capacitance. Also,W is the Warburg impedance, and Rct is
the charge transfer resistance of the [Fe(CN)6]3−/4− redox
probe. In the Faradic impedance measurements, Rct is the most
sensitive parameter to describe the electrodes’ surface
recognition process.100 As was previously mentioned, the Rct
value of the FTO electrode increases from 0.65 kΩ for bare
FTO to 3.37 kΩ for FTO-ZnONRs. Despite this increase in
the Rct signal, using the ZnONR matrix is advantageous
because it provides a biocompatible environment suitable for
immobilizing enzymes, proteins, and DNA.27 Then, after
immobilization of SARS-CoV-2 recombinant trimeric spike
protein, the semicircle area increases to 4.66 kΩ (FTO-
ZnONRs/spike), which can be related to the barriers created
on the electrode surface. This increase in the Rct signal suggests
that the recombinant spike protein was successfully immobi-
lized on the electrode surface.
The Rct value of the FTO-ZnONRs/spike/Gly was 3.98 kΩ,

which is less than that for the FTO-ZnONRs/spike electrode
(4.66 kΩ), which can be related to the difference in charge on
the surface after attachment of the glycine molecules, which
decreases the resistance to the charge transfer. Regarding the
negative serum, the Rct signal obtained was 3.99 kΩ (FTO-
ZnONRs/spike/Gly/-serum), very similar to the FTO-
ZnONRs/spike/Gly signal, suggesting that glycine prevented
non-specific interactions, as expected. After dripping the
positive serum on the electrode surface (FTO-ZnONRs/
spike/Gly/+serum), the semicircle area increases significantly
to 6.72 kΩ. It is assigned to the electrode surface coverage with
the bulky-sized antibodies (an average molecular weight of
approximately 150 kDa101). This surface coverage with the
antibody reduces the electron transfer efficiency, increasing the
Rct. This significant increase in the Rct signal suggests that the
antibodies present in the blood serum recognize the S protein
immobilized on the electrode surface. Table S1 summarizes the
Rct values obtained in each step of the developed
immunosensor.
The results obtained in the CV and SWV were confirmed by

EIS measurements, as shown in Figure 4B,C. A significant
decrease in peak current was observed in the presence of
antibodies due to the barriers created on the electrode surface.
The bulky protein and antibody retard the redox molecules
from reaching the surface. The current increases in the
cathodic peak current for the electrode after the attachment of
the glycine layer, which can be attributed to the amount of
charge variation after the attachment of blocking molecules to
the film’s surface, affect the mobility of charge carriers of the
mediator.
Analytical Sensitivity Analysis. The impedimetric

response to different dilutions of human serum samples was
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performed through successive titration to validate the
ZnONRs/spike immunosensor for detecting anti-S antibodies
in clinical samples. The sera were diluted with phosphate
buffer (pH 7.4). The error bars corresponded to the standard
deviation of the data points in triple experiments. EIS results
are shown in Figure 4D, which presents the Nyquist diagram.
The system indicates that the impedance increases with the
concentration of the target analyte. The Rct signal increases
from 3.98 kΩ for the blank (FTO-ZnONRs/spike/Gly) to
5.04 kΩ after adding serum with a concentration equal to 0.1%
v/v. To add a dilution of 0.2% v/v serum, the Rct increases to
6.77 kΩ, and it continues to grow until showing an Rct signal of
13.5 kΩ to add a serum with a concentration of 1.0% v/v. This
trend evidences the binding of the antibodies present in human
serum to the antigen immobilized on the electrode surface,
increasing the hindrance to the movement of redox molecules.
The Rct values of the different EIS plots exhibited linear
associations, as shown in Figure 4E,F. For the concentration
range of 0.1−1% v/v, the correlation coefficient (R) was 0.998.
It demonstrates that the biosensor signal is specific and works
dose-dependently using a range of blood serum samples
containing anti-SARS-CoV-2 spike protein antibodies.
The quantification detection of monoclonal antibodies

(mAbs) anti-SARS-CoV spike protein (Clone: 3022) was
performed under optimal conditions. EIS results are shown in
Figure S2, which presents the Nyquist diagram (Figure S4A).
The system clearly shows that the impedance increases with
the concentration of the target analyte (Figure S4B). The Rct
values of the dose−response curve of IgG mAb were plotted
against the IgG mAb concentration (Figure S4C). The linear
response of antibodies ranges from 200 to 1200 ng mL−1. The
correlation coefficient (R) was calculated to be 0.995. The
limit of detection (LOD) was 19.34 ng mL−1 using the
equation102

i
k
jjjjj

y
{
zzzzzLOD 3.3

SD
slope

= ×
(3)

the value of SD is the standard deviation of the blank FTO-
ZnO/spike/Gly bioelectrode under control conditions. The
limit of quantification (LOQ) was 58.62 ng mL−1 using the
equation103
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This biosensor’s sensitivity is adequate for detecting
COVID-19 seroconversion and was comparable and even
better than other immunoassays (Table S2).20,104−107 More-
over, the device is portable, cheaper, and has shown a great
potential to evaluate the humoral immune response in
COVID-19 convalescent individuals or post-COVID-19
vaccinated individuals, offering an affordable and powerful
alternative compared to the existing COVID-19 serological
assays.
Determination of Positive/Negative Cutoff Threshold

of Anti-SARS-CoV-2 Antibodies in Clinical Samples. The
analytical validation began by establishing a cutoff point or a
positive/negative threshold defined as the level of antibody
activity that determines the positive or negative reactive status
for a serum/plasma sample from a given individual.108 In this
case, the result is positive when a test serum presents an Rct
(kΩ) value above that determined in the cutoff. Still, if the
result is below the cutoff value, the sample is deemed negative
for SARS-CoV-2 antibodies. The cutoff determination was
made considering the distribution of the Rct resulting from the
analysis of the 15 negative human blood samples (Figure 5A),
following the formula below109

Figure 5. Detection accuracy of the developed electrochemical ZnONRs/spike immunosensor. (A) ZnONRs/spike immunosensor response was
compared among a representative set of clinical samples from healthy pre-pandemic individuals, convalescents, and CoronaVac-vaccinated
individuals. Serum samples were analyzed using the electrochemical impedance method and data were expressed in charge transfer resistance (Rct).
Red color dots indicated previously considered negative samples in anti-S IgG by ELISA test, (B) ROC curve was used to describe the
discrimination accuracy of the developed electrochemical immunosensor, and (C) correlations between total antibody response against the SARS-
CoV-2 spike protein measured from charge transfer impedance (Rct) via our ZnONRs/spike immunosensor and IgG antibodies against the SARS-
CoV-2 spike protein (anti-S IgG) detected using conventional ELISA, in all positive samples analyzed (healthy pre-pandemics, convalescents, and
vaccinated individuals).
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XCut off 3 SD= + × (5)

where X̅: mean and SD: standard deviation. The value
obtained for the cutoff was 5.20 kΩ.
Diagnostic Sensitivity, Specificity, and Determination

of Anti-SARS-CoV-2 Antibodies in Clinical Serum
Samples. The performance of the developed sensor in
detecting the presence of spike SARS-CoV-2 antibodies in
clinical samples was determined by analyzing 47 blood serum
samples from individuals previously infected and recovered
from SARS-CoV-2 (convalescent individuals). Figure 5A
shows the Rct obtained from pre-pandemic and convalescent
samples with the calculated cutoff (dotted black line). The
graphic reveals that the sensor identified the COVID-19 serum
samples selectively and exhibited a relevant increase in Rct
values compared to pre-pandemic samples. Consequently, the
ZnONRs/spike immunosensor discriminated between
COVID-19 convalescent (positive) and pre-pandemic (healthy
negative) samples. The immunosensor showed a negligible
response toward the samples collected from pre-pandemic
individuals, which suggests that no SARS-CoV-2 antibodies are
found that can bind to the S protein. However, the positive
confirmed clinical samples showed a significant relative change
in the Rct values. Although all the samples were from
convalescent individuals, differences in Rct signals were
observed, attributed to the number of antibodies in the
samples. The immune response will depend on each person
since it is influenced by intrinsic and environmental factors,
such as age, sex, genetics, and lifestyle.11,110 Some individuals
can react by getting excellent antibody levels against the SARS-
Cov-2 virus, while others do not. Afterward, not all SARS-
CoV-2-infected individuals will develop detectable antibodies
using regular SARS-CoV-2 antibody tests. For these reasons,
we observed a heterogeneous response in our study. Therefore,
the antibody levels present in the samples that can effectively
bind to the S protein immobilized on the electrode surface is
variable for each sample. A higher Rct signal could be
interpreted as a more significant number of antibodies in the
analyzed samples.
On the other hand, the biosensor was developed to detect

positive samples for anti-SARS-CoV-2 spike protein antibodies,
even in the negative samples in the ELISA plate wells (Figure
S5), which is considered a gold standard test to perform
serological diagnosis. Therefore, the diagnostic sensitivity and
specificity values were calculated with a defined cutoff, and
positive and negative samples were analyzed. For this, the
following formulas were used111
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where a: true-positive, b: false-positive, c: false-negative, and d:
true-negative.
The sensitivity is the proportion of individuals with the

disease who are accurately diagnosed with a positive test result
(“true-positive rate”). In contrast, specificity is the proportion
of individuals without the disease who are precisely identified
by a negative test result (“true-negative rate”).112 The
sensitivity and specificity values for the immunosensor
described in this work were 88.7, and 100%, respectively.

Serological Cross-Reactivity with Common Corona-
virus (HCoVs) Assessment. A suitable COVID-19 sero-
logical sensor must be sensitive and highly specific, ruling out
any cross-reactivity with similar coronaviruses such as seasonal
endemic HCoVs.113 Therefore, the seroconversion of HCoVs
in pre-COVID-19 pandemic serum samples was evaluated
using ELISA to detect specific IgG antibodies against the RDB
proteins of the four most common HCoVs (229E, OC43,
NL63, and HKU1). ELISA results showed that all pre-
pandemic samples analyzed in this study were positive for
HCoVs (Figure S6). Simultaneously, using the ZnONRs/spike
immunosensor, 100% of the same pre-COVID-19 cohort was
found negative, demonstrating that our sensor is precise for
SARS-CoV-2. It successfully distinguished the negative
samples and eliminated the adverse risk of cross-specificity
with human antibodies against HCoVs.
Detection of SARS-CoV-2 Antibodies in Vaccinated

Individuals with Inactivated SARS-CoV-2 Vaccine
(CoronaVac). To evaluate the applicability of the developed
sensor in detecting anti-SARS-CoV-2 antibodies in vaccinated
individuals, we analyze 45 human blood serum samples from
individuals vaccinated with inactivated SARS-CoV-2 vaccine
(CoronaVac vaccine) at least 28 days after the second
immunization. From these 45 samples, 25 were from
CoronaVac-vaccinated individuals (without previous positive
results for COVID-19 disease) and 20 from CoronaVac-
vaccinated, previously infected individuals (with a previous
positive result for COVID-19 disease). Figure 5A shows the Rct
results, demonstrating that the sensor responds to blood serum
and increases the Rct values compared to pre-pandemic
samples previously tested. It means that our ZnONRS/spike
immunosensor could identify the antibody-induced response
against SARS-CoV-2 spike protein stimulated by CoronaVac
vaccination.
Vaccinated samples presented more homogeneous antibody-

induced immune responses. Only slight variation in the Rct
values was found compared to that in samples from
convalescents. This behavior might be justified because of
the higher variability of naturally triggered humoral responses
post-viral infection compared to vaccine-induced humoral
immunity.114,115

The ZnONRs/spike immunosensor readouts (Rct signal)
from previously infected individuals followed by two vaccine
doses have shown significantly higher Rct values than those
from asymptomatic or negative individuals without positive
results COVID-19 disease before the immunization protocol,
following data already reported.116

Our results confirmed recently described data where
administration of the inactivated SARS-Cov-2 vaccine,
CoronaVac, also induced higher antibody responses in
previously naturally infected individuals.117 According to
Wang et al.118 is expected that vaccination increases all
components of the humoral response due to the ongoing
antibody somatic mutation, memory B cell clonal turnover, and
other general intrinsic factors related to vaccine-induced
humoral immune responses.
It is essential to highlight that 16 samples of the 45 analyzed

were negative for anti-SARS-CoV-2 spike protein antibodies by
ELISA test (Figure S5), with the ZnONRs/spike immuno-
sensor, and 12 samples showed a positive result, showing that
the modified electrode has a higher sensitivity and efficiency
than the golden standard tests. We can also highlight that the
Rct signal for some of these samples was slightly higher than the
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cutoff, suggesting that the antibody titers present in the
analyzed samples are relatively low and consistent with a
negative ELISA result. Previous studies reported deficient
production of vaccine-induced antibody titers after CoronaVac
application, especially among elderly and immunocompro-
mised individuals.12−15 Our results demonstrate that the
ZnONRs/spike immunosensor can detect the anti-SARS-
CoV-2 spike protein antibody in individuals vaccinated with
CoronaVac. This point-of-care technology can specifically aid
public health actions in assessing humoral immune response
post-COVID-19 vaccination in the countries where this
vaccine is applied.
ZnONRs/Spike Immunosensor Detection Perform-

ance Analysis. To further explore the potential of our
detection system, we use the ROC curve analysis to graphically
evaluate the ZnONRs/spike immunosensor detection test
(Figure 5B). ROC analysis is a valuable tool for assessing the
performance of diagnostic tests and, more generally, for
evaluating the accuracy of a statistical model that classifies
subjects into one of the two categories, diseased or non-
diseased. The area under the ROC curve (AUC) is an overall
summary of diagnostic accuracy. The AUC equals 0.5 when
the ROC curve corresponds to random chance and 1.0 for
perfect accuracy.119,120

The ZnONRs/spike immunosensor detection test presented
an AUC of 0.9081, evidencing the high accuracy of this assay.
Therefore, the developed ZnO detection system offers a viable
alternative method for detecting anti-SARS-CoV-2 antibodies
in human serum and has a potential application in estimating
the prevalence of the SARS-CoV-2 antibodies in a given
population. Data acquired from conventional ELISA anti-spike
and ZnONRs/spike immunosensor were compared and
correlated using Spearman rank correlation (Figure 5C).
This correlation coefficient represents the power of the
putative linear association among such variables.121 The
spearman coefficient ranged from −1 to 1. Values close to 1
indicate a strong and positive correlation, values relative to −1
indicate a strong, negative correlation, and values close to zero
indicate no linear correlation.122 In our analysis, a correlation
coefficient of 0.507 was obtained, showing a positive and
moderate correlation between the data obtained using
conventional ELISA test and our novel ZnONRs/spike
immunosensor. Considering the differences in the biological
samples and readout approaches, a result of a moderate
correlation with a relevant P-value is encouraging. Since
different ELISA tests detect anti-S IgG, the ZnONRs/spike
immunosensor is a direct assay designed to detect total specific
antibodies against COVID-19 without needing a secondary

Figure 6. Development and validation of the electrochemical ZnONR immunosensors for anti-SARS-CoV-2 antibody detection. (A) Basic science
research. Hydrothermal synthesis of ZnONRs, FTO (tluorine tin oxide) functionalization with viral spike protein, and optimization of sensor
architecture and (B) prototype characterization. Morphological, spectroscopic, and electrochemical characterization was performed before and after
the biological modification of ZnONR-modified FTO electrodes and (C) concept validation. Sampling design, collection, and confirmation of the
clinical status by anti-S IgG ELISA serological analysis. (D) Final validation with the proof of concept. Clinical serum samples from healthy pre-
COVID19 individuals, convalescents, and vaccinated patients were applied on the ZnO electrode surface for anti-COVID19 antibody detection and
(E) final project goal.
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antibody that specifically binds the species and class (isotype)
of the primary antibody. This feature might be an added
advantage for the other immunological detection of COVID19
in different animal species.
Evaluation of S Protein Concentration, Reproduci-

bility, and Stability. Studying the impact of S protein
concentration as the receptor molecule is critical for better
biosensor design and performance. Different concentrations of
S protein were immobilized in the range of 1 to 7 μg mL−1.
The EIS response was measured to monitor each electrode
signal in triple experiments, using a [Fe(CN)6]4−/3− solution as
the redox probe. Response signal growing was explicitly
stopped when the concentration of spike protein was over 4 μg
mL−1 (Figure S7A), after which device response was linear,
indicating the maximum amount of protein that could be
absorbed on the electrode surface. Based on this performance,
4 μg mL−1 was selected as the ideal concentration in
subsequent experiments.
Independent data from five modified electrodes were

acquired using a pool of serum samples of COVID-19
convalescent and pre-pandemic individuals, respectively, to
determine the immunosensor’s reproducibility (Figure S7B).
The relative standard deviation (RSD) measurements were
3.11% for pre-pandemic samples and 2.14% (for convalescent
individuals), demonstrating outstanding reproducibility of the
biodevice. Moreover, the response of the electrode FTO-ZnO/
spike/Gly was measured for 10 different electrodes (Figure
S7C), obtaining an RSD of 3.20%, validating that the proposed
immunosensor has good reproducibility. For this purpose, the
EIS response was measured using a [Fe(CN)6]4−/3− solution as
the redox probe.
The modified electrode was incubated with a serum sample

of convalescent individuals (1:500 v/v) and stored at 4 °C to
estimate the long-term stability of the device. The sensor
showed around an 8.4% change in the impedance response
after 15 days (Figure S7D).
In brief, all accomplished developmental phases of the ZnO

immunosensor are represented in the schematic diagram
(Figure 6). Each column corresponds to a step forward along
with the product development and represents an increasing
score along with the technology readiness level scale (TRL).
The lower line indicates the work already performed and
relates to the technology maturity level (TRL) already
achieved in the project. The work described here moves the
project from the beginning of TRL1 (basic science research) to
TRL4 (final validation completion with the proof of concept).
Our prospects are to adapt the current technology to be
portable for on-site use, allowing the connection of mobile
devices to facilitate the detection of COVID-19 antibodies
since the future of public health is likely to become increasingly
digital.

■ CONCLUSIONS
In this work, we have successfully developed a ZnONRs/spike
immunosensor to detect anti-SARS-CoV-2 antibodies quickly.
The fabricated electrode detected antibodies against SARS-
CoV-2 spike protein in serum samples in about 5 min and
showed a sensitivity of 88.7% and a specificity of 100%. No
cross-reactivity with other common coronaviruses was found.
The ZnONRs/spike immunosensor is easy to produce and
employ, even though the bioreceptor component of the
electrode, SARS-CoV-2 recombinant trimeric spike protein,
has a high production cost as it requires expensive mammalian

cell expression systems. The electrode’s manufacturing cost is
relatively cheap, making it a great alternative. The biosensor
results revealed a strong concordance with the conventional
ELISA test results or even more sensitivity since some of the
tested serum samples were considered negative using ELISA
and positively detected in our sensor. The novel ZnO-based
biosensing platform has shown the potential to evaluate the
humoral immune response in COVID-19 convalescent
individuals or post-COVID-19 vaccination, supporting efforts
for immunosurveillance, aiding the control of future global
waves of regional outbreaks of SARS-CoV-2 across the world.
The immunosensor presented an AUC of 0.9081, indicating
the high accuracy of the assay. The biosensing system is highly
reproducible and stable for a practical application (around 15
days). Furthermore, this nanostructured electrode architecture
is flexible. It shows great potential for other diagnostic and
biomedical applications since the sensor technology can be
easily customized using different biomolecules on the ZnONRs
or other target analytes.
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