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COVID-19 has spread worldwide and early detection has been the key to controlling its propagation and pre-
venting severe cases. However, diagnostic devices must be developed using different strategies to avoid a
shortage of supplies needed for tests’ fabrication caused by their large demand in pandemic situations.
Furthermore, some tropical and subtropical countries are also facing epidemics of Dengue and Zika, viruses with
similar symptoms in early stages and cross-reactivity in serological tests. Herein, we reported a qualitative
immunosensor based on capacitive detection of spike proteins of the severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2), the causative agent of COVID-19. The sensor device exhibited a good signal-to-noise
ratio (SNR) at 1 kHz frequency, with an absolute value of capacitance variation significantly smaller for
Dengue and Zika NS1 proteins (|AC| = 1.5 + 1.0 nF and 1.8 + 1.0 nF, respectively) than for the spike protein (|A
C| = 7.0 + 1.8 nF). Under the optimized conditions, the established biosensor is able to indicate that the sample
contains target proteins when |AC| > 3.8 nF, as determined by the cut-off value (CO). This immunosensor was
developed using interdigitated electrodes which require a measurement system with a simple electrical circuit
that can be miniaturized to enable point-of-care detection, offering an alternative for COVID-19 diagnosis,

especially in areas where there is also a co-incidence of Zika and Dengue.

1. Introduction

Coronavirus disease 2019 (COVID-19) is a viral disease caused by the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) that
started in December 2019 and has rapidly spread worldwide, reaching
>460 million cases and 6 million deaths by now (March 2022) [1]. Early
detection of the disease has been the key to controlling its propagation
and preventing further health, social, and economic damage. The main
diagnostic methods consist of serological / antigen tests and molecular
analyzes such as the RT-PCR (reverse transcription-polymerase chain
reaction). At the beginning of the pandemic, the serological tests based
on lateral-flow assay was widely used because it targets antibodies
produced in response to the viral infection (immunoglobulin-M and
immunoglobulin-G) in a rapid and low-cost way, being suitable for mass
testing [2,3]. However, after the advent of anti-COVID-19 vaccines, this
test is no longer considered appropriate because it could detect anti-
bodies produced in response to the vaccine rather than the virus infec-
tion. The RT-PCR assay is the gold standard diagnostic method, as viral
RNA can be detected in the early days of infection with high specificity
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and sensitivity, providing a reliable result. [4,5]. Other molecular tests
are also being used, such as the loop-mediated isothermal amplification
(LAMP), a modern and sensitive nucleic amplification method capable
of recognizing up to eight sequences of the target gene in 1 h [6-8].
However, these methods are laborious, expensive, and require special-
ized professionals and laboratory infrastructure, making it difficult to
attend to the growing demands. Currently, antigen tests using the lateral
flow method are the most widely used for point-of-care diagnosis. They
detect viral proteins within 15-20 min and provide a qualitative result
[9]. Despite their low-cost and specificity, they are not as sensitive as
molecular tests [9,10].

In addition to the COVID-19 pandemics, some tropical and sub-
tropical countries are also facing epidemics of Dengue and Zika, viruses
with similar symptoms in early stages and cross-reactivity with sero-
logical tests [11-14]. Misdiagnosis leads to a great concern with patient
treatment as it can cause preventable fatalities, in addition to triggering
outbreaks due to failures in the isolation of patients positive for COVID-
19 and in vector control in the case of Dengue and Zika [15]. This sce-
nario brings the crucial need for a simple, fast, specific, and low-cost
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test, capable of distinguishing between SARS-CoV-2, Dengue virus
(DenV), and Zika virus (ZikV) [13]. Biosensors are powerful tools for
point-of-care diagnosis, being suitable for this specific situation
[16-18]. Several biosensors have already been described for COVID-19,
as shown in Table 1. However, they face some limitations and may fail to
detect SARS-CoV-2 variants that have undergone point mutations in the
Spike protein [19]. In addition, in epidemic and pandemic situations,
when the demand for diagnostic tests can become very large, devices
must be developed using different strategies to avoid a shortage of
supplies needed for the fabrication of the tests. For example, when the
daily cases of the omicron variant reached their peak, there was a high
demand for lateral flow tests, and as a consequence, many countries
stayed on alert over the possibility of a lack of the supplies -such as gold
nanoparticles - which could limit production and availability of the
diagnostic kits.

To offer a point-of-care diagnostic device, capacitive biosensors are
interesting because they are easily miniaturized, user-friendly, and
provide fast results [26,27]. Electrical capacitance-based biosensors
measure the changes in the dielectric properties of specific electrodes
when biorecognition events occur on their surface. Interdigitated elec-
trodes are the most used for these devices and consist of several equally
spaced metallic tracks, called fingers, with each pair acting as a planar
capacitor [28]. They have been widely used for detecting different
biomolecules, such as proteins [29-32], nucleic acids [33,34], and cells
[35,36].

In this study, we describe a qualitative immunosensor based on the
capacitive detection of spike proteins for COVID-19 diagnosis. The de-
vice can distinguish spike protein from Dengue and Zika NS1 proteins
and, therefore, is suitable to be used in areas with co-incidence of these
diseases. The use of polyclonal antibodies overcomes the detection
troubles with mutations in the spike protein.

2. Material and methods
2.1. Materials

Cysteamine (CoH7NS, < 98%), N-hydroxisuccinimide (C4HsNOs,
NHS), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide  (CgH;7Ns,
EDC), and bovine serum albumin (BSA) were purchased from Sigma-
Aldrich (San Luis, Missouri, EUA). Chicken COVID-19 spike protein
(S1 + S2 extracellular domain) coronavirus polyclonal antibody
(MBS378285), COVID-19 spike protein coronavirus recombinant pro-
tein (MBS2563881), Zika Virus Antigen (MBS568704) and Dengue Virus
NS1 Type 2 protein (MBS143474) were purchased from MyBioSource
(San Diego, CA, USA). NaH,PO4, NagHPOy4, and NaCl used in the prep-
aration of phosphate-buffered saline (PBS, pH 7.4, 10 mM) were also
obtained from Sigma-Aldrich (San Luis, Missouri, EUA).

2.2. Fabrication of interdigitated electrodes (IDEs) and plasma cleaning

Gold interdigitated electrodes (IDEs) were fabricated using BK7 glass
as the substrate for photolithography, followed by sputtering. To form
an adhesion layer on the substrate, a 20 nm-thick chromium film was
deposited. Then, it was covered with a gold layer of 120 nm-thick. Each
electrode had 150 parallel metallic tracks (fingers) with a 10 pm gap
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between them, in which each pair works as a planar capacitor. The
electrodes were cleaned with oxygen plasma to remove organic residues,
using Tergeo Plasma Cleaner equipment under the following conditions:
medium Oy, 35 W power, and a gas flow rate of 5 sccm (cm®/min).

2.3. Antibody immobilization

To obtain a more sensitive detection, two methods were tested for
the construction of the self-assembled monolayers: In the first method,
immobilization of the antibodies was carried out by electrostatic inter-
action, and in the second method, the antibodies were immobilized by
covalent bonding (Fig. 1). For the electrostatic immobilization, the IDEs
were incubated overnight (15 h) with cysteamine 10 mM (a 100 mM
stock solution was prepared in ethanol and then diluted in ultrapure
water). A solution containing 250 pg/mL of anti-Spike antibodies was
added to the modified electrodes and left to interact for 3 h. To block the
remaining active sites, the IDEs were incubated with a 1% BSA solution
in PBS buffer (10 mM, pH 7.4, 0.1 M NaCl) for 30 min.

For the covalent immobilization, a mixture containing EDC/NHS (8
mM/5 mM) and antibodies (4 pg/mL or 40 pg/mL) was prepared in PBS
buffer and incubated for 2 h at 4 °C to activate the carboxylic groups in
the antibodies (H™ deprotonation). Immobilization was performed by
adding the mixture containing the activated antibodies to the IDEs
modified with cysteamine. In this case, the carboxylic groups of the
antibodies covalently bond to the amine group of the cysteamine on the
electrode surface. The blocking step was also performed. All incubation
steps were performed at 4 °C and to remove non-bounded molecules, the
IDEs were subsequently immersed in 10 mM PBS and ultrapure water.
Finally, the electrodes were carefully dried in Ny flow.

2.4. Characterization of electrodes surface

To determine the roughness of the IDEs after each modification step,
atomic force microscopy (AFM) was used. The images were collected in
tapping mode using a NanoSurf Flexa microscope (Nanosurf,
Switzerland) and a cantilever with a resonant frequency of 300 kHz and
a spring constant of 40 N/m. The IDEs were also analyzed by Raman
spectroscopy to assess whether the molecules were successfully immo-
bilized on their surface by identifying their characteristic functional
groups. Raman spectra were collected in an inVia™ Raman confocal
microscope (Renishaw, UK) with a 532 nm laser (power of 5%) using a
50x objective and a grating of 1800 lines/mm. Single spectrum mea-
surements were recorded in the 500-3800 cm™! range, with 10 s
acquisition and 20 accumulations. Raman mapping was conducted by
collecting the spectra in the 840-2470 cm ™! range with 30 s acquisition
and 3 accumulations at each point. The mapped area (x =88 pmandy =
12 pm) contains 315 data points (2 m of step size). Images were
generated by mapping the intensity of the band related to the amide
bond (1570 cm™!) in each spectrum. All data handling and processing,
as well as 2D and 3D color map reconstructions, were proceeded in
WIRE 5.4 software.

2.5. Target proteins detection

Functionalized IDEs were incubated for 30 min with 10 pL of Spike

Table 1

Comparison of different biosensors for SARS-CoV-2 detection.
Method Target Sample Limit of detection Time Reference
Plasmonic IgG Blood Not mentioned 30 min [20]
Electrochemical microRNA Synthetic sequences 10 pM 1h [21]
Surface-enhanced Raman scattering (SERS) Spike protein Untreated saliva 6 fg/mL 4h [22]
Field-effect transistor (FET) Spike protein Nasopharyngeal swab 100 fg/mL 1h [23]
Electrochemical IgG / IgM Sera 1 ng/mL 30 min [24]
Capacitive Nucleoprotein Viral cultures 4.1 ng/mL 1h [25]
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Fig. 1. Experimental setup. 1) Monolayer construction — A) Cysteamine 10 mM incubation. B) Electrostatic immobilization of antibodies. C) Blocking active sites
with BSA 1%. D) Pre-activating antibodies with EDC/NHS for 2 h. E) Covalent immobilization of antibodies by carboxyl groups bound to amine groups from

cysteamine. F) Blocking active sites with BSA 1%. 2) Spike protein detection.

protein 2.5 pg/mL in 10 mM PBS buffer (positive sample). This protein
concentration was chosen based on the clinical range reported in a
previous study [37]. Following, the IDEs were washed and dried. After
this step, the electrodes were submitted to the electrical capacitance
measurements. Selectivity analyses were carried out with negative
controls, using the NS1 protein of both Dengue and Zika Viruses, in the
same concentration and conditions as the positive protein. The selec-
tivity tests were performed in 6 independent electrodes (n = 6) for each
sample to evaluate the reproducibility of the results.

2.6. Electrical capacitance measurements

Electrical capacitance measurements were performed in 10 pL of 10
mM PBS buffer, at room temperature, and an incubation time of 10 min
for the electrical double layer to be organized. The spectra were
collected in the frequency range of 100 Hz to 1 MHz using a Solartron
Analytical 1260A (Ametek) with SMaRT Impedance Measurement
software.

2.7. Statistical analyses

The statistical analyses of the capacitance data were performed using
the one-way analysis of variance (ANOVA) with the Tukey posthoc test
and Student’s t-test to determine whether differences between sample
groups are statistically relevant. An alpha of 0.05 was used and p < 0.05

was considered significant.
3. Results and discussion
3.1. Characterization of SAMs on IDEs surface

The roughness of the IDEs for each step of the SAMs construction was
evaluated by AFM (Fig. 2). For bare electrodes, the average roughness
was 0.9 £ 0.1 nm (Fig. 2a), which increased to 1.6 + 0.2 nm after in-
cubation with cysteamine (Fig. 2b), indicating that these molecules
bonded to the IDEs surface. For the electrostatic immobilization method,
the roughness after incubation with the antibody (Fig. 2¢) was 1.7 4 0.2
nm. The small variation in surface roughness points to the low efficiency
of this strategy in the immobilization of antibodies and proteins.

For covalent immobilization, two antibody concentrations were
tested. The average roughness of the electrodes after incubation with 4
pg/mL of antibodies was 1.4 + 0.2 nm (Fig. 4d) while for the incubation
with 40 pg/mL, the roughness was 3.0 & 0.5 nm (Fig. 4e). Comparing
these results with the value found for IDEs modified only with cyste-
amine (1.6 £+ 0.2 nm, Fig. 4b) one may be observed that immobilization
with 4 pg/mL did not change the electrode roughness, indicating that
this concentration can be too low for the construction of the SAM.
However, incubation with 40 pg/mL of antibodies produced a signifi-
cant increase in roughness, which can be due to the successful immo-
bilization of antibodies on the electrode surface. The AFM analyses show
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Fig. 2. AFM images of the SAM construction steps: (a) Bare electrode. (b) After 10 mM cysteamine deposition. (c) Electrostatic immobilization of antibody 250 pg/
mL. (d) Covalent immobilization of activated antibody 4 pg/mL. (e) Covalent immobilization of activated antibody 40 pg/mL. The images were collected in tapping

mode with 512 pixels resolution in 2 pm x 2 pm.

that for the construction of the SAMs, the covalent immobilization of
antibodies at a concentration of 40 pg/mL was more efficient, since
roughness is expected to increase when antibodies are immobilized on a
smooth surface, such as cysteamine-modified IDEs.

The SAM construction steps were also characterized by Raman
spectroscopy to identify the functional groups of the immobilized mol-
ecules. Fig. 3 shows the spectra collected for the electrodes modified by
the covalent immobilization method. The bands at 520 cm ™! and 1250

em ™! observed in all spectra come from the vibrational modes of crys-
talline Si on the BK7 glass substrate. After incubation with cysteamine,
two new peaks are observed, at 1480 cm™! referring to the CHy group
and at 1520 cm ™! attributed to the NH, vibrational mode, which are
characteristic of this molecule. The latter indicates the cysteamine
immobilization onto IDEs, possibly by the interaction between the thiol
group of cysteamine and the gold surface. In the spectra collected after
the antibodies immobilization, peaks at 1406 cm™! and 1560 cm™! are
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Fig. 3. Raman spectra of the SAMs construction steps of (a) the electrostatic immobilization and (b) the covalent immobilization of antibodies at two different
concentrations, 4 and 40 pg/mL. Spectra were collected using a 532 nm laser, in the frequency range from 100 to 3500 cm ™! and 10 accumulations with an

acquisition time of 30 s each.

observed, which are characteristic of the C=N vibration coming from
the amide bond between activated carboxylic groups from antibody and
amine group from cysteamine. The latter reveals that the covalent bond
between the amine group of cysteamine and the carboxylic group of the
antibody occurred. Furthermore, comparing the spectra obtained for the
two antibody concentrations, we can observe that the intensity of the
peaks is greater for the modified electrode with the highest concentra-
tion of antibodies. Corroborating the AFM analyses, the Raman spectra
indicate that the construction of the SAMs with the covalent immobili-
zation of antibodies at a concentration of 40 pg/mL is efficient, and
therefore it was chosen for the other tests.

Raman mapping was conducted to identify the spatial distribution of
the immobilized antibodies onto the Au fingers of the IDE. Fig. 4a shows
an optical micrograph for the IDE with the covalent immobilization of
antibodies at 40 pg/mL. Structures in the form of small islands along the
surfaces are observed, with sizes falling into the 0.5-3.5 pm range. The
mapping was conducted by monitoring the intensity of the peak at 1560
cm ! assigned to amide bonds inside the area demarked by the white

A

dashed rectangle. Fig. 4b and c show the resulting 2D and 3D re-
constructions, respectively, obtained by the aforementioned procedure.
The highest intensities for the amide bonds coincide with the concen-
trated deposits, as evidenced by the regions with yellowish-white colors
in both 2D and 3D Raman maps. Hence, the results of the color distri-
butions indicate that the islands along the IDE are composed of the
deposited antibodies.

3.2. Capacitive measurements

The biosensor construction steps were monitored by capacitance
measurements. As shown in Fig. 5, the capacitance after modification
with cysteamine dropped sharply for the frequency range 10%-10* Hz,
which can be attributed to the change in the dielectric properties of the
IDEs caused by the positively charged amine groups. This indicates that
the gold surface functionalization with cysteamine was successful.
Immobilization of the antibodies produced a subtle change in capaci-
tance (inset of Fig. 5), possibly due to the low concentration used. To

16000

Intensity (a.u.) 73000

Fig. 4. Raman mapping of the IDEs containing the covalently anti-SARS-Cov-2 immobilized antibodies at 40 pg/mL: (a) Optical micrograph showing a magnified
view of the IDE and the region selected for the analysis (white dashed rectangle). (b,c) 2D and 3D Raman intensity mapping, respectively, showing the peaks from the

amide vibrational mode at 1560 cm ™.
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Fig. 5. Capacitance curves after each step of biosensor construction and
detection of the target protein (spike 2.5 pg/mL) in the frequency range of
10%-10° Hz. The zoomed-in view shows the spectra in the low-
frequency region.

avoid unspecific interactions, the surface was blocked with 1% BSA and
a dramatic increase in the capacitance was observed, possibly due to the
negative charges of the proteins that increase the density of counter-ions
and the capacitance. After the blocking step, the detection of the target
protein in a clinically relevant concentration was tested. A decrease in
the capacitance value was observed after interaction with the spike
protein, indicating that the biosensor was able to detect it. As the
capacitance is measured between the electrode and counter-ions layer
and is inversely proportional to the distance between them, the capac-
itance decrease after the antigen-antibody binding can be attributed to
the additional layer formed by the spike proteins, which displaces the
counter-ion layer [38-40]. The spectra also reveal that for this device,
the sample analysis should be performed at low frequencies (10%-10°
Hz), where the electrical properties of the electrodes seem to be more
sensitive to the events occurring on their surface.

To evaluate the biosensor performance and also to choose the best
frequency for the selectivity tests, 5 consecutive measurements were
performed on one electrode after the blocking step of the SAM con-
struction. Fig. 6A shows the great repeatability of the biosensor over the
entire frequency range. For the fixed frequency of 10° Hz, the average
capacitance value of the 5 measurements was (185.2 + 0.5) nF, showing
an excellent relative standard deviation (RSD) of 0.24%. We observed
that after the second measurement, the biosensor stabilizes and no
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significant change in capacitance is noticed (Fig. 6B). This is important
to ensure that changes in capacitance obtained after interaction with the
target molecule are due to specific antigen-antibody binding.

The biosensor selectivity was evaluated by performing capacitance
measurements before and after incubation with negative samples (NS1
DenV and NS1 ZikV) under the same conditions as the tests with positive
samples. The biosensor response was evaluated as the absolute value of
the capacitance variation (|AC| = Cafter — Chefore) in 6 independent
electrodes (n = 6) from each of the sample groups. As shown in Fig. 7A,
the biosensor response for the two negative groups was similar, the |AC|
values obtained were 1.5 + 1.0 nF and 1.8 + 1.0 nF for NS1 proteins
from ZikV and DenV, respectively. The difference in the means is not
statistically relevant at the 0.05 level (p > 0.05). More importantly, the
capacitance variation for both was significantly smaller than for the
positive group (|AC| = 7.0 £ 1.8 nF), and the relevant difference (p <
0.001) demonstrates that the biosensor selectively recognizes the spike
protein. The signal-to-noise ratio (SNR) was calculated considering the
|AC| for spike protein as the signal and the |AC| for the NS1 proteins as
the noise. The SNR obtained for DenV was 3.9 + 2.8 and for ZikV was
4.7 + 1.7, which are good values compared to those presented by other
biosensors [41,42]. Based on a 95% confidence interval, the cut-off
value (CO) was determined to be 3.8 nF. It was calculated as CO = X
+ 1.96 x SD, where X is the average of the |AC| for the samples con-
taining the NS1 DenV. Therefore, when the biosensor presents a |AC| >
3.8 nF, it indicates that the sample contains the spike protein from the
SARS-CoV-2 virus.

4. Conclusion

We have reported a qualitative biosensor for the electrical detection
of the spike protein from the SARS-CoV-2 virus. To overcome the limi-
tations caused by mutations in the target protein, the biorecognition
layer is formed by polyclonal antibodies. Based on the absolute value of
the capacitive variation, we demonstrated the selectivity of the
biosensor against the NS1 proteins of ZikV and DenV, which are viral
diseases with symptoms similar to those of COVID-19. Therefore, this
device is suitable to be used in regions where these diseases are co-
incident. The capacitive biosensor uses a simple and low-cost method-
ology in addition to providing fast results. For biomarkers that are
present in the virus, such as the spike protein of the SARS-CoV-2,
qualitative analysis is sufficient to detect viral infection and, therefore,
can be used for the screening of infected people. In addition, the inter-
digitated electrodes used in this biosensor require a measurement sys-
tem with a simple electrical circuit that can be miniaturized to enable
point-of-care detection, offering an alternative to current diagnostic
methods for COVID-19.
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Fig. 6. Repeatability tests. (A) Capacitance curves of 5 consecutive measurements (M1 - M5) on the same electrode after SAM construction in the frequency range of
102%-10° Hz. (B) Capacitance values of the consecutive measurements for the fixed frequency at 10° Hz.
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Fig. 7. Biosensor selectivity: (a) Dot plot of positive (Spike protein) and negative samples (NS1 DenV and NS1 ZikV) at a concentration of 2.5 pg/mL. The average
value and standard deviation of |AC| were determined from 6 independent electrodes for each group (n = 6). (b) Box plot showing the cut-off at 3.8 nF (dashed line)
based on a 95% confidence interval. *Statistically different from negative groups (p < 0.001), #The difference in the means is not statistically relevant at the 0.05

level (p > 0.05).
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