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ABSTRACT: This research reveals the promising functionaliza-
tion of graphene oxide (GrO)-glazed double-interdigitated
capacitive (DIDC) biosensing platform to detect severe acute
respiratory syndrome coronavirus (SARS-CoV-2) spike (S1)
proteins with enhanced selectivity and rapid response. The
DIDC bioactive surface consisting of Pt/Ti featured SiO, substrate
was fabricated using GrO/EDC-NHS/anti-SARS-CoV-2 antibod-
ies (Abs) which is having layer-by-layer interface self-assembly
chemistry method. This electroactive immune-sensing platform
exhibits reproducibility and sensitivity with reference to the S1
protein of SARS-CoV-2. The outcomes of analytical studies
confirm that GrO provided a desired engineered surface for Abs
immobilization and amplified capacitance to achieve a wide
detection range (1.0 mg/mL to 1.0 fg/mL), low limit of detection (1 fg/mL) within 3 s of response time, good linearity (18.56
nF/g), and a high sensitivity of 1.0 fg/mL. Importantly, the unique biochip was selective against blood-borne antigens and standby
for 10 days at S °C. Our developed DIDC-based SARS-CoV-2 biosensor is suitable for point-of-care (POC) diagnostic applications
due to portability and scaling-up ability. In addition, this sensing platform can be modified for the early diagnosis of severe viral
infections using real samples.

KEYWORDS: SARS-CoV-2 spike (S1) protein, biochip, coronavirus, double-interdigitated capacitive biosensor, point-of-care,
high sensitivity and good linearity, diagnostic applications

he recent viral pandemic (COVID-19) associated with avoid the transmission of SARS-CoV-2, and expressed the

newly investigated f coronavirus,' i.e., severe acute importance of the development of smart diagnosis systems for
respiratory syndrome coronavirus 2 (SARS-COV—Z),2 caused targeted and mass testing.14
a severe life-threatening global health emergency via affecting In practice, the real-time reverse-transcription polymerase
respiratory systems.3 Due to its rapid human-to-human activity chain reaction (RT-PCR) is the best way to detect SARS-CoV-
with high infectivity, mortality, and severe life-threatening 2 similar to Middle-East respiratory syndrome coronavirus
adverse health effects,”® virology research® evolved signifi- (MERS-CoV)"™ and SARS-CoV-1.° In this direction, the
cantly faster to idegntify the SARS-CoV-2 structure, genome, existing standard diagnosis of SARS-CoV-2 infection relies on
and organization.”” The COVID-19 symptoms include dry the amplification of virus-specific sequences.'®'” Considering

cough, high fever, and generalized pain.”'® Importantly,
coinfection with different serotypes of SARS-CoV-2 usually
leads to increased disease severity.'' Additionally, asympto-
matic carriers, with the potential to spread the virus, were
identified. Under the microscope, these virus particles show
clublike projections formed by the spike i, S1 proteins.'”
Therefore, to control the transmission and infectivity of Received: July 6, 2021
COVID 19, the detection of SARS-CoV-2 must be timely and Accepted:  August 18, 2021
efficient. Thus, the selective, sensitive, and rapid detection of Published: September 3, 2021
SARS-CoV-2 became essential to detect SARS-CoV-2 rapidly

and selectively at the early stage of viral infection.”'* Health

agencies highlighted the need for social/physical distancing to

the variability of SARS-CoV-2 infection concerning the region,
population, race, and gender, it is essential to develop the rapid
diagnosis tools for point-of-care (POC) application'*" with
the final goal of saving lives."?
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Figure 1. Schematic representation of the ultrasensitive and reusable graphene oxide-modified double-interdigitated capacitive (DIDC) sensing
chip: (a) SARS-CoV-2 S-1 protein: SARS-CoV-2 structure with S1 protein; (b) layout setup of fabricated double-interdigitated capacitive (DIDC)
sensing chip; (c) fabricated double-interdigitated capacitor (DIDC) with the equivalent circuit; CL: capacitor for large electrodes connected in
series connection; and CS: capacitor for small central electrodes connected in series, the chip size is 4100 ym in width and 5000 ym in length; (d)
GrO-modified double-interdigitated capacitive (DIDC) sensing chip with immobilized anti-SARS-CoV-2 Abs binding with SARS-CoV-2 S1 protein
(targeted analyte); (e) morphology of anti-SARS-CoV-2 Abs embedded in GrO at 1 ym scale, inset image refers to atomic force microscopy
(AFM) of GrO flakes equally distributed to the height of 25 nm; (f) SEM image of a bare chip; and (g) measurement of metal fingers, i.e., 20 yum

and inter-distance between two metal fingers is defined.

In this direction, fluorescence in situ hybridization (FISH)
assay, enzyme-linked immunosorbent assay (ELISA), electro-
chemical assay, and microsphere-based assays, magnetic
resonance imaging (MRI) assay, positron emission tomog-
raphy (PET), and ar-infrared fuorescenceocular imaging
(NIRFOI)* are associated with low sensitivity, selectivity,
and reusability along with such techniques also having
drawbacks like expensive devices and specialized non-reusable
reagents, as well as highly trained expertise personnel.”!
Consequently, analytical methods cannot be considered rapid,
inexpensive, highly specific, and sensitive POC platforms.””~**
There are a few DNA and antibody-based biosensors using
chemical, electrical, and capacitive methods'®"” for efficient
diagnostics application. For instance, electrical DNA bio-
sensors, associated with high sensitivity, easy miniaturization,
and tunable features were developed for detecting Ebola,”*~*’
Zika, MERS-CoV, and SARS-CoV.***’ On the same track, a
field-effect transistor (FET)-based biosensor to detect SARS-
CoV-2 S1 protein using specific monoclonal antibodies (Abs)
immobilized onto a graphene channel was successfully
fabricated.>*™** However, the above methods of SARS-CoV-
2 detection was less sensitive than RT-PCR. Recently, an
Aerosol Jet nanoparticle reduced graphene oxide (GrO)-
coated three-dimensional (3D) electrode-based sensing system
for SARS-CoV-2 with a low detection limit (2.8 X 107" M)
was also developed. In spite of outstanding sensing parameters,
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the proposed sophisticated biosensor structure’ may be
challenging to perform POC diagnosis applications.

To overcome the abovementioned limitations, this research
signifies development of a miniaturized and reusable GrO-
modified double-interdigitated capacitive (DIDC) biosensor
for detecting SARS-CoV-2 S1 protein at femtogram (fg) level
within 3 s. To detect low concentration of SARS-CoV-2
protein (can be taken out from oropharyngeal or nasophar-
yngeal swabs), GrO nanoflakes were selected to achieve the
desired sensitivity and selectivity. GrO is an unsubstantial,
chemically reliable, steady, and conductive material that can be
productively used for biosensing applications;””*** for
selectivity, we utilized monoclonal IgG Abs, a label-free
hybridization approach to target SARS-CoV-2 S1 protein.
Importantly, our fabricated SARS-CoV-2-GrO-DIDC biosen-
sor is reusable after optimized ozone treatment and piranha
cleaning. Overall, this ultrafast, affordable, label-free, ultra-
sensitive, and reusable biosensor has the potential to perform
well in the context of clinical and POC applications.

B FUNCTIONALIZATION AND DETECTION OF
SARS-COV-2 SPIKE (S1) PROTEIN

Design of DIDC Electrodes. For making an efficient
DIDC-based biosensor, dielectric constant, charge distribution,
and conductivity of DIDC were observed to be of high
significance. Importantly, the changes in these sensing

https://doi.org/10.1021/acssensors.1c01437
ACS Sens. 2021, 6, 3468—3476
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Figure 2. DIDC fabrication stepwise process and evaluation of surface changes and functionalities via atomic force microscopy (AFM) and
scanning electron microscopy (SEM): (A) fabricated DIDC sensing chip: layout with the sequential circuit (Figure 1c) of modifications: (i)
effective photoresist-coated Eagle XG SiO, wafer Pt/Ti electrode bare DIDC chip, (ii) DIDC chip, coated by GrO at 1300 rpm, (iii)) EDC-NHS
coupling for GrO-glazed DIDC chip, (iv) immobilization of anti-SARS-CoV-2 S1 antibodies via EDC-NHS coupling (EDC-NHS-GrO-Pt/Ti-
Si0,)DIDCs via “tail-on” Ab-specific orientation, and (v) SARS-CoV-2 Sl protein binding on SARS-CoV-2-Ab-EDC-NHS-GrO-Pt/Ti-
Si0,)DIDCs. (B) AFM characterization for surface morphology: high-resolution images of the DIDC chip surfaces: (i) DIDC bare chip, (ii) GrO-
functionalized chip, (iii) EDC-NHS chemistry activated chip, (iv) anti-SARS-CoV-2 Abs immobilization, and (v) SARS-CoV-2 SI protein. (C)
SEM surface morphology: (i) DIDC bare chip at 500 pm, (ii) GrO flakes at 1 ym, (iii) EDC-NHS coupling image at 10 um, (iv) anti-SARS-CoV-2
Abs embedded in GrO at 1 ym, and (v) SARS-CoV-2(2019-nCoV) SI protein as robust covalent “tail-on” Ab-specific orientation at 10 ym.

parameters correspond to the capacitive reactance of the
DIDC.'*"% In this research, we envisioned a capacitance
immunosensor composed of anti-SARS-CoV-2 Abs function-
alized via 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide—N-
hydroxy succinimide (EDC-NHS) coupling on the GrO-
DIDC-based SiO, substrate.’® In this process, EDC-NHS
(cross-linker) was attached via covalent bonds onto the GrO
substrate for the functionalization of anti-SARS-CoV-2 Abs.
The schematic of our proposed biosensor is represented in

Figure 1.
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B FABRICATION OF DIDC-BASED SARS-COV-2
BIOSENSOR

The fabrication of SARS-CoV-2 S1 protein-DIDC biosensor
detection is positioned on three key factors, ie., charge
distribution, dielectric constant, and conductiv1'ty.16‘35’36 When
the analytes is placed onto DIDC biosensor, the dielectric
constant, charge distribution, and conductivity with the
antibody and antigen are altered in terms of sensing parameters
corresponding to the capacitive reactance of the DIDC voltage.
A schematic representation of the conducted research
workflow is depicted in Figure 2A(i—v).

https://doi.org/10.1021/acssensors.1c01437
ACS Sens. 2021, 6, 3468—3476
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Figure 3. (a) Pt/Ti-based DIDC electrodes bound by SARS-CoV-2 Abs and SARS-CoV-2 biomolecules disrupting the electric field between the
metal electrodes (metal fingers), capacitive coupling effect, and the fabricated DIDC chip with capacitance measurement device. (b) Sensitivity of
the prepared SARS-CoV-2-Ab-EDC-NHS-GrO-Pt/Ti-SiO,)DIDCs immunoplatform sensing chip for 1.0 mg/mL to 1.0 fg/mL wide range
detection, capacitance values of bare chip, Chip-GrO, Chip-Gro-EDC-NHS—SARS-CoV-2-Ab, and Chip-GrO-EDC-NHS—SARS-CoV-2-Ab-
SARS-CoV-2-Ag (1.0 mg/mL to 1.0 fg/mL). (c) Selectivity of the prepared SARS-CoV-2-Ab-EDC-NHS-GrO-Pt/Ti-SiO, DIDCs
immunoplatform biosensor in the presence and absence of interfering protein. (d) Good linearity, i.e,, 18.56 nF/g for a wide range of detection
(1.0 mg/mL to 1.0 fg/mL), indicating the worthy linear regression line (solid); the slope and regression coefficient (R) value are calculated by
fitting the data. (e) Response times of 1 X 1073, 1 X 107, and 1.0 X 107" g/mL concentration with stable capacitance value (within 3 s); (f) FTIR
spectroscopic characterization: (i) anti-SARS-CoV-2 antibodies, (ii) EDC-NHS coupling, (iii) DIDC chip glazed with graphene oxide, and (iv)
bare DIDC chip; and (g) wettability measurements: (i) bare DIDC chip (82.0 = 3°), (ii) graphene oxide (80.4 + 3°), and (iii) EDC-NHS (75.4
3°).

The DIDC is evaluated using a LCR meter (hand held, 1 domain was triggered with the piranha solution at a 3:1 ratio
kHz, 2 kH, 200 pF, 0.2 Gohm, U1730C Series) with a PC for (H,S0,:H,0,) at 80 °C and then rinsed with deionized (DI)
data acquisition as shown in Figure 2A(i). The measurement water to remove the reagents resulting in a hydrophilic surface
was obtained at 0 V direct current (DC) bias voltage with a 1- as reported elsewhere.””*® After the activation process, the
kHz frequency across the DIDC biosensor. First, the sensor surface was coated with GrO (4 uL) at 1300 rpm via spin
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coating method (Figure 2A(ii)). Then, GrO onto the DIDC
chip was annealed on a hot plate at 80 °C for 1 h. After the
annealing process, EDC-NHS (4 wpL; 0.4 and 0.1 M,
respectively) chemistry was performed™ using an optimized
process to generate the covalent conjugation of amine and
carboxylic groups via amide bond formation represented in
Figure 2A(jii). Next, a reconstitution buffer was prepared with
0.1 M reactant buffer and 1 pg/mL purified antibody. For the
conjugation of SARS-CoV-2 Abs (reproduced by Rabbit mAbs
anti-S1 protein), a drop (4 pL) was cast onto the NHS-
activated GrO (Figure 2A(iv)). Of note, the Fab region of Abs
usually contains abundant reactive amine and carboxylic
groups due to its polar nature; therefore, the successive
specific immobilization results in robust covalent “tail-on” Ab-
specific orientation as defined in Figure 2A(v).*’ Importantly,
treatment with bovine serum albumin (BSA) was used to block
the nonspecific sites of the sensor under agitation, at room
temperature for 20 min in a closed container. After drying,
capacitive immunosensor was placed in a closed container
immediately before use. The DIDC-based capacitive immuno-
sensor (SARS-CoV-2-Ab-EDC-NHS-GrO-Pt/Ti-Si0,-DIDCs)
is now ready to be used for the serial detection of the SARS-
CoV-2 S1 protein. All of the testing were performed in a
contamination-free chamber and the moisture, other matrix
parameters were controlled.

B EVALUATION OF TOPOLOGICAL SURFACE
CHANGES AND BIOFUNCTIONALIZATION

Surface characterization of the DIDC chip, alone, or in the
context of GrO, EDC-NHS, anti-SARS-CoV-2 S1 Abs, and
SARS-CoV-2 S1 protein was performed via atomic force
microscopy (AFM) and scanning electron microscopy (SEM).

The process of surface functionalization is classified as
shown in Figure 2B(i—v). The five consecutive surfaces
showed different morphologies and heights in microscale
levels. The bare chip surface morphology is shown in Figure
2B(i) up to S nm. A homogeneous morphology of GrO was
observed on the DIDC chip up to 25 nm (Figure 2B(ii)), while
the EDC-NHS cross-linker was distributed onto the GrO-
functionalized DIDC chip at a height of 40 nm (Figure
2B(jii)). As expected, an additional increase in the height was
observed after immobilization of anti-SARS-CoV-2 antibodies
onto the EDC-NHS-GrO-Pt/Ti DIDC chip, up to 400 nm
(Figure 2B(iv)), confirming that the anti-SARS-CoV-2 anti-
bodies were immobilized into the functionalized DIDC chip.
Moreover, after the addition of the SARS-CoV-2 S1 protein, a
sharp peak has been observed up to the height of 600 nm due
to the presence of the S1 protein, as shown in Figure 2B(v),
which indicated the antibody—antigen “tail-on” binding
orientation (Figure Sla—d).

The typical top-view SEM images are shown in Figure
2C(i—v). Figure 2C(i) at SO0 um presented the effective
photoresist-coated Eagle XG SiO, wafer onto Pt/Ti electrode
bare DIDC chip; inset: the measurement of between two metal
fingers, i.e, 20 ym. The DIDC-coated samples showed a
smoother and more homogeneous surface morphology; the
GrO-functionalized, EDC-NHS-activated, anti-SARS-CoV-2
antibody-functionalized, and SARS-CoV-2 S1 protein chips
are shown in panels (ii), (iii), (iv), and (v), respectively. The
exfoliated graphene oxide flakes furnish the desired function-
ality with hydroxyl groups (—OH) and carboxylic groups
(—COOH), which enhanced the sensing performance in terms
of sensitivity and selectivity. Figure 2C(ii) shows the
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homogeneous GrO flakes distribution at 1 gm. Figure 2C(iii)
shows the EDC-NHS coupling and a hollow cylindrical
structure for anti-SARS-CoV-2 antibody binding at 3 um.
Figure 2C(iv) shows the antibodies embedded in GrO-EDC-
NHS functionalized sensing chip at 1 gm. Figure 2C(v) shows
the SARS-CoV-2 protein like a pool structure bonded with
antibody at 10 ym (Figure S2a—d). The formation of new
expected bonds during stepwise fabrication of the GrO-DIDC
biosensor was characterized using Fourier transform infrared
(FTIR) spectroscopy, as shown in Figure 3f(i—iv). The results
of FTIR spectroscopy are as follows: (i) a C—H stretching
peak at 2976 cm™" defined the presence of antibodies on the
chip surface, (ii) an N—O sharp peaking at 1569 cm™
highlighting the presence of nitro groups after EDC-NHS
functionalization, (iii) a peak at 1038 cm™" referring to C—O
bonds (aromatic ester), suggesting the presence of aromatic
rings in the context of GrO immobilized onto the biochip, and
(iv) bare biochip showing the C—O primary alcohol with weak
intensities peaking at 1060 cm™

Additionally, the wettability of the different chips was
measured in the context of the observation of the contact angle
(0) of a S uL water drop. The water exhibited a higher contact
angle (around 82.0 + 3°) in the context of bare chips (Figure
3g(i)). Of note, this angle decreased in the presence of GrO
(804 + 3°) (Figure 3g(ii)), and EDC-NHS (754 = 3°)
(Figure 3g(iii)). Altogether, these contact angles (#) indicate
that GrO and EDC-NHS-treated chips are more hydrophilic
than the bare DIDC electrode.

B RESULTS AND DISCUSSION

Assessment of Sensitivity, Selectivity, and Response
Time. The proposed reusable DIDC immunosensor bionic
chip was designed and fabricated for the determination of the
SARS-CoV-2 protein via immobilization of specific mono-
clonal antibodies onto a GrO-EDC-NHS functionalized SiO,-
Pt/Ti. It was also used as a biocompatible material and
template for the conjugation of anti-SARS-CoV-2 Abs, thereby
demonstrating the ability of the cross-linkers to enhance the
charge transfer rate to verify the impact in terms of electrical
capacitance value (Figure 3a). Remarkably, the immunosensor
demonstrated a limit of detection (LOD) value of 1.0 fg/mL,
lower than the existing countless biosensors for the detection
of SARS-CoV-2. Importantly, the proposed electrical capacitive
immunosensor also performs better as compared with other
electrochemical affinity biosensors described so far for the
detection of SARS-CoV-2 protein, in terms of sensitivity,
selectivity, reusability, and response time.

To test the sensitivity of the developed SARS-CoV-2-Ab-
EDC-NHS-GrO-Pt/Ti-SiO, DIDC immunoplatform, we
selected successive different concentrations of the SARS-
CoV-2 S1-His protein (ranging from 1.0 X 107 to 1.0 X 107"
g) using the drop-casting method onto the DIDC chips to
measure the capacitance in the context of different protein/
antigen concentrations, and the spectra were compared with
those of control conditions (Figure 3b).

Additionally, we also measured the selectivity of SARS-CoV-
2 protein (Figure 3c), in the context of potentially interfering
compounds coexisting in biological samples, such as prostate-
specific antigen (PSA) and amyloid f,_4, act as a interfering
protein. The concentration of interfering protein is 1.0 pg/mL
for both PSA and amyloid f,_4. The selectivity test was
performed in the presence and absence of interfering proteins.
Testing has been performed with 10 different DIDC sensors,
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from sensors 1—5 tested in the presence of the interfering
protein and the rest DIDC sensors 6th—10th sensors tested in
the absence of the interfering protein. There were no such
capacitance changes observed. From sensors 1-S5, the
capacitance varied from 286.9 to 275.5 nF and from sensors
6—10 the capacitance value varied from 271.9 to 273 nF
maximum to minimum values, respectively. All of the samples
were diluted in 0.1 M X phosphate-buffered saline (PBS)
solution (pH 7.4). The tests were performed via the
measurement of 1.0 ug/mL SARS-CoV-2 S1 protein samples
in the absence and presence of the nontarget protein
biomolecules. This immunoplatform could provide quantita-
tive results in the context of 5 uL samples in seconds, after a
single incubation step; the capacitance changed in 3 s in the
context of SARS-CoV-2 protein, with no significant cross-
reactivity with nonspecific analytes. The sensitivity measure-
ment of the SARS-CoV-2 protein is mentioned via capacitance
vs concentrations relation by the equation of a straight line, i.e.,
y = mx + c. Here, y is a function of x, m is the gradient angle of
the line to «x-axis, and ¢ is the intercept on the y-axis. In
statistical calculation, every measurement was performed a
minimum three times and an average value was used; the
sensitivity was defined as 18.56 nF/g (Figure 3d). To check
the response time of the developed SARS-CoV-2-Ab-EDC-
NHS-GrO-Pt/Ti-SiO,-DIDC immunoplatform, we have se-
lected three different antigen concentrations, i.e, 1 X 1073, 1 X
107% and 1.0 X 107"° g/mL. The capacitance value become
stabilized within 3 s at the level of each concentration as
presented in Figure 3e. The DIDC capacitance is one of the
fastest detection methods that has been reported till date.
Therefore, altogether, our results support the usefulness of our
biosensor in the clinical context (Tables S1 and S2).

Evaluation of Stability, Reproducibility, and Reus-
ability. Next, the stability of the biocomposite*' SARS-CoV-2-
Ab-EDC-NHS-GrO-Pt/Ti-SiO, DIDCs was analyzed; chips
were stored at S °C in a humid chamber for 10 days.
Importantly, no significant changes were observed in the
performance of the biochip with the increase of the storage
time (Figure S3i).

Additionally, the reproducibility of our fabricated DIDC-
based sensor for SARS-CoV-2 detection was also evaluated
(Figure S3ii). Concerning the reproducibility, the capacitance
values in the context of SARS-CoV-2-Ab-EDC-NHS-GrO-Pt/
Ti-Si0,-DIDCs were measured for 10 h. Importantly, the
capacitance values were stable, with no more than +5%
deviation in the context of pillar-to-pillar values. Additionally,
in line with the stability results above, we also assessed the
reproducibility results in time, for 10 days. Of note, these
capacitance values also showed a variation lower than +5% in
the context of pillar-to-pillar values. Of note, on the 2nd day,
we observed a little difference (from 8.8 to 7.2 nF), probably
due to the transfer of the chip from room temperature to low
temperature; however, from day 2 onward, the capacitance
values were stable. Importantly, from day 1 to day 10, the
capacitance values varied from 8.8 to 7.2 nF, with no significant
changes observed in repeatability/reproducibility with mean
(%), standard deviation (SD), and relative standard deviation
(RSD) values as shown in Table S3.

Finally, we also evaluated the reusability potential of the
SARS-CoV-2 DIDC biochip. To elute the antibodies from the
sensor surface, we used glycine-HCI elution buffer (0.1 M)
with a low pH (2.7); of note, we chose a pH outside of the
physiological range (7—7.4) of the body pH to ensure the
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disruption of immunoaffinity. Importantly, the introduction of
the elution buffer for 1 min onto the sensor led to the
capacitance signal to levels like those in the context of the
functionalized GrO (1.2 nF). Afterward, the DIDC sensor was
further exposed to piranha solution at 80 °C, and then the
capacitance was measured with levels nearly equal to that of
the bare DIDC chip (0.026 nF); the DIDC chip was recovered
to 96% of its bare values. Of note, the results were similar after
the 1st and 2nd regeneration, with no significant changes, as
presented in Figures S4ijii and SS.

The carefully designed protocol for the sensor surface
preparation, anti-SARS-CoV-2 Abs immobilization, and
hybridization with SARS-CoV-2 S1 protein strike a balance
among the competing factors of ease of immobilization,
specificity, and the overall capacitance measurement quality.
The development of GrO-modified DIDC biochip was verified
using electrical and optical surface analyses. Noteworthily, the
large surface area of graphene-based materials facilitates the
adsorption of different analytes. Additionally, the reusability of
our GrO-DIDC ultrasensitive and rapid sensor biochip
demonstrates an easy and acceptable procedure for POC
testing. Therefore, the reported biosensor improves the state-
of-the-art as per the three overlooks. First, the sensor was able
to produce an output of more than 70 nF in capacitance
change in response to the bare DIDC chip glazed with GrO at
a lowest concentration of 1.0 fg/mL. The magnitude of
capacitance change increases linearly with the target SARS-
CoV-2 protein concentrations in the range between 1.0 mg/
mL and 1.0 fg/mL. The detection limit of our biosensor is
among the lowest reported till date for a non-faradic capacitive
biosensor. Second, sensor specificity is exhibited by the change
in the way of capacitance differential between target and
nontarget protein. For the nontarget protein, the measured
change in the capacitance is significantly less than the target
SARS-CoV-2 protein target protein, and it does not display an
appreciable change in the capacitance as the nontarget
molecule concentration increases. Third, the sensor achieved
a dynamic range for the detection between 1.0 mg/mL and 1.0
fg/mL with excellent linearity of 18.56 nF/g in capacitance
changes. On the one hand, the rapid SARS-CoV-2 S1 protein
detection allows rapid tracking of primary contacts, extends the
therapeutic window of opportunity, and supports the targeted
treatment; on the other hand, it facilitates the spread of a
disease, which helps to get the pandemic under control in a
short period.

Particularly, this inexpensive biosensor enabling the accurate
detection of very low concentrations of SARS-CoV-2 Sl
protein can have drastic implications in the confinement and
management of the current viral pandemic. Of note, the
combination of graphene-based biosensors working along with
smartphones is of great promise for the development of low-
cost, reliable, and versatile (bio)sensing platforms, which can
be widely applied on-site, i.e., as POC devices. These features,
combined with high sensitivity, selectivity, and large-scale
production potential, support the broad applicability of
graphene-based sensors for the detection of various viral
agents.

B CONCLUSIONS AND VIEWPOINT

We have developed ultrasensitive and reusable graphene oxide-
modified double-interdigitated capacitive (DIDC) sensing chip
to detect SARS-CoV-2 S1 proteins with better selectivity at fg
concentrations. Our research findings revealed that introducing
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GrO-functionalized DIDC capacitive sensor improves the
binding strength that boosts the sensitivity and selectivity of
the device. The narrow line shape and electrical property
changes (impedance coupling) enabled the capacitance
changes for a variety of unique detection ranges (1.0 X
107°—1.0 X 107"* g). The performance of the DIDC capacitive
sensor device was carefully probed in highly diluted solutions
containing BSA biomolecules and the S1 protein. This set of
studies proved that the proposed DIDC capacitive sensor can
be utilized in the detection of SARS-CoV-2 S1 proteins in real
assays with a fairly short sample-to-result duration (~5—6 s).
We contemplate that the proposed noninvasive and rapid
technique in this work allows for the diagnosis of SARS-CoV-2
S1 protein at very early stages with high accuracy.

In the future, we aim to detect SARS-CoV-2 proteins at
POC that enables the patient-centric treatment and manage-
ment after optimizing all of the device components, ie.,
sensing chip (presented in this manuscript), full integration of
prototype-based DIDC capacitive sensor with real patient
samples (in the process), and ultimately interfacing of the
analytical unit with a smart display system (in the process) and
sensing COVID-19 using smartphone-based operation. How-
ever, the studied and presented sensor device is not yet tested
using real samples due to a lack of administrative formalities.
Serious efforts are being made to establish a collaboration
between South Korean virology and Infection lab-based and
overseas hospitals to arrange biofluids of COVID-19-infected
patients. The results of the complete future studies related to
POC diagnostics of COVID-19 using our high-performance
capacitive sensor will be published elsewhere.
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This research reveals the promising functionalization of
graphene oxide (GrO)-glazed double-interdigitated
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