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We report the rapid detection of SARS-CoV-2 in infected patients (mid-turbinate swabs and exhaled breath
aerosol samples) in concentrations as low as 60 copies/mL of the virus in seconds by electrical transduction of the
SARS-CoV-2 S1 spike protein antigen via SARS-CoV-2 S1 spike protein antibodies immobilized on bilayer quasi-
freestanding epitaxial graphene without gate or signal amplification. The sensor demonstrates the spike protein
antigen detection in a concentration as low as 1 ag/mL. The heterostructure of the SARS-CoV-2 antibody/gra-
phene-based sensor is developed through a simple and low-cost fabrication technique. Furthermore, sensors
integrated into a portable testing unit distinguished B.1.1.7 variant positive samples from infected patients (mid-

turbinate swabs and saliva samples, 4000-8000 copies/mL) with a response time of as fast as 0.6 s. The sensor is
reusable, allowing for reimmobilization of the crosslinker and antibodies on the biosensor after desorption of
biomarkers by NaCl solution or heat treatment above 40 °C.

1. Introduction

SARS-CoV-2, the virus responsible for COVID-19, can be highly in-
fectious in recently infected individuals and asymptomatic carriers,
leading to the global spread of COVID-19 (Arons et al., 2020; Gandhi
et al., 2020). Remdesivir, the first treatment for COVID-19, has shown a
prominent effect on inhibiting the early life cycle of coronavirus repli-
cation (Wang et al., 2020; Pizzorno et al., 2020), and monoclonal anti-
bodies, which target the spike protein of SARS-CoV-2, is also an effective
treatment for preventing death in high-risk COVID-19 patients (Jahan-
shahlu and Rezaei, 2020; Ledford, 2021). Vaccines, including
BNT162b2, mRNA-1273, JNJ-78436735, AZD1222, and NVX-CoV2373,
have been shown to prevent infection or reduce the symptoms of
COVID-19 (Dagan et al., 2021; Polack et al., 2020). However, the
reduced effectiveness of the vaccines and monoclonal antibodies in
preventing severe illness from variants such as B.1.1.7, B.1.351, B.1.429,

B.1.526, B.1.617, and P.1 remain a concern (Callaway and Ledford,
2021; Mahase, 2021). In addition, the global rollout of the vaccines will
take time. The key to prevent spread is early detection before developing
symptoms. Hence, ultra-fast high sensitive diagnostic methods are
needed to prevent the further spread of COVID-19. Current diagnostic
methods of COVID-19 are based on the antibody, antigen, and genetic
material of the novel virus (Cassaniti et al., 2020; Hoffman et al., 2020;
Tang et al., 2020; Porte et al., 2020; Scohy et al., 2020; Sheridan, 1038;
Broughton et al., 2020). While antibody tests, which measure IgG and
IgM in serum, plasma, and saliva by immunoassays, can be performed
rapidly, they do not reflect the current viral infection status. They can
also only diagnose those previously infected with the virus, at least
10-14 days following infection (Cassaniti et al., 2020; Hoffman et al.,
2020). Real-time reverse transcription-polymerase chain reaction
(RT-PCR), the golden standard for COVID-19 diagnostics, detects
infection through the genetic makeup of SARS-CoV-2 (Tang et al., 2020).
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However, due to its sophisticated and time-consuming experimental
settings, rapid and on-site diagnosis is not feasible with, for example, the
Abbott ID NOW not meeting this specification. Antigen tests that directly
detect the viral proteins can also be performed rapidly. However, they
are less sensitive and can only detect infections with higher viral loads
(>10,000 genomic copies/mL on average) compared to RT-PCR
(250-1000 copies/mL). (Porte et al., 2020; Scohy et al., 2020; Sher-
idan, 1038).

Several groups have reported quick and sensitive ways to diagnose
COVID-19 by adopting advanced techniques, such as CRISPR
(Broughton et al., 2020) and SENSR (Woo et al., 2020), to detect the
virus’ genetic materials fluorescence within 5-10 min. Although there
are several quick and, in some cases, sensitive methods to diagnose
COVID-19 by detecting the virus’ genetic material, sophisticated
instrumentation is often required to achieve the results. In contrast,
biosensors (Vermisoglou et al., 2020; Jung et al., 2010; Syu et al., 2018)
have been investigated to develop early detection of pathogens because
they have several advantages, including high sensitivity, fast measure-
ment, and the use of a small amount of analytes. Solid-state biosensors
are a good candidate because they operate through the material’s
electrical resistance, which changes proportionally to the detected
molecules. For example, ZnO (Shanmugam et al., 2017), ZrOs-rGO
(Kumar et al., 2016), InyO3 nanoribbon (Liu et al., 2016), Si nanowire
(Yen et al., 2014; Chen et al., 2015), CuS-GO (Li et al., 2015), carbon
nanohorns (Yang et al., 2014), GO (Navakul et al., 2017; Kim et al.,
2013; Liu et al., 2011), rGO (Joshi et al., 2020; Maity et al., 2018; Majd
and Salimi, 2018; Wu et al., 2013), and graphene (Xiang et al., 2018;
Islam et al., 2019; Afsahi et al., 2018; Seo et al., 2020) typically serve as
the active materials for biosensors to detect several viruses (e.g., influ-
enza, SARS-CoV-2, ZIKA) and cancers (e.g., lung, liver, colorectal) due to
their low cost, biocompatibility, good mechanical strength, and high
sensitivity. Although many of these materials are promising and have
yielded high sensitivity biosensors, they either suffer from false positives
due to low selectivity or complex and expensive fabrication processes.

On the other hand, graphene, a single atomic layer of carbon atoms
with high surface area, has shown exceptionally high sensitivity, less
than 1 part per billion, with high electrical conductivity and carrier
mobility (~100,000 em?/V theoretically) (Choi et al., 2020; Chatterjee
et al., 2015; Schedin et al., 2007) which makes it very attractive for
developing highly sensitive and conformable biosensors. Unfortunately,
graphene by itself suffers from poor selectivity (Choi et al., 2020;
Chatterjee et al., 2015) i.e,., it causes false positives, so developing a
biosensor utilizing simply graphene is challenging. However, the low
selectivity of graphene-based biosensors can be overcome by surface
functionalization with biomarkers targeting viruses or pathogens (Maity
et al., 2018; Majd and Salimi, 2018; Islam et al., 2019; Afsahi et al.,
2018; Seo et al., 2020), making it possible to design novel hetero-
structures that interact directly with the target molecules while main-
taining their attractive features. One biomarker that can be targeted by
immobilization on graphene is the SARS-CoV-2 S1 spike protein anti-
body to detect the S1 spike protein antigens of the virus. When an an-
tigen (or viral particle) is introduced and mixed with a polyclonal
antibody, multivalent interactions lead to large, stable, highly avid in-
teractions as the antigen can be bound by several antibodies, targeting a
different epitope (Lipman et al., 2005). This bonding is reversible by its
nature as non-covalent bonds. The non-covalent interactions that form
the basis of antigen-antibody binding include hydrogen bonds, ionic
bonds, hydrophobic interactions, and van der Waals interactions (Davies
and Cohen, 1996). Antigens combine highly specifically with the cor-
responding fragment antigen-binding portion, constructed from heavy
and light chain hypervariable regions in the antibody structure (Dreyer
and Bennett, 1965). Seo et al. (2020) developed a field-effect transistor
(FET) based biosensor using this biomarker gated by the SARS-CoV-2
virus, which was coupled to the graphene transistor channels (Width:
100 pm, Length: 100 pm). The biosensor resulted in a limit of detection
(LOD) of 2.42 x 10? copies/mL for clinical samples, detecting the

Biosensors and Bioelectronics 197 (2022) 113803

SARS-CoV-2 spike protein in concentrations as low as 1 fg/mL with
3-6% changes. However, the above FET example used thermal chemical
vapor deposition (CVD) graphene on Cu foil which required wet etching
transfer methods to prepare the biosensors, yielding the degraded
quality of materials with impurities and defects, resulting in a detri-
mental effect on sensor performance and reproducibility. Moreover,
transfer methods are expensive, complex, with time-consuming fabri-
cation processes.

In this work, we combined the high sensitivity of quasi-freestanding
(QFS) bilayer epitaxial graphene (EG) with the high selectivity of SARS-
CoV-2 S1 spike antibodies to develop an ultra-high sensitivity biosensor
for rapid detection of COVID-19. QFS EG on silicon carbide (SiC) enables
a bottom-up direct immobilization of SARS-CoV-2 S1 spike protein
antibody by immunoassay technique that can support large area (up to
wafer size range) and yield the highest quality materials without any
complex transfer methods. In addition, the QFS EG has several advan-
tages, such as improved thickness uniformity, reduced phonon-carrier
scattering, and higher mobility by hydrogen intercalation compared to
conventional EG. (Daniels et al., 2017) The QFS EG demonstrates su-
perior biosensing performance, with detection of spike protein antigen
as low as 1 ag/mL and 60 copies/mL in mid-turbinate swabs and aero-
sols from patients with COVID-19 in as fast as 0.6 s, and an exceptional
signal-to-noise ratio of 49.1 dB (average). This sensor allows for
ultra-fast and ultra-sensitive diagnosis of COVID-19 in a portable and
easy-to-use form with simple device fabrication, without the need of
gate or signal amplification as necessary for other graphene-based bio-
sensors (Maity et al., 2018; Majd and Salimi, 2018; Islam et al., 2019;
Afsahi et al., 2018; Seo et al., 2020). Furthermore, a graphe-
ne/biomarker heterostructure-based biosensor can be easily reused
multiple times after desorbing in NaCl solution (1 M) or above 40 °C and
biomarkers immobilized on the biosensor again, which will make the
ultimate biosensor very cost-effective and productive.

2. Material and methods

Fabrication of the biosensor for rapid detection of COVID-19 was
performed using separately optimized immobilization conditions of
SARS-CoV-2 spike S1 protein antibody (SinoBiological, Catalog Number:
40,592-T62) with crosslinker (poly-L-lysine, Sigma-Aldrich) and
hydrogen intercalated QFS EG on silicon carbide (SiC); the latter was
developed in our previous research?®. The sensor was fabricated
following the steps shown in Fig. 1.

2.1. Fabrication of SARS-CoV-2 antibody/EG heterostructure based
biosensors

High-quality QFS EG is synthesized through Si sublimation and
subsequent hydrogen intercalation on a 4-inch diameter semi-insulating
(0001) ~0.1° off-axis 6H-SiC using an Aixtron/Epigress VP508 hori-
zontal hot-wall reactor. After dicing it (8 mm x 8 mm), the EG/SiC
samples were cleaned with acetone and isopropanol (IPA), rinsed with
deionized (DI) water, and dried with pure Ny (Fig. 1(a)). And then, the
mesa was etched on the EG samples by CF4 plasma (Trion IRE) with a
simple mask (7 mm x 7 mm) to isolate the EG on SiC (Fig. 1(b)). The
formation of the mesa was followed by the deposition of the four contact
electrodes (2 mm x 2 mm), Ti/Au (30 nm/220 nm), by electron beam
evaporation (Angstron Ebeam Evaporator PLC Driven B) on EG (Fig. 1
(c)). After that, the crosslinker and the SARS-CoV-2 spike S1 protein
antibodies were then immobilized on EG to prepare the biosensors. The
crosslinker, 0.1% of poly-L -lysine (Sigma-Aldrich, P8920), was diluted
in DI water to 0.01%, was immobilized on the EG for 1 h at room tem-
perature, and then rinsed three times with phosphate-buffered saline
(PBS) (1 x ). The crosslinker allows the strong adhesion with EG via the
hydrophobic interaction between its butyl chains and graphene surface
for further functionalization with bioactive molecules (Wang et al.,
2013; Shan et al., 2009). In addition, several groups have reported
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Fig. 1. Schematic diagram of the COVID-19 sensor
fabrication process. (a) Synthesis of quasi-
freestanding bilayer epitaxial graphene (EG) on sili-
con carbide (SiC). (b) Etching of the edge side on EG
using CF4 plasma with a simple mask. (c) Deposition
of Ti/Au metal stack as electrodes using an e-beam
evaporator. (d) Immobilization of crosslinker and
SARS-CoV-2 S1 spike protein on EG. (For interpreta-
tion of the references to color in this figure legend,
the reader is referred to the Web version of this
article.)

EG/6H-SiC

Antibody/

Ti/Au ( d
Deposition

-

EG/6H-SiC

effective ways to prepare the surface-functionalized graphene-based
biosensors with biomarkers targeting viruses, making it possible to
design antibody/graphene heterostructures (Islam et al., 2019; Afsahi
et al., 2018; Seo et al., 2020). Finally, the SARS-CoV-2 spike S1 protein
antibodies (1 mg/mL) were immobilized onto the crosslinker by
adsorption, due to hydrophobic interaction between antibody and
crosslinker (similar to immunoassay coating process) for 12 h at 4 °C
after diluting the SARS-CoV-2 spike S1 protein antibody (1:1000 in
ELISA coating buffer (1 x ), BioLegend, Catalog Number: 421,701).

2.2. Measurement and characterization

The structural, optical, and electrical properties of the SARS-CoV-2
antibody/EG heterostructure were investigated by atomic force micro-
scope (AFM), X-ray photoelectron spectroscopy (XPS), and Raman
spectroscopy to ensure EG substrate integrity and antibody/crosslinker
bonding on EG. The fabricated sensors were exposed to SARS-CoV-2
spike S1 protein antigen (SinoBiological, Catalog Number: 40591-
VO8H) by dropping diluted protein (1 ag/mL to 1 pg/mL) onto the
surface at room temperature. Clinical samples described below (Section
2.3) were tested in a biosafety cabinet, and cross-reactivity with four
seasonal human coronaviruses was also examined. To measure the
electrical response of the sensor, the sensor was attached to a chip car-
rier (Chelsea Technology Inc, 1.5 cm x 1.5 cm), and their Ti/Au metal
contact pads were connected to the chip carrier terminals by an Au wire
bonder. And then, the electrical response of the sensors was measured
using the Gamry 3000 Source/Measure Unit. The input current of 10 mA
was applied to the sensor directly and maintained during the measure-
ment. The detected output electrical response was normalized as AV/V,,
where AV is the change in voltage and V, is the original voltage.

2.3. Clinical samples of SARS-CoV-2 and seasonal coronaviruses

Clinical samples, including seasonal coronaviruses and SARS-CoV-2,
were collected from volunteers who participated in the

Crosslinker
Immobilization

Aw/TI/EG/6H-SiC

Prometheus@UMD (Zhu et al., 2020) and the StopCOVID@UMD
studies, respectively. Both studies were approved by the Internal Review
Board of the University of Maryland, College Park (No. 1004100 and
1556127, respectively). Written consent was obtained from all study
participants. Mid-turbinate swabs were eluted in 1 mL of Universal
Transport Media (BD). Saliva samples were stored as is or diluted with 1
x Phosphate-buffered saline containing 0.1% bovine serum albumin
(PBS/BSA) when the volume was less than 1 mL. Exhaled breath aerosol
condensates were collected using the Gesundheit-II (Yan et al., 2018)
and concentrated to 1 mL using Centricon Plus-70 columns with 100 kDa
molecular weight cutoff (Millipore Sigma). All clinical samples were
aliquoted and stored at —80 °C until further analyses. The presence of
seasonal coronaviruses was confirmed using TagMan Array Cards
(Thermo Fisher Scientific) that screen for common respiratory patho-
gens, including 229E, HKU1, NL63, and OC43 strains of human coro-
naviruses. Samples collected from study participants exposed to
SARS-CoV-2 were screened by single-well real-time RT-PCR assays,
which were carried out using the TaqPath COVID-19 Combo Kit
(Thermo Fisher Scientific). SARS-CoV-2 positive samples were further
quantified based on standard curves established from serial dilutions of
quantified inactivated virus (BEI Resources) using the same reagents.

3. Results and discussion

Fig. 2(a) present a schematic illustration of the COVID-19 sensor. The
sensor consists of four layers: the semi-insulating SiC substrate, EG,
crosslinker, SARS-CoV-2 S1 spike protein antibodies, and Ti/Au contact
electrodes. The high quality and uniformity of EG enable the bottom-up
direct immobilization of both crosslinker and SARS-CoV-2 S1 spike
protein antibodies on EG without any complex transfer methods. EG
supports large area synthesis, i.e., up to wafer size range, for commercial
scale-up. Details on the EG’s synthesis and properties are explained
extensively in our previous work (Daniels et al., 2017). Fig. 2(b) shows
the AFM images of SARS-CoV-2 S1 spike protein antibody/crosslinker
prepared on EG/SiC. The immobilized antibody/crosslinker is uniform
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Fig. 2. (A) shows schematic illustrations of the sensor design, and (b) shows the atomic force microscopy images of the surface on the antibody/crosslinker prepared

on EG/SiC.

and dense on EG, indicating the root-mean-square (RMS) roughness of
1.9 nm. The RMS roughness of the crosslinker and EG are 0.8 nm and 0.7
nm, respectively (Fig. S1).

The bonding of both the EG and its heterostructure with the SARS-
CoV-2 S1 spike protein antibodies was confirmed using XPS and
Raman spectroscopy, as shown in Figs. S2 and S3. The most critical
parameters in these analyses are the changes in the Cls, Ols, and N1s
regions from the XPS results and the G and D peaks from the Raman
results, which prove the functionalization of the graphene and the
addition of other atomic media. The detailed comparison analyses are
discussed in the supplementary information (Figs. S2 and S3). An
appearance of new peaks in all regions (i.e., Cls, Ols, and N1s) from the
XPS and a red-shifted G peak and an enhanced D peak of EG from the
Raman indicate that the SARS-CoV-2 S1 spike protein antibodies/
crosslinker has bonded to the EG surface successfully.

To investigate the performance of the COVID-19 sensor, we
measured the sensor’s response to varying concentrations of the SARS-
CoV-2 S1 spike protein antigen from 1 ag/mL to 1 pg/mL as shown in
Fig. 3(a). The spike protein solutions were prepared in ELISA assay
diluent (1 x ) by serial dilution, and 1 pL was dropped onto the sensor
for the test. No significant changes were observed from 1 pL of pure
ELISA assay diluent (i.e., blank), which served as a baseline before the
spike protein testing and a means to distinguish sensor response from the
ELISA assay diluent. The sensor responded to as low as 1 ag/mL of SARS-
CoV-2 S1 spike protein antigen in ELISA assay diluent, which is not only
significantly lower than the LOD of conventional immunoassays (~ng/
mL) but also one of the best LOD values reported on the biosensors (refer
to Table S2). A pristine EG-based sensor was also tested to distinguish
the sensor performance from the EG-related response and showed a
response of 6.2% with 100 ng/mL (Fig. S4). To confirm the performance
of the COVID-19 sensor, we tested it with 1 ag/mL of SARS-CoV-2 S1
spike protein antigen from another manufacturer (R&D Systems, Cata-
log Number: 10569-CV), as shown in Fig. S5. We find that the sensor
clearly distinguished between a blank and 1 ag/mL protein and yielded
an average response of 31%, similar to the protein concentration of 1 ag/
mL from SinoBiological with a response of 32.4%. Altogether, this

indicates that this COVID-19 sensor is ultra-high sensitive and selective
for the SARS-CoV-2 S1 spike protein antigen. The proposed COVID-19
sensor uses polyclonal antibodies for the heterostructure with EG,
which can be powerful tools for detecting an antigen with higher signal
levels than monoclonal antibodies because polyclonal antibodies can
recognize different epitopes on the same protein antigen. The detection
limit of the proposed sensor, as shown in Fig. 3, is similar to the mo-
lecular weight of a single spike protein. This LOD is possible as the
proposed sensor, with polyclonal antibodies, can detect several epitopes
from degraded or fragmented protein. Fig. S6 shows the SDS-PAGE re-
sults of SARS-CoV-2 spike S1 protein antigens, and potential degrada-
tion of the protein was expected based on the bands identified under 70
kDa (predicted molecular mass is about 75 kDa by R&D Systems and
SinoBiological), which might explain an extremely low LOD of the
proposed sensor. Another factor that may contribute to the ultra-high
sensitivity could be that the detection of the voltage change is far
more sensitive than traditional methods of detecting antigen-antibody
binding, even very weak antigen-antibody binding that would be
washed away in traditional assays would be picked up by this sensor,
leveraging the superior advantages of EG.

However, simple charge transfer from antibody-antigen binding to
the underlying QFS EG cannot fully explain the response observed with
these sensors, at least within the attogram regime. The complex inter-
play of polarization fields at the QFS EG surface explains the significant
voltage response of the sensor to 1 ag/ml SARS-CoV-2 S1 spike proteins.
The origin of the p-type doping (10*® cm~2) of QFS EG on 6H-SiC is
caused by a net positive polarization charge at the 6H-SiC surface. The
hydrogen passivated SiC binds free electrons to the bottom surface of
QFS EG, leaving behind an excess of holes (Mammadov et al., 2014).
Similarly, the protonated amine groups from poly-L-lysine (PLL) that
form the cation-z bonds with the top surface of the QFS EG have a net
positive polarization that opposes the substrate’s polarization field,
reducing this induced charge. This is consistent with the Raman data,
which found a significant charge depletion on the graphene surface after
functionalization with PLL, as indicated by a large G-peak redshift (6
ecm™ D) as shown in Fig. 3(b). The additional layers of SARS-CoV-2
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Fig. 3. Detection performance of SARS-CoV-2 S1 spike pro-
tein antigen. (a) Real-time variation in COVID-19 sensor with
the different concentrations ranging from 1 ag/mL to 1 pg/
mL. (b) The Raman spectra show a shift in the graphene G
peak position with the crosslinker, SARS-CoV-2 spike S1
protein antibody, and antigen (1 ag/mL) on the sensor. (c)
The fractional change in output (AV/V,) with varying SARS-
CoV-2 S1 spike protein concentrations over the range of 1 ag/
mL — 1 pg/mL (semi-log scale). A least-square fit line to the
experimental data points is also shown, which yields an
average sensitivity of 0.45 x 10° + 0.05 / (g/mL) from the
slope. Error bars indicate standard deviation based on mea-
surements of the sensors.
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antibody and subsequent antigen provide additional fields. As an
antibody-antigen reaction occurs, electrons are transferred to the PLL,
which deprotonates the amine groups in the polymer. The resulting
polarization field from the PLL is reduced, but this is insufficient to
explain the magnitude of the change in response as it should not
significantly affect the field. However, it does produce inhomogeneity in
the field, which can generate strain in the underlying graphene sheet. It
has been found in the literature that small compressive strains (~0.05%)
can lead to large reductions in carrier concentration in graphene, on the
order of ' the total magnitude (Giannazzo et al., 2019; Schmidt et al.,
2011). This inhomogeneity would produce compressive strain, as it
removes the positive charge interacting with a positive QFS EG layer.
Therefore, this strain would reduce the local carrier concentration and
induce strain on other nearby C-C bonds propagating its effect. This
inhomogeneity is also mobile, as cation-t bonds allow for charge
transfer (Sharma et al., 2015), indicating that the non-protonated amine
can move to reach the lowest energy configuration. This could delocalize
this strain effect, leading to the significant resistance changes seen in our
device, given the large-scale cation-n system of the PLL-QFS EG.
Compared to CVD graphene (Grolltex, Inc.) with grain sizes> 80 pm,
QFS EG is single-crystal across an entire wafer of SiC. On CVD graphene,
we observed by Raman only a 2 cm™! redshift in the G-peak after PLL
functionalization and no response after antibody-antigen binding with
exposure to 1 ag/mL of the SARS-CoV-2 S1 spike protein antigen as
shown in Fig. S12. This explains why CVD graphene biosensors found in
the literature require a gate or signal amplification to operate (Maity
et al., 2018; Majd and Salimi, 2018; Islam et al., 2019; Afsahi et al.,
2018; Seo et al., 2020). For the QFS EG, we observed a 6 cm ! redshift in
the G-peak after PLL functionalization, a 3 cm ™ redshift after antibody
immobilization, and an additional 2 cm™! redshift after
antibody-antigen binding. After binding, we attribute the G-peak shift
observed to strain induced on the QFS EG, enabling the transduction of
very few antibody-antigen bindings as well as operation without a gate
or amplification.

The sensitivity (S) of a sensor is defined as the slope of the output
(AV/V,, where AV is the change in voltage and V, is the original voltage)
to the input quantity (i.e., concentration AC) and can be determined
from the slope of the least-squares line fitted to the AV/V, vs AC graph in
Fig. 3(c) (Kim et al., 2019). The sensor response corresponding to each
spike protein antigen concentration (AC) is plotted on a semi-log scale,
and we find that the sensor response increases monotonically and line-
arly with increased spike protein antigen (1 ag/mL to 1 pg/mL), with the
sensor sensitivity calculated as 0.45 x 10° + 0.05 / (g/mL). The
response time can also be estimated from the magnified time axis plot in
Fig. S7 to be 1-32 s as defined by 90% of the low-to-high response (Xin
et al., 2019). In addition, the signal-to-noise ratio (SNR) can be calcu-
lated, quantifying the performance of a sensor in response to a particular
exposure. The SNR expressed in dB can be calculated by the equation

SNRdB = 2010g 1 0((AV/Vsignal)/(A V/Vnoise)); (1)

where AV/Vgignal is the fractional change in voltage due to the exposed
spike protein antigen concentration, and AV/ Vs is the standard de-
viation of the voltage fluctuation at that concentration. The calculated
average SNR ranging between 1 ag/mL and 1 pg/mL from Eq. (1) is 49.1
dB. The sensor’s performance in terms of sensitivity, SNR, and response
time, including the fabrication simplicity in an array over a large area,
originates from the novel architecture of the direct synthesis of the
antibody/EG heterostructure, which enables itself to adsorb specific
target spike protein antigen. The EG acts as a channel to transport the
carriers quickly, leveraging its high conductivity.

For a practical diagnosis application, we tested the COVID-19 sensor
with SARS-CoV-2 virus from infected patient samples such as mid-
turbinate swabs, saliva, exhaled breath aerosol samples, and common
human coronaviruses. Detailed information on patient samples is
described in Table S1. The patient samples were used after dissolving in
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1% bovine serum albumin (BSA) in phosphate-buffered saline (PBS) (1
x ) to minimize the nonspecific binding on the sensor surface as a
blocking agent approach, and 1 pL was dropped onto the sensor for the
test. The BSA is the most common economic blocking agent and is
generally used to improve sensitivity and maximize SNR by reducing
nonspecific background noise (Frutiger et al., 2021). To distinguish the
related response from the 1% BSA in PBS (1 x ), 1 pL of pure 1% BSA in
PBS (1 x ) (i.e., blank) was also tested as the baseline before the patient
samples testing, which results in no significant changes. Fig. 4(a) shows
the response of the COVID-19 sensor as it is subjected to negative
samples (from a patient that was tested negative by RT-PCR) and
different concentrations of positive samples (swab) such as 60, 125, and
250 copies/mL of SARS-CoV-2 virus. We find that the sensor distin-
guishes between negative and positive samples very clearly, while the
response increases monotonically with an increase in the concentration
of positive samples. In general, the RT-PCR, which is the most effective
standard for the COVID-19 testing currently, requires at least 250
copies/mL of swab samples for reliable results. Our sensor responds to
positive samples diluted as low as 60 copies/mL and had remarkably
high SNR of 64 dB ranging between 60 and 250 copies/mL, making it a
strong candidate for a practical portable diagnosis application. Although
60 copies/mL roughly translates to 0.06 virus particles in a 1 pL drop on
the sensor, virus particles in these clinical samples were likely disrupted
by freezing and thawing. Furthermore, each virus particle contains
numerous spike proteins, and infected cells, which may express spike
proteins depending on the stage of infection, could also present in these
samples (Sender et al., 2024). We also tested the detection performance
of our sensor using saliva, and the sensor clearly distinguished between
negative and positive samples (response time: 1.1 s, SNR: 39.2 dB) as
shown in Fig. S8. In Table S2, we compare the best reported results for
the significant performance on SARS-CoV-2 detection. Fig. 4(b) further
demonstrates the sensor’s efficacy in distinguishing positive exhaled
breath aerosol samples based on the three different patients with the
various concentrations of SARS-CoV-2 viruses such as 60, 180, and 2800
copies/mL. Notably, the sensor responded to positive exhaled breath
aerosol samples very well and had high SNR of 44.1 dB. The demon-
stration of the exhaled breath aerosol samples using this sensor once
again highlights its strong potential for a practical portable diagnosis
application, especially a breathalyzer test that would allow for rapid
screening of COVID-19 in populations such as airports, schools, and
factories. To investigate the cross-reactivity of common coronaviruses
on our COVID-19 sensor, we tested the sensor with seasonal coronavi-
ruses (common human coronaviruses) such as 229E, HKU1, NL63, and
0C43 (~108 copies/mL), as shown in Fig. 4(c). We find that the sensor
detects all four common human coronaviruses, yielding average re-
sponses of 4.5% (NL63), 10% (229E), 11% (0C43), and 18% (HKU1).
This is likely due to the cross-reaction between the anti-SARS-CoV-2 S1
antibody and spike proteins of the seasonal coronaviruses. Even when
exposed to a high concentration of seasonal coronaviruses (~10%
copies/mL), the sensor’s responses were still lower than those when
exposed to clinical samples with a significantly lower amount of
SARS-CoV-2. Therefore, we believe this sensor has great potential as a
diagnostic tool.

A practical application of the portable sensor was demonstrated by
using it to detect the SARS-CoV-2 B.1.1.7 variant. The portable unit
includes four main components: a high frequency (125 kHz) and sensi-
tive galvanostat, a microprocessor module, a touchscreen interface, and
a cloud storage link (Fig. S9). The actual sensor was physically attached
to the portable unit, and positive variant samples of the swab and saliva
were dropped onto the sensor for the test. Fig. 5 shows the picture of the
portable unit, including the proposed sensor (inset) and the sensor re-
sponses as it is subjected to the variant saliva sample (the result of the
swab sample is shown in Fig. S10 and Supplementary Video 1

Supplementary video related to this article can be found at htt
ps://doi.org/10.1016/j.bios.2021.113803). We find that the portable
unit distinguishes variant positive samples very clearly with a
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Fig. 4. Demonstration of a practical diagnosis application of the proposed
COVID-19 sensor in real-time by testing clinical samples such as (a) mid-
turbinate swabs (patient #1) and (b) exhaled breath aerosol samples (patient
#2, 3, and 4). (c) Real-time response of common human coronaviruses (229E,
HKU1, NL63, and OC43) using swabs on the COVID-19 sensor.
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Fig. 5. Demonstration of a practical diagnosis application of the proposed
portable COVID-19 sensor testing positive human sample (patient #6: saliva,
8000 copies/mL of B.1.1.7 variant) in real-time. Note that saliva samples were
dissolved in 1% bovine serum albumin (BSA) in phosphate-buffered saline PBS)
(1 x ), and 1 pL was dropped onto the sensor for the test. The sensor clearly
distinguished variant positive sample and showed a signal-to-noise ratio of
67.57 dB and a response time of 0.6 s.

remarkably high SNR of 67.57 dB and a fast response time of ~0.6 s, as
shown in Fig. 5. In Fig. S11, we compare the proposed sensor’s response
for the different types of clinical samples and variant. The demonstration
of variant diagnosis using this portable unit once again highlights its
strong potential for applications in point-of-care testing or massive
transportation, leveraging its high sensitivity and fast response.

4. Conclusions

An ultra-high sensitive biosensor for rapid detection of COVID-19
based on the heterostructure of SARS-CoV-2 antibody and quasi-
freestanding bilayer epitaxial graphene on a SiC substrate, utilizing a
simple fabrication process, has been demonstrated. The sensor exhibited
a linear response to SARS-CoV-2 S1 spike protein from 1 ag/mL to 1 pg/
mL, with detection in positive patient samples including B.1.1.7 variant
such as the mid-turbinate swab and exhaled breath aerosol (LOD: 60
copies/mL). The portable sensor demonstrated an exceptional SNR of
67.57 dB and a fast response time of 0.6 s. This technique is still based on
antigen-antibody reactions, which is the same principle as the immu-
noassay technique, but QFS EG allows the reaction to be transduced as
an electrical signal output rather than enzymatic colorimetric enhanced
signal output, without gate or signal amplification. The lower detection
limit provides a quicker and more robust reaction. Further trajectory
analysis with larger cohorts is needed to demonstrate its capacity for
early diagnosis. With this method, we hope to provide a novel diagnostic
method that allows for on-site diagnosis before going to a screening
clinic, prior to developing symptoms, as well as massive screening for
COVID-19 as a portable breathalyzer in airports, schools, and factories.
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