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ABSTRACT: Coronavirus disease 2019 (COVID-19) is a newly
emerging human infectious disease caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2, previously
called 2019-nCoV). Based on the rapid increase in the rate of
human infection, the World Health Organization (WHO) has
classified the COVID-19 outbreak as a pandemic. Because no v
specific drugs or vaccines for COVID-19 are yet available, early
diagnosis and management are crucial for containing the
outbreak. Here, we report a field-effect transistor (FET)-based
biosensing device for detecting SARS-CoV-2 in clinical samples. o
The sensor was produced by coating graphene sheets of the
FET with a specific antibody against SARS-CoV-2 spike protein.
The performance of the sensor was determined using antigen
protein, cultured virus, and nasopharyngeal swab specimens from COVID-19 patients. Our FET device could detect the SARS-
CoV-2 spike protein at concentrations of 1 fg/mL in phosphate-buffered saline and 100 fg/mL clinical transport medium. In
addition, the FET sensor successfully detected SARS-CoV-2 in culture medium (limit of detection [LOD]: 1.6 X 10" pfu/mL)
and clinical samples (LOD: 2.42 X 10* copies/mL). Thus, we have successfully fabricated a promising FET biosensor for
SARS-CoV-2; our device is a highly sensitive immunological diagnostic method for COVID-19 that requires no sample
pretreatment or labeling.
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oronavirus disease 2019 (COVID-19) is a newly
‘ emerging human infectious disease associated with

severe respiratory distress. In December 2019, a series
of cases of pneumonia of unknown cause were reported in
Wouhan in the Hubei province of China." Later, the 2019 novel
coronavirus (2019-nCov) was identified from the bronchoal-
veolar lavage fluid of a patient;” it was subsequently renamed
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) by the International Committee on Taxonomy of Viruses.’
As human-to-human transmission rapidly increased, the World
Health Organization (WHO) classified the COVID-19 out-
break as a pandemic on March 12, 2020.* As of March 29,
2020, more than 634,000 cases of COVID-19 have been
confirmed around the world, resulting in 29,891 deaths.” The
estimated basic reproduction number (R;) of COVID-19 is
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approximately 2.2, meaning that, on average, each patient
spreads infection to 2.2 people.” Because no specific drugs or
vaccines are yet available for COVID-19, early diagnosis and
management are crucial for containing the outbreak.
Coronaviruses (CoVs) cause mild to moderate upper
respiratory tract illnesses in both humans and animals.”
SARS-CoV-2, a betacoronavirus, has a single-positive strand
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Figure 1. Schematic diagram of COVID-19 FET sensor operation procedure. Graphene as a sensing material is selected, and SARS-CoV-2
spike antibody is conjugated onto the graphene sheet via 1-pyrenebutyric acid N-hydroxysuccinimide ester, which is an interfacing molecule

as a probe linker.
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Figure 2. Surface analysis of pristine and PBASE-modified graphene using Raman spectroscopy, X-ray spectroscopy, and atomic force
microscopy. (A) Optical image of the COVID-19 FET sensor. The dimensions were 100 X 100 gm” (L X W). Scale bar in the image denotes
200 um. (B) Representative Raman spectra of pristine and PBASE-modified graphene. (C) Comparison of statistical data of the 2D peak
position between pristine and PBASE-modified graphene. Mapping images of average I,;,/I; ratio (D) before and (E) after PBASE
modification. (F) XPS survey data of pristine and PBASE-modified graphene. (G) N 1s peak of pristine and PBASE-treated graphene
(shadow region in F). (H) Deconvoluted C 1s peak of PBASE-modified graphene. Atomic force microscopy (AFM) images of (I) pristine
graphene (RMS = 0.961) and (J) PBASE-modified graphene (RMS = 1.530). Bottom graphs indicate the height profiles in the corresponding

two AFM images. Scale bar in the image denotes 3 um.

RNA genome. CoV genomes encode four structural proteins:
spike (S), envelope (E), matrix (M), and nucleocapsid (N).
Two betacoronaviruses, severe acute respiratory syndrome
coronavirus (SARS-CoV) and Middle East respiratory
syndrome coronavirus (MERS-CoV), caused serious epidemics
over the past two decades.” Phylogenetic analysis revealed that
SARS-CoV-2 is more similar to SARS-CoV than MERS-CoV.’
Although the viral pathogenesis of SARS-CoV-2 is unknown,
recent studies reported that SARS-CoV-2 uses angiotensin-
converting enzyme II (ACE2) as a cellular entry receptor;
ACE2 is also a well-known host cell receptor for SARS-CoV."
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SARS-CoV-2 colocalizes with ACE2 in animal cells,'' and its
spike (S) protein binds ACE2 with high affinity.'*"*

For emerging pathogens, real-time reverse transcription—
polymerase chain reaction (RT-PCR) is the primary means of
diagnosis. Currently, real-time RT-PCR is used for the
detection of SARS-CoV-2 based on previously published
laboratory protocols.'* SARS-CoV-2 is highly contagious and
is currently spreading rapidly around the world; the rate of
COVID-19 transmission is much faster than those of SARS
and MERS. Moreover, cases of asymptomatic COVID-19
transmission have been reported.'”'® Molecular diagnosis
using real-time RT-PCR takes at least 3 h, including
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Figure 3. Electrical characterization of pristine, PBASE-modified, and SARS-CoV-2 spike antibody-immobilized graphene. (A) Schematic
diagram of the aqueous-solution-gated FET (COVID-19 FET sensor) configuration using the antibody-conjugated graphene. (B) Ins—Vpg
output curves of the antibody-conjugated FET with various gating voltages from 0 to —1.5 V in steps of —0.3 V. I, negatively increased as
Vs negatively increased. (C) Current—voltage (I-V) characteristics of the graphene-based device of each functionalization process for the
antibody modification. (D) Measurement of transfer curves of the COVID-19 FET sensor in steps of the antibody conjugation (Vpg = 0.01

V).

preparation of viral RNA. In addition, the RNA preparation
step can affect diagnostic accuracy. Hence, highly sensitive
immunological diagnostic methods that directly detect viral
antigens in clinical samples without sample preparation steps
are necessary for rapid and accurate diagnosis of COVID-19.

Among the many diagnostic methods currently available,
field-effect transistor (FET)-based biosensing devices have
several advantages, including the ability to make highly
sensitive and instantaneous measurements using small amounts
of analytes.'”'® FET-based biosensors are considered to be
potentially useful in clinical diagnosis, point-of-care testing,
and on-site detection. Graphene is a two-dimensional sheet of
hexagonally arranged carbon atoms, all of which are exposed
on its surface."” It has proven to be a useful material for various
sensing platforms due to its extraordinary properties, including
high electronic conductivity, high carrier mobility, and large
specific area.”” Graphene-based FET biosensors can detect
surrounding changes on their surface and provide an optimal
sensing environment for ultrasensitive and low-noise detection.
From this standpoint, graphene-based FET technology is very
attractive for applications related to sensitive immunological
diagnosis.”"**

In this study, we developed a graphene-based biosensing
device functionalized with SARS-CoV-2 spike antibody
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(COVID-19 FET sensor) for use as a SARS-CoV-2 virus
detection platform. SARS-CoV-2 spike antibody was immobi-
lized onto the fabricated device through 1-pyrenebutyric acid
N-hydroxysuccinimide ester (PBASE), an efficient interface
coupling agent used as a probe linker (Figure 1). Our COVID-
19 FET sensor detects target SARS-CoV-2 antigen protein
with a limit of detection (LOD) of 1 fg/mL. Most critical of all,
we confirmed the potential for clinical application by detecting
SARS-CoV-2 antigen protein in transport medium used for
nasopharyngeal swabs and cultured SARS-CoV-2 virus, as well
as SARS-CoV-2 virus from clinical samples. Furthermore, our
sensor could distinguish the SARS-CoV-2 antigen protein from
those of MERS-CoV. These results demonstrate the successful
fabrication of a COVID-19 FET sensor based on integration of
SARS-CoV-2 spike antibody with graphene, enabling highly
sensitive detection of the SARS-CoV-2 virus in clinical
samples.

RESULTS AND DISCUSSION

Fabrication and Characterization of Biosensing
Device. Figure 2A depicts the optical image of the COVID-
19 FET sensor. The dimensions of the sensing area were 100 X
100 um?> (L X W). To reduce interference during electrical
measurements, the device was passivated with SUS8-2010.

https://dx.doi.org/10.1021/acsnano.0c02823
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Figure 4. Detection of SARS-CoV-2 antigen protein. (A) Schematic diagram for the COVID-19 FET sensor for detection of SARS-CoV-2
spike protein. (B) Real-time response of COVID-19 FET toward SARS-CoV-2 antigen protein in PBS and (C) related dose-dependent
response curve (Vg = 0.01 V). Graphene-based FET without SARS-CoV-2 antibody is presented as negative control. (D) Selective response
of COVID-19 FET sensor toward target SARS-CoV-2 antigen protein and MERS-CoV protein. (E) Real-time response of COVID-19 FET
toward SARS-CoV-2 antigen protein in UTM and (F) related dose-dependent response curve.

Details of the fabrication of the COVID-19 FET sensor is
provided in Materials and Methods. To confirm that the
graphene surface was chemically functionalized using PBASE,
we obtained Raman spectra and X-ray photoelectron spec-
troscopy (XPS) data (Figure 2B—H). Figure 2B shows the
Raman spectra of the pristine and PBASE-modified graphene
surfaces. In the spectrum for the surface of pristine graphene,
two major peaks (the G and 2D peaks) were observed. The G
peak corresponds to the lattice vibration mode, and the 2D
peak stems from second-order Raman scattering. However, the
D and D’ peaks obviously appeared due to the relative
resonance of sp® bonding, orbital hybridization, and a pyrene
group in the binding of PABSE to the graphene surface. To
provide a visual comparison of the qualities of graphene after
modification with PBASE, we converted the measured data to
histograms and mapping images (Figure 2C—E). After PBASE
was applied to the graphene surface, the statistical data of the
2D peak position were shifted to a higher frequency (~3.27
cm™'), indicating p-doping by the 7—7z interaction between
PBASE and graphene (Figure 2C).””** The mapping images
also show that the average I,,/I; ratio of PBASE-treated
graphene (Lp/Ig = ~1.87) is significantly lower than that of
pristine graphene (I,p/I = ~3.61) due to existence of some
disorder on the graphene (Figure 2D,E).

The XPS survey data show the principal C 1s, O 1s, and N
1s core levels (Figure 2F). Before functionalization, the
graphene exhibited no meaningful N peak (black line),
whereas the N 1s peak was observed in the PBASE-treated
sample (red line). Figure 2G indicates the comparison of the N
1Is peak intensity before and after PBASE functionalization.
The increase in intensity of the N 1s peak suggests successful
surface modification. The C 1s peak was composed of five
components, 284.5, 285.5, 286.4, 287.7, and 288.6 €V,
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corresponding to C=C, C=N, C-N, C-OH, and C-C=
O/C=0, respectively, originating from the substitutional
doping of N atoms (Figure 2H).”> These results suggest that
the surface of PBASE-modified graphene can be successfully
used as a substrate support for stable sensing.

Next, we characterized the morphology and quality of the
graphene sheets using atomic force microscopy (AFM) and
high-resolution transmission electron microscopy (HR-TEM).
The surface roughness of graphene (RMS) increased slightly
from ~0.961 nm to ~1.530 nm after PBASE modification
(Figure 2LJ). The general profile of the graphene sheet and its
electron diffraction pattern of the sheets reveal the fine
crystallinity of the graphene on the EM grid (Figure S1).

Selection of the Antigen and Validation of the
Antibody. SARS-CoV-2 encodes four structural proteins:
spike, envelope, matrix, and nucleocapsid.9 Among them, the
spike protein is best suited for use as a diagnostic antigen
because it is a major transmembrane protein of the virus and is
highly immunogenic. In addition, the spike protein exhibits
amino acid sequence diversity among coronaviruses,” enabling
the specific detection of SARS-CoV-2. Therefore, we used
SARS-CoV-2 spike antibody as a receptor to detect this virus.

Before immobilizing SARS-CoV-2 spike antibody onto the
FET, we verified the performance of the antibody by enzyme-
linked immunosorbent assay (ELISA). The results revealed
that the antibody bound to the SARS-CoV-2 spike protein but
not to the MERS-CoV spike protein or bovine serum albumin
(BSA) (Figure S2). These observations confirm that the
antibody is specific for the SARS-CoV-2 spike protein and is
therefore suitable for detecting SARS-CoV-2. The detection
limit of the antibody in the ELISA platform was 4 ng/mL.

Preparation of the COVID-19 FET Sensor. To evaluate
the presence of the SARS-CoV-2 spike antibody on the

https://dx.doi.org/10.1021/acsnano.0c02823
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Figure 6. Detection of SARS-CoV-2 virus from clinical samples. (A) Schematic diagram for the COVID-19 FET sensor for detection of
SARS-CoV-2 virus from COVID-19 patients. (B,C) Comparison of response signal between normal samples and patient ones. (D) Real-time
response of COVID-19 FET toward SARS-CoV-2 clinical sample and (C) related dose-dependent response curve.

graphene surface, we carried out electrical measurements.
Figure 3C shows the current—voltage (I—V) curves of the
graphene device over a range from —0.1 to +0.1 V before and
after attachment of the antibody. After PBASE functionaliza-
tion and immobilization of the antibody onto the graphene
channel, the slopes (dI/dV) decreased. This difference in slope
indicates the successful introduction of the SARS-CoV-2 spike
antibody.

To investigate the possibility of transducing an electrical
signal with the COVID-19 FET sensor, we prepared an
aqueous solution-gated FET. The geometry of the COVID-19
FET sensor was designed using a graphene channel conjugated
to the SARS-CoV-2 spike antibody, and the FET was covered
with phosphate-buffered saline (PBS; pH 7.4) buffer as the
electrolyte to maintain an efficient gating effect. As shown in
Figure 3A, the aqueous solution-gated FET system could
detect SARS-CoV-2 based on changes in channel surface
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potential and the corresponding effects on the electrical
response.

We measured the transfer curves of the graphene-based FET
after each modification process (Figure 3D). After PBASE
functionalization, an obvious positive shift was observed due to
the p-doping effect of the pyrene group. However, the transfer
curve was shifted negatively, suggesting that the positive charge
of the antibody exerted an n-doping effect on graphene after
the antibody was immobilized. Figure 3B shows the output
curves of the COVID-19 FET sensor as a function of gate
voltage (V) over a range from 0 to —1.5 V in steps of —0.3 V.
Ips negatively increased as Vi negatively increased, corre-
sponding to the predicted behavior of a p-type semi-
conductor.”**’ Moreover, the linear I-V curves exhibited
highly stable ohmic contact, indicating that the COVID-19
FET sensor provided a reliable electrical signal for detection of
the target analytes (SARS-CoV-2 antigen protein, cultured
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SARS-CoV-2 virus, or SARS-CoV-2 virus from clinical
samples).

Real-Time Detection of SARS-CoV-2 Antigen Protein.
To investigate the performance of the COVID-19 FET sensor,
we evaluated the dynamic response of the sensor to spike
protein (Figure 4A). First, we measured the sensor’s LOD for
spike protein. The sensor responded to 1 fg/mL of SARS-CoV-
2 spike protein in PBS (Figure 4B); that is, the LOD of the
FET sensor was substantially lower than that of the ELISA
platform (Figure S2). However, the pristine graphene-based
device without SARS-CoV-2 spike protein conjugation did not
show any remarkable signal change after the introduction of
various sample concentrations (gray line in Figure 4D). The
control experiment indicates that the SARS-CoV-2 spike
protein is essential for specific binding with the SARS-CoV-2
antigen. In addition, the COVID-19 FET sensor exhibited no
response to MERS-CoV spike proteins (Figure 4D), indicating
that the COVID-19 FET sensor was both highly sensitive and
specific for the SARS-CoV-2 spike antigen protein.

In the clinic, diagnosis of COVID-19 is performed using
nasopharyngeal swabs suspended in universal transport
medium (UTM). The UTM contains various reagents that
may affect performance of the FET sensor, such as Hank’s
balanced salts and BSA. Therefore, we assessed the response of
the FET sensor to antigens in UTM. To determine whether
the FET sensor could be used in the field, we measured the
response of the FET sensor to SARS-CoV-2 spike proteins in
0.01xX UTM. The results revealed that the FET sensor could
successfully detect SARS-CoV-2 spike antigen proteins starting
from a concentration of 100 fg/mL (Figure 4E). This indicates
that the COVID-19 FET sensor can detect antigens in clinical
samples without any preparation or preprocessing. To further
investigate the normalized sensitivity of the COVID-19 FET
sensor, the changes in sensitivity as a function of SARS-CoV-2
antigen protein concentration were characterized by fitting
each data point, as shown in Figure 4C,F.

Real-Time Detection of Cultured SARS-CoV-2 Virus.
Next, we investigated whether the COVID-19 FET sensor
could detect SARS-CoV-2 virus (Figure SA). To this end, we
propagated SARS-CoV-2 in cultured cells and inactivated viral
infectivity by heating. Upon application of cultured SARS-
CoV-2, the COVID-19 FET sensor responded to concen-
trations as low as 1.6 X 10' pfu/mL (Figure SB), and the
normalized response curve was linear from 1.6 X 10' to 1.6 X
10* pfu/mL (Figure SC). This result suggests that the COVID-
19 FET sensor has the potential to be used for COVID-19
diagnosis.

Detection of SARS-CoV-2 Virus from Clinical Sam-
ples. Finally, we tested the detection performance of the
COVID-19 FET sensor using clinical samples (Figure 6A). To
this end, we collected nasopharyngeal swab specimens from
COVID-19 patients and normal subjects and stored them in
UTM. Prior to addition of patient samples to the device, we
evaluated nasopharyngeal swab samples from normal subjects
to determine the basal signal. The COVID-19 FET sensor
clearly discriminated between patient and normal samples
(Figure 6B,C). In addition, the FET sensor responded to
patient samples diluted as much as 1:1 X 10° (242 copies/mL)
(Figure 6D), and the normalized response curve of the FET
sensor was linear (Figure 6E). Given that UTM includes
various reagents and generates noise signals, we consider the
LOD of the COVID-19 FET sensor to be low enough for
practical use Table S2. Nevertheless, development of novel
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materials of the FET sensor for UTM should be necessary for
more accurate detection by reducing the noise signals. For
reference, the detection limit of current molecular diagnostic
tests of COVID-19 is ~50—100 copies.28 Taken together, our
findings show that our COVID-19 FET sensor successfully
detected SARS-CoV-2 virus from clinical samples without any
preprocessing and with a large dynamic range.

CONCLUSION

During the COVID-19 pandemic, the development of highly
sensitive and rapid biosensing devices has become increasingly
important. We developed a COVID-19 FET sensor in which
the SARS-CoV-2 spike antibody is conjugated to a graphene
sheet, which is used as the sensing area. The sensor was able to
detect SARS-CoV-2 virus in clinical samples, the SARS-CoV-2
antigen in practical use (Table S2). standard buffer, transport
medium,, and cultured SARS-CoV-2 virus. Furthermore, the
device exhibited no measurable cross-reactivity with MERS-
CoV antigen. Therefore, our functionalized graphene-based
sensor platform provides simple, rapid, and highly responsive
detection of the SARS-CoV-2 virus in clinical samples.
Moreover, this technology could be adapted for diagnosis of
other emerging viral diseases.

MATERIALS AND METHODS

Fabrication of Graphene-Based Sensing Devices. Graphene
was transferred to a SiO,/Si substrate using conventional wet-transfer
methods. Poly(methyl methacrylate) (PMMA) C4 (MicroChem,
Newton, MA) was spin-coated at S00 rpm for 10 s and at 3000 rpm
for 30 s onto graphene on Cu foil (Grolltex, San Diego, CA). PMMA/
graphene on Cu foil was etched in CE-100 copper etchant (Transene,
Oakland, CA). After the Cu foil was etched, the PMMA/graphene
layers were moved using clean glass slides into a deionized (DI) water
bath, and the copper etchant was washed away. Subsequently, the
PMMA/graphene layer was transferred to a SiO,/Si substrate and
dried under ambient conditions overnight. The PMMA layer was
removed in an acetone bath for 2 h. Finally, the graphene was
transferred onto the substrate, followed by isopropyl alcohol washing
and drying under a stream of N, gas.

To fabricate practical graphene-based devices, the transferred
graphene was patterned into linear shapes by photolithography and
etched by a reactive ion-etching method. To generate a Au/Cr
electrode layer on the etched graphene layer, metallization was
performed using a thermal evaporation method and a lift-off
technique. The device dimensions were 100 X 100 um? (L X W).
To reduce interference during electrical measurements, the device was
passivated with SU8-2010 (MicroChem).

Immobilization of SARS-CoV-2 Antibody on the Graphene
Surface. The fabricated graphene-based device was soaked in 2 mM
PBASE (Thermo Fisher Scientific, Waltham, MA) in methanol for 1 h
at room temperature and then rinsed several times with PBS and DI
water. Finally, the functionalized device was exposed to 250 ug/mL
SARS-CoV-2 spike antibody for 4 h.

Instruments. Pristine graphene and graphene with PBASE
modification were characterized by Raman spectroscopy, XPS,
AFM, and HR-TEM.

Raman spectrum and mapping analysis was acquired with an inVia
Raman system (Renishaw, UK). Mapping images were obtained from
196 spectra (30 X 30 pm area on graphene). The intervals between
adjacent spectrum points were 2.5 pm (horizontal and vertical).
Analysis of the chemical binding component was determined by XPS
on a K-Alpha instrument (Thermo Fisher Scientific), with the
incident beam produced by an Al X-ray source (hv = 1486.6 V) and
a pass energy of 50 eV. Surface roughness analysis was conducted by
AFM on a Dimension 3000 instrument (Digital Instruments/Veeco
Science). HR-TEM imaging was performed on a ZEISS Libra
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ultracorrected energy filtering transmission electron microscope
(ZEISS, Germany) with a 200 kV acceleration voltage.

Sensing Measurement. Electrical performance was evaluated on
a 2634B semiconductor analyzer (Keithley Instruments, Cleveland,
OH) and probe station. A drain—source bias voltage of ~10 mV was
maintained during measurement. The detected electrical response
signal was normalized as [AI/I;] = (I — I;)/I,, where I is the detected
real-time current and I, is the initial current.

Enzyme-Linked Immunosorbent Assay. A 96-well plate was
coated with SARS-CoV-2 spike antigen protein (40591-VO8H; Sino
Biological, Inc., China) or MERS-CoV spike antigen protein (40069-
VO8H, Sino Biological) for 1 h at 37 °C and then blocked with 5%
BSA. A proper dilution of SARS-CoV-2 spike antibody (40150-R007,
Sino Biological) was added to the blocked well, and the sample was
incubated for 1 h at room temperature. After being washed with
TBST (Tris-buffered saline, 0.1% Tween 20), horseradish peroxidase-
conjugated anti-rabbit IgG antibody (#7074, Cell Signaling
Technology, Danvers, MA) was added, and the sample was incubated
for 1 h at room temperature. After extensive washing with TBST, the
ELISA substrate (1-Step Ultra TMB-ELISA, Thermo Fisher
Scientific) was applied, and signals were obtained on a Synergy
HTX plate reader (BioTek Instruments, Winooski, VT).

Virus Culture. Virus infection experiments were performed in a
biosafety level 3 laboratory. African green monkey kidney Vero E6
cells were infected with a clinical isolate of SARS-CoV-2 (BetaCoV/
Korea/KCDCO03/2020, provided by Korea CDC). After 48 h, the
culture medium containing mature infectious virions (virus medium)
was collected, and viral titer was determined by plaque assay. Live
virus was inactivated by heating at 100 °C for 15 min and was stored
at —80 °C for further use.

Clinical Sample Preparation. The clinical samples used in this
study (Figure S3 and Table S1) were collected from subjects as part
of registered protocols approved by Institutional Review Board (IRB)
of Jeonbuk National University Hospital, and all patients provided
written informed consent (IRB registration number: CUH 2020-02-
050-008). Nasopharyngeal swabs from COVID-19 patients and
healthy subjects were stored in UTM (Noble Biosciences, South
Korea). Viral copy number was determined by real-time RT-PCR.
Clinical samples were inactivated by heating at 100 °C for 10 min and
were stored at —80 °C for further use.
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