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The large-scale diagnosis of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is important
for traceability and treatment during pandemic outbreaks. We developed a fast (2-3 min), easy-to-use,
low-cost, and quantitative electrochemical biosensor based on carbon nanotube field-effect transistor
(CNT-FET) that allows digital detection of the SARS-CoV-2 S1 in fortifited saliva samples for quick and
accurate detection of SARS-CoV-2 S1 antigens. The biosensor was developed on a Si/SiO, surface by
CNT printing with the immobilization of a anti-SARS-CoV-2 S1. SARS-CoV-2 S1 antibody was immobilized
on the CNT surface between the S-D channel area using a linker 1-pyrenebutanoic acid succinimidyl ester
(PBASE) through non-covalent interaction. A commercial SARS-CoV-2 S1 antigen was used to characterize
the electrical output of the CNT-FET biosensor. The SARS-CoV-2 S1 antigen in the 10 mM AA buffer pH 6.0
was effectively detected by the CNT-FET biosensor at concentrations from 0.1 fg/mL to 5.0 pg/mL. The
limit of detection (LOD) of the developed CNT-FET biosensor was 4.12 fg/mL. The selectivity test was per-
formed by using target SARS-CoV-2 S1 and non-target SARS-CoV-1 S1 and MERS-CoV S1 antigens in the
10 mM AA buffer pH 6.0. The biosensor showed high selectivity (no response to SARS-CoV-1 S1 or MERS-
CoV S1 antigen) with SARS-CoV-2 S1 antigen detection in the 10 mM AA buffer pH 6.0. The biosensor is
highly sensitive, saves time, and could be a helpful platform for rapid detection of SARS-CoV-2 S1 antigen
from the patients saliva.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Abbreviations: AA, Ammonium acetate; ACE2, Angiotensin-converting enzyme
2; AuNPs, gold nanoparticles; BSA, Bovine serum albumin; CNT, Carbon nanotube;
COVID-19, coronavirus disease 2019; EDC, 1-(3-dimethylaminopropyl)-3-ethylcar

The World Health Organization (WHO) announced on 11 March
2020 that the SARS-CoV-2 epidemic was a pandemic and a global

bodiimide hydrochloride; FET, field-effect transistor; Ips, source-drain current;
MERS-CoV, Middle East respiratory syndrome coronavirus; MES, 2-(N-morpholino)
ethanesulfonic acid; NHS, N-hydroxysuccinimide; PBASE, 1-pyrenebutanoic acid
succinimidyl ester; PBST, Phosphate-buffered saline containing 0.05% Tween-20; pl,
Isoelectric point; SARS-CoV-1 and 2, severe acute respiratory syndrome coronavirus
1 and 2; S-D, source-drain; SEM, Scanning electron microscopy; Vds, source to drain
voltage; Vg, gate voltage.
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health emergency [1]. It is well known that there have been three
human pathogenic coronavirus outbreaks in the 21st century that
triggered transmission and posed immense challenges to global
public health and economic growth [2]. The three virus outbreaks
were SARS-CoV in 2003 [3], MERS-CoV in 2012 [4], and the new
SARS-CoV-2 in December 2019 [5]. Phylogenetic data analysis sug-
gests that SARS-CoV-2 is further away from the SARS-CoV (79 %)
and MERS-CoV (50 %) strains [6]. SARS-CoV-2 has a large
positive-stranded RNA genome size of 29.8 kb that gives signals
for encoding accessory and four structural proteins: spike glyco-
protein (S), envelope (E), matrix (M), and nucleocapsid (NC) [7].

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Among those, only spike (S) glycoprotein faces the outer structure
on the virion body, which is highly immunogenic for the host and
the best reliable biomarker for the diagnosis of SARS-CoV-2 infec-
tion [8-10]. S-protein monomer is folded and glycosylated by sialic
acid at the distal end [11]. S-protein is cleaved by host proteases
into two subunits, S1 and S2; the S1 subunit functions in host cell
recognition, cell invasion, and antibody neutralization [12]. SARS-
CoV-2 infection is mediated by the binding of the S1 subunit of
spike (S) protein to the host cell receptor through the receptor-
binding domain (RBD) present on the angiotensin-converting
enzyme 2 (ACE2) [13,14]. SARS-CoV-2 inhaled through aerosol dro-
plets binds to host cellular receptor ACE2 and targets activating
proteases (for example, TMPRSS2, furin, and cathepsin L) for mem-
brane fusion and reaches the host respiratory cells [15,16]. The
virus easily spreads by touch, droplets, air contamination, the
oral-fecal route, or blood, from mothers to newborns and animals
to humans [17-19]. As a result the world increasingly needs
diagnostic tools with the capability of identifying the infected indi-
viduals e.g. the source of infection.

Electrochemical biosensors are advantageous for sensing bio-
molecules because of their ability to detect biomarkers with accu-
racy, specificity and high sensitivity [20]. Previously
electrochemical biosensors have been successfully used in medical
diagnostics for the detection of viruses such as MERS-CoV [21],
hepatitis C virus (HCV) [22], human influenza A virus HIN2 [23]
and avian influenza virus (AIV) H5N1 [24]. Recently, Shao et al.
developed a SARS-CoV-2 S antigen detection device based on a car-
bon nanotube field-effect transistor (CNT-FET) functionalized with
anti-SARS-CoV-2 spike antibody with a detection range of 5.5 fg/
mL to 5.5 pg/mL [25]. The real-time polymerase chain reaction
(RT-PCR) is rigorously used for the diagnosis of SARS-CoV-2. RT-
PCR is excellent in terms of sensitivity and selectivity, but can only
be performed in well-equipped laboratory-based hospitals,
requires costly chemicals, enzymes, spacious machinery, and
requires up to 1-2 days. In order to detect SARS-CoV-2 quickly
with high accuracy, a simple, sensitive, and low-cost biosensor is
needed.

This research paper describes the development of a new CNT-
FET-based biosensor for reliable, fast detection of SARS-CoV-2 S1
antigen with high selectivity and sensitivity. Here, we present a
highly sensitive electrical immunosensor for the detection of
SARS-CoV-2 S1 antigen using single wall carbon nanotubes
(SWCNTs) deposited on the surface of SiO, between the S-D chan-
nel. The developed biosensor is based on the field-effect transistor
(FET) technology, and its fabrication involves the immobilization of
antibodies between the S-D sensing area. The newly developed
CNT-FET immunosensor can detect SARS-CoV-2 S1 antigen, based
on the change in source-drain current (Ips), and the antigen-
binding effect is characterized by a change in electrical signal
(Scheme 1). The basic advantages of the FET-based biosensor are
easy fabrication, fast sensing response, and ease of use because
the dynamic real-time response can be acquired with low-cost dig-
ital readers that can be calibrated for different applications. Cer-
tainly, at central hospitals and testing centers, advanced and
traditional equipment can analyze and diagnose SARS-CoV-2 infec-
tion with high accuracy and precision. In pandemic circumstances,
CNT-FET-based biosensors could be helpful as potential detection
devices for tracing SARS-CoV-2 infection at the mass level.

2. Materials and sample preparation

Single-wall CNTs with a length of 5 to 30 pm and diameter of 1
to 2 nm were purchased from Nanolntegris, Canada. SARS-CoV-2
spike/S1 subunit-His tag (Cat# 40591-VO8H), SARS-CoV-1 spike/
S1 subunit-His tag (Cat# 40150-V08B1) and MERS-CoV spike/S1
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subunit His tag recombinant protein (Cat# 40069-VO8H) were
purchased from Sino Biological Inc., Beijing, China. Monoclonal
rabbit anti-spike S1 antibody (40150-R007) was purchased from
Sino Biological Inc, Beijing, China (antibody specificity was not val-
idated with corresponding SARS-CoV-2 real positive virus saliva/
serum sample). HRP-conjugated secondary antibody goat pAb to
rabbit IgG was purchased from Abcam (ab6721). 1,2-
dichlorobenzene (Cat# 240644), linker, 1-pyrenebutanoic acid suc-
cinimidyl ester (PBASE, Cat# 457078), bovine serum albumin (BSA,
Cat# A7906), colloidal suspension of 20 nm diameter, thiolated
PEG with terminal carboxylic acid functionalized gold nanoparti-
cles (Cat#765511), coupling reagent 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDC, Cat#03450), and N-
hydroxysuccinimide (NHS, Cat#130672) were purchased from
Sigma Aldrich. The enhanced chemiluminescence (ECL, Pico Sys-
tem, Cat#ECL-PS250) solution was purchased from Dongin Biotech,
Korea. The bare silicon wafer was purchased from Waferbiz, Korea.
PVDF transfer membrane (Immobilon P) was purchased from
Merck Millipore Itd., Korea. Deionized (DI) water 18.2 MQ/cm, to
make the buffer and washing solutions, was obtained with an
MDM Wellix Plus water purifier system (MDM Corporation, South
Korea). The other reagents procured in this study were of analytical
purity standard and used without any further purification.

The buckypaper of carbon nanotubes (CNTs) 0.1 mg/mL was
mixed into 1,2-dichlorobenzene and sonicated for 1 h at room tem-
perature to achieve a black dark homogeneous suspension. The
suspended CNTs solution was centrifuged for 30 min at
5000 rpm to remove large aggregates and bundles. The homoge-
neous CNTs suspension was loaded into an inkjet printer cartridge
for printing on the Si/SiO, substrate. PBASE solution of 2 mM was
prepared in methanol by vortex mixing for 1 h at room tempera-
ture to achieve complete mixing of PBASE crystal. Then
1 x phosphate-buffered saline (PBS) was prepared by mixing
10 mM Na,HPO,4, 137 mM Nacl, 2.7 mM KCl, and 2.0 mM KH,PO,.
The molarity of phosphate in 1 x PBS was 12 mM, because an
important ingredient for the buffer is 10 mM Na,HPO, and
2.0 mM KH,PO,. Fresh 5 % skim milk solution was prepared in
1 x PBST containing 0.05 % Tween-20. Fresh 1 % bovine serum
albumin (BSA) blocking solution was prepared in 1 x PBS.

3. Experiment
3.1. CNT-FET device fabrication

Source and drain (S-D) electrodes of Ti 10 nm/Au 30 nm were
patterned by a conventional photolithography method and lift-off
technique. After leaving it for 1 h, the Si wafer was soaked in
1,2-dichlorobenzene, acetone, and methanol for 30 s for each co-
solvent, and finally, DI water was used for rinsing and nitrogen
(N2) gas blowdown. A uniform CNT ink (separated semiconducting
SWNTs at 0.1 mg/mL in 1,2-dichlorobenzene) was printed on Si/
SiO, substrate by inkjet printer between the active areas of pat-
terned electrodes. To fix the printed CNT pattern on the base mate-
rial, it was hard baked on a hot plate at 120 °C in the vacuum oven
for 10 min. To avoid direct contact with the S-D electrode metal
surface and minimize the gate current leakage due to flowing anti-
gen test solution an additional photolithography step was
employed to make SU-8 passivation layer on the S-D electrode.

3.2. Electrical property measurements of CNT-FET device

In order to investigate the semiconductor electrical properties
and sensing efficiency of the CNT-FET device, measurements were
performed by a Keithley 3 probe station at room temperature. The
semiconductor property of the CNT-FET biosensor was validated by
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Scheme 1. Schematic diagram of CNT-FET biosensor and SARS-CoV-2 S1 testing steps. SWCNT as a sensing nanomaterial and anti-SARS-CoV-2 S1 immobilized on the CNT via
PBASE (linker). The CNT-FET biosensor sense the SARS-CoV-2 spike protein based on the corresponding effects on the electrical signal properties.

acquiring the source-drain current (Ips) versus gate voltage (Vg,
—1.5 to 0.5 V) with a stable source-drain voltage (Vds = 0.5 V).

3.3. XPS measurement

X-ray photoelectron spectroscopy (XPS) spectra were acquired
on a K-Alpha spectrometer (Thermo Fisher Scientific, USA). The
machine is equipped with a micro-focused AlKo X-ray source
(1486.6 eV) using a 10 mA emission current and an applied anode
potential of 12 kV (120 W). The spectra were collected in constant
analyzer energy mode with a pass energy of 200 eV for the survey.
For reliable digital acquisition and data processing, Thermo Scien-
tific Advantage software was used.

3.4. Surface modification and antibody immobilization on CNT-FET

Final CNT fabricated FET chips were soaked in 2 mM PBASE
solution prepared in methanol for 1 h at room temperature. Subse-
quently, the sensing area of the CNT-FET chip was successively
washed 3 times with pure methanol and DI water to remove the
unbound excess PBASE (linkers) followed by N, gas blowdown.
For functionalization, the monoclonal anti-SARS-CoV-2 S1 (1 uL
of 100 pg/mL) in 0.01 x PBS solution was dropped on the channel
area and left overnight at 4 °C in a humid chamber for binding with
the PBASE-modified CNT surface. The unbound anti-SARS-CoV-2 S1
remains were removed by washing with 0.01 x PBST and DI water.
The device was further exposed to 1 % bovine serum albumin (BSA)
at room temperature in humid conditions for 20 min to block and
inactivate nonspecific sites of the remaining nonfunctionalized
CNTs and exposed SiO, substrate to ensure the binding of the
specific target molecule. To eliminate excess BSA remaining after
blocking, the device was thoroughly washed with 0.01 x PBST
and DI water and dried by N, gas blowdown for 5 min. After com-
plete drying, the CNT-FET device was connected to source, drain,
and gate electrodes with a probe station for measurement of its
post-treatment semiconductor behavior.

3.5. SARS-CoV-2 S1 protein conjugation with gold nanoparticles
(AuNPs)

For this experiment, 500 uL of 20 nm (average size) thiolated
PEG with terminal carboxylic acid (Thiol-PEG-COOH) functional-
ized colloidal gold nanoparticles (AuNPs) was taken from the stock
vial and poured into a microcentrifuge tube. The AuNPs suspension
stock vial carries an average of 6.54 x 10'! particles/mL. The AuNPs
suspension was mixed with 500 pL coupling buffer containing
20 mM EDC and 50 mM NHS dissolved in 0.1 M MES buffer pH
5.4. Then, the AuNP suspension containing the coupling mixture
was incubated at room temperature for 24 h. The unreacted linker
(EDC/NHS) was removed by centrifugation at 9660 x g for 30 min
at 4 °C. After coupling of EDC/NHS linker with AuNPs, 100 uL of
SARS-CoV-2 S1 antigen (50 pg/mL) was slowly added to the col-
loidal AuNPs suspension drop by drop with gentle stirring on a stir
plate. Then, the AuNPs-SARS-CoV-2 S1 antigen mixture was
allowed to react for 60 min at room temperature with gentle stir-
ring. For blocking, 50 pL of freshly prepared 10 % BSA in DI water
was added in colloidal AuNPs-SARS-CoV-2 S1 suspension and vor-
texed for 60 min at room temperature on a stir plate. After further
incubation, the colloidal suspension was spun at 9660 x g for
30 min at 4 °C. The obtained supernatant was discarded and only
the pelleted AuNPs-conjugated SARS-CoV-2 S1 antigen was resus-
pended and recovered by mixing with 2 mM borate buffer (pH 8.0,
total volume was 100 pL). It was estimated that the final AuNPs-
conjugated SARS-CoV-2 S1 antigen carried 6.37 x 10!! particles/
mL (supplementary information figure S1: by absorbance measure-
ment at 520 nm). The AuNPs-conjugated SARS-CoV-2 S1 antigen
was stored for further experimental use at 4 °C in an air-tight vial
to prevent evaporation.

3.6. Sample preparation of SARS-CoV-2 S1 antigen conjugated AuNPs
for scanning electron microscopy (SEM) imaging

CNT-FET chips with good S-D current versus gate voltage
(Ips-Vgs) signal properties were selected for SEM imaging
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experiments. Step 1: The upper side of the CNT-FET chips (contain-
ing S-D and conducting CNT channel) was soaked in acetone solu-
tion for 10 min and air-dried at room temperature. For rigorous
surface contamination removal, the acetone washing step was
repeated 3 times. Step 2: Acetone-washed CNT-FET chips were
soaked in 2 mM PBASE (linker) and left for 1 h at room temperature
in air tight glass container. Step 3: After 1 h, CNT-FET chips were
removed from the PBASE solution and washed 3 times with metha-
nol and DI water followed by N, gas blowdown. Step 4: 1 uL of
anti-SARS-CoV-2 S1 (100 pg/mL) in 0.01 x PBS solution was immo-
bilized on the PBASE-modified CNT-FET biosensor and incubated
for 4 h at room temperature in a humid chamber. Step 5: Washing
with 0.01 x PBST was performed 5 times to remove unbound anti-
SARS-CoV-2 S1 followed by air drying at room temperature. Step
6: To block and inactivate nonspecific sites, CNT-FET devices were
further exposed to 1 % BSA and incubated at room temperature for
20 min in a humid chamber. Step 7: Washing with 0.01 x PBST was
performed 5 times to remove unbound BSA traces, followed by air
drying at room temperature. Step 8: 1 uL SARS-CoV-2 S1 antigen
with conjugated AuNPs (diluted in 10 mM AA buffer, pH 6.0) was
immobilized and incubated for 1 h at room temperature in a humid
chamber. Step 9: Three times washing with 0.01 x PBST and DI
water was performed to remove unbound AuNPs-conjugated
SARS-CoV-2 S1 antigens, followed by a N, gas blow dry at room
temperature. Step 10: The morphology and microstructure of
CNT were characterized by field emission scanning electron micro-
scope JEOL JSM-7610F (JEOL Itd, Akishima, Japan).

3.7. Western blot of SARS-CoV-2 surface spike glycoprotein S1

Western blot experiment was utilized to examine the specificity
of anti-SARS-CoV-2 S1 and antigen binding. SARS-CoV-2 S1, SARS-
CoV-1 S1, and MERS-CoV S1 with an antigen concentration of 1 ug/
mL (lanes 1, 2, and 3) were separated under reducing conditions of
12 % polyacrylamide gel. After electrophoresis, protein bands were
transferred from the SDS-PAGE gel to the PVDF membrane. The
membrane was blocked in 1 x phosphate-buffered saline containing
0.05 % Tween-20 (PBST) and 5 % (w/v) skim milk and left overnight at
4 °C. After 3 washes with 1 x PBST, PVDF membrane was stained
with SARS-CoV-2 (2019-nCoV) spike protein S1 primary antibodies
at 1:5000 dilution (200 ng/mL) for 2 h in 5 % skim milk solution in
1 x PBST. After 3 washes with 1 x PBST, the membrane was further
incubated in 5 % skim milk containing secondary antibody goat pAb
to rabbit IgG conjugated to HRP (1:5000 dilution) for 60 min at room
temperature on a rotating shaker plate. The membrane was washed
5 times with 1 x PBST to remove unbound remains. ECL solution was
mixed in a 1:1 ratio following the proportions of solutions A and B
provided by the manufacturer. ECL is a chemiluminescent substrate
that detects horseradish peroxidase (HRP) conjugated secondary
antibodies where light emission is proportional to the protein con-
centration. ECL consists of 2 reagents, reagent A (luminol) and
reagent B (an enhancer). The PVDF membrane was placed on plastic
film, freshly mixed ECL reagents A and B (1 mL each, total volume
2 mL) at a 1:1 ratio were added, and the membrane was incubated
up to 3 min to complete the reaction. The PVDF membrane was lifted
from the plastic film and transferred to the membrane cassette. The
signal was exposed in the darkroom with an exposure time of 40 s,
and the X-ray film was developed by immersing in the appropriate
developing and fixing solutions for 5 min each.

3.8. Antigen sample preparation and antigen test

SARS-CoV-2 S1, SARS-CoV-1 S1 and MERS-CoV S1 antigen
stocks were prepared in 10 mM ammonium acetate (AA) buffer
at pH 6.0 and, to prevent denaturation, stored at 4 °C. The SARS-
CoV-2 S1 antigen was diluted in 10 mM AA buffer at pH 6.0 with
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increasing concentrations (0.1, 1, 10, 100, and 5000 fg/mL). The
CNT-FET device was connected to 3 probe station, and 0.8 pL of
10 mM AA buffer at pH 6.0 was dropped to equilibrate the Ips
and achieve the stable baseline. After achieving a stable baseline
of the biosensor, increasing concentrations of SARS-CoV-2 S1 anti-
gen were sequentially dropped onto the S-D channel regions. The
sample volume was 0.8 pL in each drop.

3.9. Selectivity measurements of the CNT-FET biosensor

A selectivity test experiment was performed to determine the
biosensor’s ability to select target molecules. Target SARS-CoV-2
S1 antigen and non-target SARS-CoV-1 S1 and MERS-CoV S1 anti-
gens were tested using the anti-SARS-CoV-2 S1 immobilized on
CNT-FET biosensor.

3.10. SARS-CoV-2 S1 fortified saliva preparation and electrical
response measurement

For this experiment, 1 pL SARS-CoV-2 S1 antigen was added to
99 pL healthy human saliva sample to mimic a SARS-CoV-2-
positive saliva sample and incubated for 30 min at 37 °C. In the for-
tified human saliva final concentration of SARS-CoV-2 S1 antigen
was (0.1, 1, 10, 100, 1000, 2000, 3000, 4000 and 5000 fg/mL). These
fortified saliva solution used as a test sample instead of a clinical
SARS-CoV-2 positive sample. Then 1.0 pL SARS-CoV-2-positive
simulated saliva sample was added to the anti-SARS-CoV-2 S1
functionalized CNT-FET biosensor and the electrical signal was
read up to 60-120 s.

3.11. CNT-FET biosensor reproducibility and reusability test

Reproducibility tests of each biosensor were characterized by
the various parameters for practical applications. For this, three
batches (1, 2, and 3 batch) of fabricated CNT-FET biosensors were
taken, each batch was replicated with saliva and fortified saliva
and a total of 24 chips were selected and semiconductor property
were validated by I-V measurements. The reproducibility was
determined by the SARS-CoV-2 S1 fortified saliva and only saliva
dropping experiment. The used concentration of SARS-CoV-2 S1
antigen was 100 fg/mL in 10 mM AA buffer of pH 6.0.

For the reusability experiment, different chips from the new
batch were used after the antigen test was completed. The tested
SARS-CoV-2 antigen and immobilized anti-SARS-CoV-2 S1 were
removed from the biosensor sensing area by 5 times 0.01 x PBST
washing. To fix the fabrication structure on the base material, it
was hard baked on a hot plate at 120 °C in the vacuum oven for
10 min. After it was completely dry, S-D current versus gate voltage
(Ips-Vgs) measurement was again performed to see the semiconduc-
tor properties either retained or destroyed in the washing process.
Further on the dried CNT-FET biosensor PBASE linker and anti-
SARS-CoV-2 S1 were immobilized (the same steps are repeated as
described in section 3.4). SARS-CoV-2 S1, SARS-CoV-1 S1 and
MERS-CoV S1 antigen test measurements were again conducted S-
D current versus time (Ips-T) and acquired data of the CNT-FET
biosensor was compared with the used and reused CNT-FET
biosensor.

4. Results and discussion

4.1. Basic structure of the CNT-FET device and optical microscopy
(OM)/SEM imaging

The basic structure of the field-effect transistor (FET) is shown
in Fig. 1A. The complete fabricated CNT-FET device after a single
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Fig. 1. (A) Schematic representation of CNT-FET device illustrating structural components and thickness of fabricated nanomaterial. The CNT network makes contact with
metal electrodes (source-drain). A SU-8 photoresist on the source-drain electrodes is used to prevent leakage of gate current. (B) Optical image of single die CNT-FET device
from wafer. (C) Optical microscope image of CNT-FET device showing source-drain electrodes. (D) Schematic structure of FET circuit diagram and CNT network situated
between source-drain electrodes on conductive substrate. (E) SEM image of deposited CNT network on surface. (F) Surface functionalization of CNT-FET by 2 mM PBASE
(linker). (G) XPS spectra of CNT-FET surface before (red line) and after PBASE treatment (blue line). Change in N1s peak at 400.2 eV assigned for PBASE was successfully

modified the CNT surface.

die is shown in Fig. 1B. Optical microscopy (OM) was used to
identify the locations of nanotubes bridging source-drain (S-D)
electrode pairs in order to determine the fabrication process
(Fig. 1C). Inkjet printing was used to deposite CNTs, random
network on the SiO, surface between the S-D of the device. The
schematic structure of the FET circuit diagram along with the
CNT semiconductive network situated between S-D electrodes on
the substrate is shown in Fig. 1D. The deposited CNT network
characterized by SEM imaging is shown in Fig. 1E.

4.2. Characterization of CNT-FET surface

The basic mechanism of PBASE functionalization with CNT
surface is shown in Fig. 1F. To confirm the CNT-FET biosensor
surface modification and the presence of PBASE on the surface
of the device, X-ray photoelectron spectroscopy (XPS) was

employed. The peak height of XPS difference spectra can be used
to confirm the absence or presence of functionalized PBASE on
the CNT surface by analyzing the N1s peak at 400.2 eV. As seen
in Fig. 1G, the bare surface did not show any peak increase at
400.2 eV, and after PBASE modification of the device, the N1s
peak appeared at 400.2 eV. The binding energy values after N
substitution were assigned in the range of 400.2 to 401.8 eV.
These XPS results clearly suggest successful functionalization
since the only source of nitrogen atoms in functionalized CNT
is the PBASE molecule. The PBASE was immobilized on the sur-
face of the carbon nanostructure by m-m non-covalent stacking
between the six-membered ring of the CNT sidewall and the
pyrene group of PBASE [26-28], while the succinimidyl ester
group of the PBASE facing upward on the surface of CNT can
react with an amine group of the target antibody and forms an
amide bond [29].
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4.3. SEM characterization of patterned CNT

The morphology of CNT from scanning electron microscopy
(SEM) is shown in Fig. 2. Bare SiO, shows a clean surface
(Fig. 2A). SEM images show the microstructure of the unaligned
CNT needle like fine network (Fig. 2B). On a nanometer scale with
open pores, the CNTs formed an interconnected and well-
entangled porous network. Aligned CNT bundles with varying
diameters are shown by scanning electron microscopy, averaging
approximately 30 pm. To confirm the immobilization pattern of
anti-SARS-CoV-2 S1 on the PBASE modified CNT-FET between the
S-D channel area of the biosensor. On the dry surface of
anti-SARS-CoV-2 S1 immobilized area, AuNPs-SARS-CoV-2 S1
conjugated antigen solution was applied, and AuNPs-conjugated
SARS-CoV-2 S1 antigen was bound with the immobilized anti-
SARS-CoV-2 S1 between the S-D channel area. Fig. 2C shows the
sphere-like structure that proves the presence of AuNPs-conju-
gated SARS-CoV-2 S1 antigen. SEM images in Fig. 2D show the
AuNP sizes in the range of 19.3 to 23 nm. The increased size of
AuNPs was due to the binding of the highly glycosylated SARS-
CoV-2 S1 antigen. These findings suggest that the SARS-CoV-2 S1
antibody was successfully immobilized on the biosensing area,
and the formation of the antibody-antigen complex localized by
AuNPs is illustrated in Fig. 2C.

4.4. Study of anti-SARS-CoV-2 S1 specificity by Western blot

To confirm the specificity of anti-SARS-CoV-2 S1 with target
SARS-CoV-2 S1 antigen, a Western blotting experiment was per-
formed. Western blot data of SARS-CoV-2 S1, SARS-CoV-1 S1 and
MERS-CoV S1 antigens at a concentration of 1 ug/mL (lanes 1, 2,
and 3) are shown in Fig. 3. A single distinct band recognizes the
77 kDa SARS-CoV-2 surface spike glycoprotein S1 antigen (lane

m |00 nm

- 100 nm
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1). The increased molecular size was observed due to the high gly-
cosylation of the S1 protein. The nonspecific SARS-CoV-1 S1 and
MERS-CoV S1 antigens did not show binding with the anti-SARS-
CoV-2 Si(lanes 2 and 3). These results indicate that the used
anti-SARS-CoV-2 S1 was specific for the SARS-CoV-2 Slantigen.

4.5. Electrical characterization of the biosensor

Before any treatment, the transfer property of the CNT-FET
device was characterized as the best fit for a p-type CNT-FET
device, acting as a conductor with semiconductor properties (Sup-
plementary figure S2). Oxygen and water molecules adsorbed on
the CNT surface withdraw electrons from the CNT, which results
in the p-type operation [30]. Due to variations in the amount of
SWCNT deposition on the individual chips, small variations in Ipg
can be observed. The transistor output of the individual chips,
however, is very similar because of the differences in SWCNT dis-
tribution density across the relatively small and reasonably com-
parable. The CNT-FET biosensor was electrically characterized
after each functionalization step in dry conditions at room temper-
ature. The semiconductor properties of the biosensor were charac-
terized before the treatment (i.e., only CNT on the surface), after
CNT surface modification by PBASE, and after antibody immobi-
lization. No gate current leakage was observed, with almost zero
Ips, suggesting a superior p-type transistor compared to previous
reports [31].

The graph in Fig. 4A (black line) shows the source-drain current
(Ips) versus source gate voltage (Vgs) of the bare CNT-FET surface at
a constant voltage of —1.5 V. As data shown in Fig. 4A, the electrical
graph of bare CNT shows that as the gate voltage moved from pos-
itive to negative, there was a sharp increase in Ips (black line). The
continuous increase in Ips as a change in Vgs (positive to negative)
indicates that the fabricated device exhibits a typical feature of the

- lOOn.m'

| 00 nm

Fig. 2. Scanning electron photographs of channel area: (A) bare SiO, surface, (B) Bare surface after CNT printing, and (C) PBASE modification, anti-SARS-CoV-2 S1
immobilization, and binding of AuNPs-conjugated SARS-CoV-2 S1 antigen. (D) Enlarged image at 200,000 x magnification to measure gold nanoparticle size in the nm range.
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Fig. 3. Western blot images showing the detection of SARS-CoV-2 S1 by anti-SARS-
CoV-2 S1-mAb antibodies. Lanes 1, 2, 3 represent loaded recombinant SARS-CoV-2
S1, SARS-CoV-1 S1, and MERS-CoV S1 antigens. For each antigen concentration,
1 pg/mL sample was loaded in SDS-PAGE.

p-type FET. The CNT-FET biosensor requires a linker molecule
(PBASE) between the antibody and the CNT surface. After 2 mM
PBASE treatment, the electrical behavior of the PBASE-
functionalized CNT-FET biosensor was changed, that confirming
the chosen linker molecule successfully modified the CNT surface
(Fig. 4A red line).

SARS-CoV-2 S1 (1 pL of 100 pg/mL) antibody diluted in
0.01 x PBS was then exposed to the PBASE-modified CNT surface.
After anti-SARS-CoV-2 S1 immobilization, surface was washed
and dried in N, gas blow and the Ips of the CNT-FET biosensor
was measured, and depleted drain current indicated that the anti-
body was successfully immobilized on the biosensor surface
(Fig. 4A light blue line). Antibody immobilization leads to a 10-
50 % decrease in ON-state current because of enhanced electron
dispersion from crowded and more complex chemical environ-
ments along the CNT-FET source-drain channel area [32]. In each
of these steps, the mobility of the CNT-FET device generally
decreases by a small amount, as there are additional sources of dis-
persion of the charge carrier [33]. Garcia-Aljaro et al. reported that
the decrease in Ips of the biosensor, that is, the increase in resis-
tance, is due to the accumulation of negative charge from the
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immobilized antibodies on the biosensor [34]. Based on the same
modification and attachment chemistry, changes in Ips versus Vgs
induced by the functionalization process were consistent with pre-
viously reported findings [35]. The mechanism of source-drain cur-
rent (Ips) decrease in carbon nanotube transistors may arise from
the electrostatic gating effect and the Schottky barrier effect [36].
On the dry surface of the CNT-FET biosensor 1 puL of SARS CoV-2
S1 antigen was droped on the immobilized anti-SARS CoV-2 S1
and Ips of the CNT-FET biosensor was measured. As shown in
Fig. 4A (green line), depleted drain current indicated that the SARS
CoV-2 S1 antigen solution was strongly binds with immobilized
anti-SARS CoV-2 S1 on the biosensor surface.

4.6. Determination of response time, detection limit, and detection
range of CNT-FET biosensor

The CNT-FET biosensor response time, limit of detection, and
detection range were characterized by loading of target antigen
(SARS-CoV-2 S1) at serially increased concentrations. The anti-
SARS-CoV-2 S1 immobilized CNT-FET biosensor was used in sys-
tematic electrical signal measurements. First, at 10 sec, 0.8 uL of
10 mM (AA) buffer solution at pH 6.0 was dropped on the sensor
to equilibrate the source-drain current (Ips). After achieving a sta-
bile Ips signal, continuously increasing SARS-CoV-2 S1 antigen con-
centrations (0.8 pL each drop) were loaded. The real-time response
with increasing concentration of SARS-CoV-2 S1 antigen added
every 50 s was recorded after achieving saturation of the observed
Ips. Each concentration of SARS-CoV-2 S1 antigen generated a char-
acteristic spike and saturation, seen in all tested antigen concentra-
tions (Fig. 4B).

A calibration curve was plotted as a function of SARS-CoV-2 S1
antigen concentration against normalized sensor response (Al/l,),
shown in Fig. 4C. These results indicate that the CNT-FET biosensor
detection lies in the range of 0.1 to 5000 fg/mL. The calibration
curve indicates that the sensing response starts becoming satu-
rated from 100 fg/mL of SARS-CoV-2 S1 antigen concentration;
however, little increase in Ips was observed above a 100 fg/mL con-
centration. The limit of detection (LOD) was determined in the only
linear portion of the curve based on the dose-dependent sensor
response (Supplementary information). The LOD of the biosensor
was 4.12 fg/mL in 10 mM (AA) buffer solution of pH 6.0. The sen-
sitivity of the CNT-FET biosensor (immunochemical method) is
non-linear at increasing SARS-CoV-2 S1 antigen concentration,
probably the immobilized antibody number on the CNT surface is
limited.

1.8E-06
A 1B 0.10 *
{.SE-06 | - 0.098 §/
el = 10 mM AA <
- H6.0 5000 fg/mL = /
< o078 | PHE 100 fe/mL 2 0081
1.2E-06 3 4 l = $
-] 10 fg/mL * 2
= 2. 0058 - 2 0.064
\'3 9.0E-07 4 a 3
- - =
2 =
6.0E-07 1 & 0.038 1 Té 0.041 §
E] ]
£ Z /
3.0E-07 A 5 0.018 1 0.024
Z (]
0.0E+00 T T T Y -0.002 T T T T 0.00+- T T T ™ T
2 -5 -1 05 05 S0 100 150 200 250 N (N A [ )
Vas/V Time/s SARS-CoV-2 S1/fg mL"!

Fig. 4. (A) I-V characteristics of CNT-FET device at each biochemical treatment steps. Source-drain current (Ips) versus gate voltage (Vg) characteristics of bare CNT-FET (black
line). After 2 mM PBASE modification and I-V characterstics of the CNT-FET (red line). SARS-CoV-2 S1 antibody immobilized CNT-FET surface (light blue) and SARS-CoV-2 S1
antigen drop (green line). The 100 fg/mL SARS-CoV-2 S1 was prepared in10 mM AA buffer of pH 6.0. All the transfer characteristics are measured under ambient conditions.
(B) Real time senror response characteristics after dropping increasing concentration (0.1, 1, 10, 100, and 5000 fg/mL) of SARS-CoV-2 S1 antigen. (C) Calibration curve after
normalizing biosensor response versus applied concentration of target SARS-CoV-2 S1 antigen. Fixed drain-source voltage (Vds = 0.5 V) and Vg = -1.5 V. Error bars represent
the standard deviation of three biosensor replicates. Each experiment was repeated a minimum of three times and typical results are shown.
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Recently, Seo et al. fabricated a graphene-based FET biosensor
for instant detection of SARS-CoV-2 spike S1 protein using mono-
clonal antibody immobilized, which had a LOD of 1 fg/mL [37].
The variation in LOD values of graphene and CNT-FET was due to
the varying amount of semiconducting graphene and CNT in the
device fabrication. Table 1 presents the data on SARS-CoV-2 detec-
tion by various biosensors reported in recent years. The summa-
rized parameters collected from the relevant publications as
shown in Table 1 include the analyzed biomarker target, LOD, mea-
surement range, time required for final result generation, and com-
pared with the results of this study on detection of SARS-CoV-2 S1.
Our biosensor is highly sensitive comparing with the other
reported biosensors. The sensitivity and time response of the
biosensor varies with the number of immobilized detecting anti-
bodies on the semiconducting CNT layer [38]. The dimension and
width of the S-D may be other parameters that are responsible
for the sensitivity of the biosensor [39].

4.7. Physiochemical properties of the SARS-CoV-2, SARS-CoV-1, and
MERS-CoV spike proteins

The SARS-CoV-2 S1 antigen is positively charged (pl = 8.27) [40],
and the SARS-CoV-2 S antigen is negatively charged (pl = 6.24) at
neutral pH [25]. Table 2 summarizes the physicochemical proper-
ties of the SARS-CoV-2, SARS-CoV-1, and MERS-CoV spike proteins.
The SARS-CoV-2 S1, SARS-CoV-1 S1, and MERS-CoV S1 antigens
carry a net charge of + 5, —8, and -7, respectively, at pH 7.0
(Table 2). Based on these data, it was concluded that the SARS-
CoV-2 S1 antigen carries more positive charge than the other two
antigens at neutral pH. The SARS-CoV-2 S1 antigen was prepared
in 10 mM AA buffer at pH 6.0. At this acidic pH, the antigen was
more protonated and carried a net charge of + 13. This increased
positive charge (+13) on the antigen strongly binds with the
SARS-CoV-2 S1 antibody and generates a strong Ips response.

4.8. Selectivity study of the CNT-FET biosensor

Practically, a biosensor should be not only sensitive but also
selective to a specific antigen. Selectivity is an important parame-
ter in immunosensor applications because of the complex compo-
sition of biomolecules. Therefore, to confirm the selectivity of the
CNT-FET biosensor, a control set of specific (SARS-CoV-2 S1) and
non-specific (SARS-CoV-1 S1 and MERS-CoV S1) antigens were
tested under identical experimental conditions. Fig. 5A shows the
normalized biosensor response of the tested antigens prepared in
10 mM AA buffer at pH 6.0. First, after running the test, at time
10 s, the 10 mM AA buffer was dropped to stabilize the Ips of the
CNT-FET biosensor. After Ips stabilization up to 50 s, the MERS-
CoV S1 antigen was loaded on the biosensor. After saturation of
the Ips signal, the SARS-CoV-1 S1 antigen was again dropped
(Fig. 5A). These negative control experiments provide strong evi-
dence that the no signal response of the CNT-FET biosensor reflects
a highly selective response against non-specific antigens that
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Table 2

Molecular weight (Mw), net charge, isoelectric point (pl), and comparative physio-
chemical properties of spike protein of SARS-CoV-2, SARS-CoV-1, and MERS-CoV.
Summarized values are predicted by online ProtParam tool (https://web.expasy.or:

protparam/) [45].

Properties SARS-CoV-2 SARS-CoV-1 MERS-CoV
Spike (S) protein, UniProt =~ PODTC2 P59594 AOA140AYZ5
ID
Spike protein sequence 1273 1255 1353
length
Molecular weight (kDa) 141.1 139.1 149.4
Spike (S1/S2) protein R685/S686 R667/S668 R751/S752
cleavage site
Spike protein net charge -7 -16 -17
S1 subunit net charge +5 8 -7
S2 subunit net charge -12 -8 -10
S protein isoelectric point  6.24 5.56 5.73
(pD)
S1 subunit isoelectric 8.27 5.67 5.98
point (pl)
S2 subunit isoelectric 5.25 5.45 5.46
point (pl)
RBD sequence length sequence sequence sequence
333-526 306-527 367-606
RBD net charge +2 +4 -3

Note: ProtParam tool does not consider post-translational modification in the
physiochemical parameter calculations. These estimated values should be followed
with caution.

reavels a non-specific binding. Immobilized anti-SARS-CoV-2 S1
recognized the target antigen, not the two tested non-specific anti-
gens (Fig. 5B). SARS-CoV-2 S1 antibodies binding with specific anti-
gens produced far greater changes in the Ips signal than the non-
specific antigens. For particular antigen-antibody pairs, the CNT
surface showed high electron transport properties compared to
the non-specific pairs. These findings show a reduced normalized
biosensor response by 8 to 9.5 % compared with specific antigen-
antibody pairs.

Saliva samples with and without SARS-CoV-2 S1 antigen were
tested. There was no significant change in Ips after dropping of
non-fortified saliva on the biosensor (Fig. 5C). Saliva without SARS-
CoV-2 S1 antigen showed a negligible response and did not show
binding with immobilized anti-SARS-CoV-2 S1. However, saliva with
SARS-CoV-2 S1 antigen showed a strong binding response with
immobilized anti-SARS-CoV-2 S1. The concentration-dependent
SARS-CoV-2 S1 fortified saliva was tested to see the biosensor
response. As shown in Fig. 5D the sensor response was dependent
on the SARS-CoV-2 S1 concentration present in the fortified saliva.
The sensor response was almost saturated at 4000-5000 fg/mL
SARS-CoV-2 S1 fortified saliva. These results indicate that the sensor
response data is very similar as discussed in section 4.6.

4.9. Reproducibility and reusability study of the CNT-FET biosensor

Furthermore, the reproducibility tests of each biosensor are
needed to characterize the parameters for practical applications.

Table 1

Performance comparison of previously developed biosensor for SARS-CoV-2 target biomarker, detection method, LOD, detection range, and time required to generate final test

result.
Biomarker Detection method LOD Detection range Detection time  Ref.
SARS-CoV-2 spike protein (S) CNT-FET 5.5 fg/mL 5.5 fg/mL to 5.5 pg/mL 2 min [25]
SARS-CoV-2 spike protein (S1) Graphene-FET 1 fg/mL 1 fg/mL to 10 pg/mL 5-8 min [39]
SARS-CoV-2 nucleic acid/SARS-CoV-2  Optical LSPR 0.22 pM 0.10 pm to 1.0 uM 15-20 min [41]

thiol-cDNA

SARS-CoV-2 spike RBD SWCNT intrinsically near-infrared (nIR) fluorescence  12.6 nM Not determined 5 sec [42]
SARS-CoV-2 spike protein (S) Graphite electrode functionalized with AuNPs-cys 229 fg/mL 1 pg/mL to 1 ng/mL 6.5 min [43]
SARS-CoV-2 spike protein (S) Tungsten diselenide (WSe;) based-FET 25 fg/uL 25 fg/uL to 10 ng/uL 2 min [44]
SARS-CoV-2 spike protein (S1) CNT-FET 412 fg/mL 0.1 fg/mL to 5.0 pg/mL  2-3 min This work
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Fig. 5. (A) Real-time biosensor response for selectivity test of target SARS-CoV-2 S1 and non-target SARS-CoV-1 S1 and MERS-CoV S1 antigens. Antigen concentration was
100 fg/mL, prepared in 10 mM AA buffer at pH 6.0. (B) Normalized response (Al/l,) of target SARS-CoV-2 S1 and non-target SARS-CoV-2 S1 and MERS-CoV S1 antigens. Error
bars represent the standard deviation of three biosensor replicates. Each experiment was repeated a minimum of three times and typical results are shown. (C) Normalized
real-time biosensor response (Al/l,) versus time characteristics after SARS-CoV-2 S1 non-fortified and fortified saliva dropping. The used antigen concentration in fortified
saliva was 100 fg/mL (D) Normalized real-time biosensor response (Al/l,) versus SARS-CoV-2 S1 antigen (0.1, 1, 10, 100, 1000, 2000, 3000, 4000 and 5000 fg/mL) fortified
saliva. Error bars represent the standard deviation of three biosensor replicates. Each experiment was repeated a minimum of three times and typical results are shown.
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Because reproducibility is one of the key factors that affecting the
practical application of electrochemical immunosensors. There-
fore, the reproducibility of fabricated CNT-FET biosensors from
three batches (1, 2, and 3) was tested under the identical experi-
mental condition by the SARS-CoV-2 S1 antigen dropping experi-
ment (Fig. 6A). The obtained results demonstrate that all tested
CNT-FET biosensors fabricated in all three batches exhibited very
similar SARS-CoV-2 S1 antigen responses. The relative standard
deviation (RSD) was estimated to be 2.65 % based on the generated
electrical signal of the twelve replicates of SARS-CoV-2 S1 fortified
saliva (Fig. 6A). Thus, these results indicate that fabricated CNT-FET
biosensors have stable and good reproducibility for antigen
recognition.

For the reusability experiment of CNT-FET-biosensor, SARS-
CoV-2 S1 antigen tested biosensor was washed 5 times with
0.01 x PBST to clean the bound SARS-CoV-2 S1 antigen with
anti-SARS-CoV-2 S1 and dried with N, gas blow. The MERS-CoV
S1, SARS-CoV-1 S1 and SARS-CoV-2 S1 antigens were tested and
the observed sensor response showing that after one use still fab-
ricated material was stable and not damaged in the washing pro-
cess. The normalized sensor response drop of SARS-CoV-2 S1 was
0.068, however in the reused biosensor the normalized sensor
response was 0.062 (Fig. 5A and 6B). Based on the comparison of
normalized sensor response (Fig. 5A and 6B), it was concluded that
the sensitivity of the biosensor was decreased by 8.82 % (Fig. 6B).
With less than 10 % of sensor response decrease, the regeneration
step was working quite well for the developed system. The biosen-
sor reusability response depends on the retained CNT-FET fabri-
cated materials and the biosensor offers 91.18 % retained or
higher sensing response.

5. Conclusion

We designed and successfully developed a very sensitive, selec-
tive, and quantifiable CNT-FET based antibody functionalized
biosensor for SARS-CoV-2 S1 antigen detection in buffer solution
and not in real samples. The biosensor was fabricated and operated
under the p-type channel depletion principle. The source-drain
metal electrodes were passivated by SU-8 photoresist to diminish
direct contact with applied antigen samples and prevent a short
circuit of the electrical components. The device showed excellent
semiconductor properties. The quick response of the antigen drop
confirms that source-drain semiconducting channels were quite
sensitive to the transfer of electrons during antigen-antibody
interaction. The CNT surface of the biosensor was modified by
PBASE linker molecules, and anti-SARS-CoV-2 S1 were immobi-
lized on the PBASE layer. The biosensing responses were rapid
(minutes) and produced reliable, reproducible results. Antigen-
specific concentration-dependent sensing response over a broad
range of concentrations (0.1 to 5000 fg/mL) was shown in the cal-
ibration experiments. The CNT-FET biosensor is highly sensitive
and able to discriminate SARS-CoV-2 S1, SARS-CoV-1 S1, and
MERS-CoV S1 antigens, indicating good selectivity to SARS-CoV-2
S1. The experimental data indicate that the biosensor can be a
good, low-cost biosensor for rapidly testing people for SARS-CoV-
2 infection that is easy to handle. Thus the developed biosensor
is inexpensive, simple, versatile, and easy to use, can be a proto-
type for SARS-CoV-2 S1 antigen detection and diagnosis of SARS-
CoV-2 infection.
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