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ABSTRACT: Rapid diagnosis of coronavirus disease 2019 (COVID-19) is key for the
long-term control of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
amid renewed threats of mutated SARS-CoV-2 around the world. Here, we report on an
electrical label-free detection of SARS-CoV-2 in nasopharyngeal swab samples directly
collected from outpatients or in saliva-relevant conditions by using a remote floating-gate
field-effect transistor (RFGFET) with a 2-dimensional reduced graphene oxide (rGO)
sensing membrane. REGFET sensors demonstrate rapid detection (<5 min), a 90.6%
accuracy from 8 nasal swab samples measured by 4 different devices for each sample, and
a coefficient of variation (CV) < 6%. Also, REGFET sensors display a limit of detection
(LOD) of pseudo-SARS-CoV-2 that is 10000-fold lower than enzyme-linked
immunosorbent assays, with a comparable LOD to that of reverse transcription-
polymerase chain reaction (RT-PCR) for patient samples. To achieve this,
comprehensive systematic studies were performed regarding interactions between

SARS-CoV-2 and spike proteins, neutralizing antibodies, and angiotensin-converting enzyme 2, as either a biomarker (detection
target) or a sensing probe (receptor) functionalized on the rGO sensing membrane. Taken together, this work may have an immense

effect on positioning FET bioelectronics for rapid SARS-CoV-2 diagnostics.

KEYWORDS: rapid COVID-19 tests, EET COVID sensors, SARS-CoV-2, reduced graphene oxide, nasal swab testing, saliva testing

B INTRODUCTION

home tests of RT-PCR as it does not require complex heating

Coronavirus disease 2019 (COVID-19), causing more than
700 million infections and over six million deaths as of
February 2023 (https:/ /covid19.who.int/), has neutralized
traditional containment measures such as the isolation of
symptomatic individuals via epidemiological surveillance due
to a large share of symptom-free but infectious carriers of
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2);"* indeed, SARS-CoV-2 affects all walks of our life. The
emergence of new variants in recent years poses renewed
threats to COVID-19 containment and to vaccine and drug
efficacy.” The post-COVID-19 era questions now how
consecutive exposures to different variants of virus shape
population immunity, thereby modulating following epidemic
cycles and disease burden.” The agenda definitely accompanies
essential needs of accurate but rapid diagnosis of COVID-19
over conventional diagnostic tests which fall into two main
categories: molecular tests such as reverse transcription-
polymerase chain reaction (RT-PCR) and immunoassays.””
RT-PCR, considered as the gold standard for SARS-CoV-2
diagnosis, directly detects RNAs of SARS-CoV-2 in nasophar-
yngeal and oropharyngeal swabs at central lab facilities.*”
Testing results can be delivered in 5 h to 2 days,'” which still
needs to be shortened. Reverse transcription loop-mediated
isothermal amplification (RT-LAMP), however, facilitates at-
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and cooling cycles for RNA amplification so that a reader
device can be hand-held and simpler.'' A small cartridge of
RT-LAMP that integrates all lab processes matches the central
lab, therefore, results in a high accuracy (>90%) measurement
in about 20 min.'* The cost per test, however, is too high for
regular-basis tests to track COVID-19; World Health
Organization (WHO) target product profiles for COVID-19
test kits suggest < $20 per test.' Also, molecular tests are
limited to identify individuals previously infected by SARS-
CoV-2 with some possibility in a false negative result if
respiratory specimens are contaminated, not properly collected
or if an individual is tested too early after exposure to the virus
or too late in their infection.'*

Immunoassays such as enzyme-linked immunosorbent assay
(ELISA) and lateral flow immunoassays (LFIAs) have gained
significant attention because they are cheaper and easier to
implement at the point of care (POC) or at-home tests as well
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Table 1. Summary of Sensing Parameters of SARS-CoV-2 Detection Platforms

Accuracy Time Cost Throughput Demand Reference
RT-PCR >90% A few hours Low High Clinical lab 9
RT-LAMP >90% <20 min High Low At-home test, POC 12
LFIAs 56.2% <5 min Low Low At-home test 18
Our work 90.6% <S min Low Low At-home test, POC N/A
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Figure 1. Schematic images of (a) infection process of SARS-CoV-2 mediated by the interaction between the viral SP and ACE-2 on the cell
membrane; NAbs that are responsible for defending cells from pathogens are made by B-cells in the bone marrow. (b) Schematic images of label-
free detection of SARS-CoV-2 using the REGFET with either NAb or ACE-2 probes on rGO sensing layers of the RFG; a SP probe on rGO was
also used for detection of NAbs. (c) Vy, and G,, levels of the RFGFET changed by different surface conditions on the RFG; all REGFETSs were
measured in the 1X PBS buffer solution using the same MOFEST and Ag/AgCl reference electrode.

as the ability to detect both antibodies and viral antigens. >~

Antibody tests identify a past infection and vaccination by
detecting neutralizing antibodies (NAbs) developed in
response to an infection in the blood. However, it takes a
long turnaround period to receive results as blood collected
from either a vein or a finger prick is transferred to medical
facilities. Antigen tests with a POC or at-home test setting
rapidly detect spike proteins (SPs) of the SARS-CoV-2 virus
collected from the nasopharynx, anterior nares, and saliva;
however, a Cochrane systemic review of 22 antigen test studies
found that accuracy, which measures how often a test correctly
gives a positive result when a person has the disease, varied
considerably from 0% to 94% with the average accuracy being
56.2%."° This is not enough at all for diagnostic purposes of
COVID-19. Indeed, there is a strong demand of a rapid
diagnostic tool that is low-cost, accurate, and easy to use at
home, as shown in Table 1.

From the early period of the pandemic, a few impressive
field-effect transistor (FET) sensors have introduced rapid and
direct detection of SARS-CoV-2 as a game changer.'” ™" Two-
dimensional (2D) materials such as graphene, reduced
graphene oxide (rGO), and MoS, with a high surface-to-
volume ratio are proven to be highly sensitive to binding
interactions between SARS-CoV-2 and receptors function-
alized on 2D materials.'”*® The FET sensors not only
eliminate the multiple laboratory steps to amplify RNA or to
immobilize the specialized reagents or enzymatic labels but
also offer low-cost production, rapid detection (<1 min testing
time), and a higher sensitivity than any of the conventional
immunoassays and RT-PCR.**™*’

Such a high sensitivity from 2D FET sensors particularly
creates a great value proposition for the saliva testing approach
at POC, which is simpler, faster, and easier to collect samples
than nasopharyngeal swabs and blood. Despite the outstanding
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performance of FET sensors, none of the COVID-19 FET
sensors has been approved by the Food and Drug
Administration (FDA) for emergency use so far. An underlying
challenge mainly stems from a lack of device reliability,
reproducibility, and adequate control over the manufacturing
quality of 2D semiconductors for large-scale production.”*™*°
The success of COVID-19 FET sensors depends on how
reliable and stable sensors can be achieved for mass
production. In our previous work, a remote floating-gate
(RFG) structure proposed for a 2D rGO layer eliminates non-
reliable behaviors of solution interfacial properties remaining in
a high surface-to-volume ratio at the sensing zone.”” To be
specific, the RFG structure enables to avoid any undesirable
effects from interface traps, defects, and redox reactions of 2D
rGO sensing membrane, which produces a high yield of signal
and reproducibility.

In this paper, we report on a direct label-free detection of
SARS-CoV-2 in nasopharyngeal swab samples collected from
outpatients by utilizing rGO RFGFETs. We observed a 90.6%
accuracy of SARS-CoV-2 from 8 deidentified nasopharyngeal
swab sample tests, which were measured by 4 different devices
for each sample; half of 8 nasal swab samples had been tested
as positive and negative by RT-PCR while two nasal swap
samples tested as positive had extremely low viral loads with
cycle threshold (CT) values of 34 and 37 that are close to the
detection limit of RT-PCR (CT = 40). The coefficient of
variation (CV) of our raw electrical signals was <6%; CV value
is a statistical measure of the relative dispersion of data points
in a data series around the mean. For potential applications of
our sensing platform for saliva tests, we also demonstrated the
detection of pseudo-SARS-CoV-2 diluted in artificial saliva.
NAD probes functionalized on rGO for detection of pseudo-
SARS-CoV-2 revealed a sensing response at 3.2 mV/dec, a
limit of detection (LOD) of 5 X 107> TU/ml in artificial saliva,
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which is 10°x lower than that of ELISA performed in PBS
buffer condition (50 TU/ml), and a CV < 5%. A sensing
response of 5.3 mV/dec was shown for spike protein (SP) of
SARS-CoV-2 in artificial saliva, with a LOD of ~pg/mL and a
CV < 3%.

We also characterized interactions between SP, NAb,
angiotensin-converting enzyme 2 (ACE-2), and SARS-CoV-2
in phosphate-buffered saline (PBS) solutions, as either a probe
or a biomarker. NAb probes for SP showed a sensing response
of 6.5 mV/dec and a LOD of ~pg/mL while ACE-2 probes
showed a slightly reduced sensing response (4.7 mV/dec) with
a LOD of ~pg/mL but a lower CV < 2% than the NAb probe.
SP probes to capture NAbs presented a sensing response of 6.7
mV/dec with an order of magnitude lower LOD (subpicogram
per ml) than the reciprocal arrangement. This performance
was accomplished through highly reliable REGFETs with 2D
rGO layers, enabling insignificant intrinsic device-to-device
variations (CV < 2%) regardless of thicknesses of rGO and
contact areas of media on the rGO.

B RESULTS AND DISCUSSION
RFGFET Detection Platform. SARS-CoV-2 gains entry

into target cells via an initial binding interaction between the
SP and the ACE-2 receptor on the host cell surface, followed
by viral fusion and entry (Figure 1a).”" NAbs are responsible
for defending cells from pathogens such as SARS-CoV-2,
which are produced naturally by the body as part of its immune
response against infections or vaccinations. NAb and ACE-2,
functionalized on multilayer rGO sensing layers on the RFG
(Figure 1b), are ideal probes for label-free detection of SARS-
CoV-2 in patient specimens. Likewise, SP is used as a probe for
the detection of NAb to identify a past infection and the
efficacy of a vaccine.

Major technical hurdles of 2D FET biosensors include a
non-reliable charge transport of the 2D FET transducer caused
by non-uniform distributions of 2D materials, defects, and
interface traps over the substrates; the solution environment
on top of 2D FETSs adds up additional uncontrollable variables
such as redox reactions and ion diffusion.”” The other
reliability issue is also provoked by non-specific binding
occurring in the FET sensing system, which is especially critical
for 2D FETs as non-specific binding signals are also amplified
by a high surface-to-volume ratio of 2D materials. Taken
together, a low yield of sensitivity and thus a poor reliability of
2D FET biosensors are true pain points for market products of
COVID-19 diagnostics.

An origin of instability such as drifts and hysteresis in 2D
FET sensors (Figure S1) stems from a current flow over 2D
materials, which is a source of energy to activate undesirable
factors in 2D materials such as defects and interface traps. The
RFG structure proposed for multilayer rGO (Figure 1b),
however, blocks current flows over rGO during operations
(Figure S2) due to a high input impedance on the gate section
and enables a high surface-to-volume ratio of 2D rGO layers
(<4 nm, Figure S3) as being isolated by a SiO, insulator and
confined on a solution interface only; i.e., rGO layers on the
RFG are capacitively coupled to the gate of metal-oxide-
semiconductor FET (MOSFET). For our REGFET design, the
gate input impedance of the MOSFET was at least 100 times
higher than that of the RFG structure (Figure S4). This
enables the threshold voltage (Vy,) of the REGFET to be an
independent variable from the impedance of RFG modules
such as the thickness of SiO, and rGO (Figure 1c) and contact

areas of a media solution on the RFG (Figure SS) so that the
Vy, of the REGFET reflects intrinsic electrochemical properties
of the FG surface. This RFG configuration is a key for high
reproducibility in characterization of intrinsic electrochemical
properties of rGO shown in Figure Ic.

To be specific, the MOSFET without connecting to the
RFG has V,, (1.55 V) and transconductance (G,,) (63 uS),
which is highly stable over repeating measurements (Figure
S6). It is noted that 63 uS is a maximum G,, that could be
shown for our REGFET setup if the solution interface on the
RFG is highly conductive. The Vy, of the MOSFET increases
up to 1.87 V when non-conductive SiO, and (3-aminopropyl)-
trimethoxysilane (APTMS)/SiO, surfaces are added on the
RFG (Figure 1c); G,, of the MOSFET (63 uS) decreases
down to 61.3 and 60.3 uS for SiO, and APTMS/SiO,,
respectively. The increase in Vy, is mostly attributed to the
addition of the electrode potential of the Ag/AgCl reference
electrode (¢, 0.316 V). As rGO nanosheets were deposited
on non-conductive APTMS/SiO, substrates by spin-coating
the 0.1 mg/mL GO solution, Vy, dramatically decreased (1.47
V) while increasing G,, (61.6 uS) (Figure 1c); the reduction in
Vy, is due to supplies of positive charges on the RFG solution
interface from rGO networks including a large number of hole
carriers. Saturation in Vy, and G,, occurs near 1.38 V and 62.9
uS, respectively, by increasing concentrations of a spin-coating
solution from 0.1 to 0.6 mg/mL or introducing full coverage of
multilayers GO over the APTMS/SiO, surface using a heat-
assisted drop-casting method.”

Interestingly, the Vi, of highly thick rGO layers (ca. 2.5 pm,
Figure S7) made by drop-casting even showed a similar level of
Vg (1.39 V) to those of multilayer rGO (1.38 V). This is
because the MOSFET recognized them as the same rGO
interfaces regardless of the thickness of rGO on the RFG due
to the input impedance of the MOSFET 100X higher than the
RFG. This led to a promising way to characterize intrinsic
interfacial potentials of the RFG surface independent of
phyiscal properties of rtGO on the RFG. Likewise, contact areas
of a testing solution on rGO interfaces had no effects on Vi,
levels of the REGFET, while V, was only influenced by surface
potential changes due to varying pH (Figure SS). As a result,
the Vy, of REGFETs of pristine multilayer rGO was highly
uniform and reproducible with a low CV < 2% which was
calculated from raw Vy, values of 8 devices (Figure S8).

The Vy, of rGO RFGFET further responded to biomolecules
functionalized on the surface of the pristine rGO (Figure 1c).
Bovine serum albumin (BSA) on multilayer rGO as a blocking
layer (no probe) slightly increased Vy, (1.43 V) and decreased
G,, (62.7 uS) relative to those of pristine multilayer rGO (Vy:
1.38 V, G,: 62.9 uS). This indicates that binding non-
conductive BSA on rGO screened positively charged,
conductive rGO surfaces. The RFGFETs produced similar
levels of Vi, and G,, to those of BSA-blocked rGO (no probe)
after adding probes of ACE-2 and NAb on rGO with BSA
blocking. Overnight incubation of BSA, however, significantly
increased Vy, close to those of SiO, and APTMS/SiO, with a
distinguishable reduction in G,. This implies that immobilized
BSA protein layers mostly shielded the charged rGO surfaces.

Detection of SARS-CoV-2 in PBS. Before clinical sample
testing, we performed a systematic analysis on interactions
between SP, NAb, and ACE-2 in a controlled buffer condition
such as 0.05x PBS (pH 7.4). Addition of SPs on NAb probes
induced additional positive charges”® on the rGO surface
(Figure 2a); AVy, was calculated as a difference in Vy, at a
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Figure 2. (a) AVy, of rGO with NAb or SP probes vs concentrations of SP or NAb in PBS, respectively. ELISA signals (NAb probes on rGO
substrates vs SP) were compared. (b) AV, and CV value of rGO with ACE-2 probes vs concentrations of SP in PBS. (c) AVy, of rGO with NAb
probe or pristine rGO vs concentrations of pseudo-SARS-CoV-2 in PBS; ELISA measurements performed on a standard well plate and rGO
substrates were compared. (d) AVy, of pristine rGO vs concentrations of SP, BSA, and NADb, respectively, and AV, of BSA-blocked rGO vs SP. (e)
AVy, of rGO with NAb probes vs concentrations of SP in artificial saliva mixture. (f) AVy, of rGO with NAb or ACE-2 probes vs concentrations of
pseudo-SARS-CoV-2 in artificial saliva mixture and AV of BSA-blocked rGO or pristine rGO vs concentrations of pseudo-SARS-CoV-2 in

artificial saliva mixture.

concentration of each analyte and a baseline Vi measured in
the pure PBS prior to injections of analyte on the RFG. A
sensing response of SP was measured to be 6.5 mV/dec in a
range from 34 fg/mL to 340 ng/mL (R2 of 0.97) over 6
samples (75% yield out of total 8) with the LOD at ~a few pg/
mL; we defined the LOD at the concentration of SP showing a
clear signal in AVy which was distinguishable from the
maximum fluctuation in controls (ca. 10 mV), which will be
discussed later in Figure 2d. CV of raw Vy, levels for each
concentration was less than 8% (Figure S9). ELISA performed
on NAb-functionalized rGO substrates processed identically to
the REGFET showed 3 orders of magnitude higher LOD (~a
few ng/mL). SP probes reciprocally used for detection of NAb
displayed a sensing response of 6.7 mV/dec in a range from
100 fg/mL to 100 ng/mL over 8 samples (80% yield out of
total 10) with an order of magnitude lower LOD (subpg/mL)
than the reciprocal arrangement (Figure 2a). Possibly, there is
a smaller size of SP (26.54 kDa) than NAb (150k kDa) as
probes mitigated Debye length issues or gave rise to higher
probe densities on the rGO surface, which resulted in a lower
LOD and a higher sensing response. On the other hand, ACE-
2 probes presented a slightly reduced sensing response of 4.7
mV/dec (R* of 0.985) over 8 samples (88% yield out of total
9), compared to NAb probes, but with a wider dynamic range
from 50 fg/mL to S pg/mL and higher uniformity in Vi
signals (CV < 2%) (Figure 2b). This is possibly because ACE-
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2 has better orientations and uniformity at the rGO surface.
Nonetheless, the LOD is at ca. 10 pg/mL due to its lower
sensitivity and non-specific signals (Figure 2d), which could be
further improved once background noise signals were sup-
pressed. In order to increase the signal-to-noise ratio, NAb
probes were routinely used for the following sections.

Using the NAb probes on the rGO surface, pseudo-SARS-
CoV-2 was detected in 20 uL of PBS (Figure 2c). The
sensitivity over background noises (ca. 10 mV) is measured to
be 2.9 mV/dec (R* of 0.914) in a range from S X 107 to § X
10° TU/ml over 4 samples (80% yield out of total 5) with the
LOD of § X 107 TU/ml We compared ELISA results in
Figure 2c using the same NADb probe for both standard well
plate and rGO substrates. The LOD of ELISA performed on a
standard well plate and rGO substrates (0.5 by 0.5 cm) was
obtained at 50 and 500 TU/ml from 20 and 10 ul pseudo-
SARS-CoV-2 dispersion, respectively. Such low LOD values
from both REGFETSs (S X 10~ TU/ml) and ELISA (50 TU/
ml) are possibly affected by detection of fragments of spike
proteins in dispersion or inactive viral particles remaining in
dispersion that cannot transduce cells. Nonetheless, our
REGFET showed a maximum of 10*X lower LOD of pseudo
SARS-CoV-2 in PBS for the same setup than ELISA, which
agrees well with the results in Figure 2a.

Pristine rGO layers (no probe and blocking layer) showed a
negative shifting trend in AVy, with increasing concentrations
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Figure 3. (a) Schematic images of a protocol for COVID-19 tests using the RFGFET. (b) AVy, distributions and CT values of rGO with NAb
probes vs samples that have previously been tested as positive or negative. (c) CV calculated from raw Vy, data of Figure 3b.

of pseudo-SARS-CoV-2 on pristine rGO layers. This is
attributed to a strong non-specific binding between rGO and
pseudo-SARS-CoV-2 due to hydrophobic interactions, which
will be discussed further in Figure 2d.

A similar negative shifting trend in AV, was shown over
pristine rGO layers in contact with diverse types of proteins
such as SP, BSA, and NAb (Figure 2d). This reaction typically
accompanied reductions in G,, (Figure S10a). This RFGFET
characterization suggested that there was a formation of a non-
conductive interface on rGO by non-specific protein binding
on rGO surfaces via hydrophobic bonding. It is noted that a
specific binding signal in Figure 2a had no changes in G,
(Figure S10b), indicating the specific signal was triggered by
changes in surface potentials resulting from interactions
between receptor and analyte. This result highlights the
importance of a blocking layer for FET sensors. However,
BSA-blocked rGO layers (no probes but BSA incubation on
top of the 1-pyrenebutanoic acid succinimidyl ester (PBASE)
linker on rGO surface) also had non-specific binding signals
but with a slight positive shifting trend in AVy, (Figure 2d),
without G, loss (Figure S10b). It is possibly attributed to the
active PBASE linker on rGO to functionalize probes even after
binding probes and BSA on rGO. We defined a maximum
positive shift in AVy (ca. 10 mV) in Figure 2d as the
maximum background noise level of the RFGFET to
determine the LOD. The LOD of our REGFET can be
lowered if this noise level is reduced by using different types of
blocking layers such as polyethylene glycol (PEG).*>**

Detection of SARS-CoV-2 in Artificial Saliva. For the
potential saliva testing approach of our sensing platform, we
demonstrated detection of SP (Figure 2e) or pseudo-SARS-
CoV-2 (Figure 2f) in artificial saliva mixed with PBS. PBS in
this mixture plays a role of fixing the pH of testing media at pH
7.4 (Figure S11). Controlling the pH of testing media solution
is especially important for FET sensing platforms as the pH of
patients’ saliva varying in a range from 6.2 to 7.6 could affect
surface charges of proteins on sensing surfaces. A reduced SP
sensing response (5.3 mV/dec in a range from 500 fg/mL to §
ug/mL with an R* of 0.98) was shown from artificial saliva
(Figure 2e), compared to those in PBS (6.5 mV/dec, Figure
2a), possibly due to a reduced Debye length by highly
concentrated ions in artificial saliva. The LOD in this condition
is at a few pg/mL and CV is <3%.

Pseudo-SARS-CoV-2 tests in the same saliva mixture
showed a sensitivity of 3.2 mV/dec (R* of 0.94) in a range
from 5 X 10™* to § X 10° TU/ml over 4 samples (100% yield

out of total 4) in Figure 2f; an insignificant difference in
sensing behavior is shown for two different probes such as
NAb and ACE-2. BSA-blocked rGO (no probes) showed
positive shifting of Vy, in response to increasing concentrations
of pseudo-SARS-CoV-2 in artificial saliva at a maximum of 12
mV, which is the maximum level of background noise in this
system. According to this criterion, the LOD was calculated at
§ X 107> TU/ml, which is 10 times higher than those in PBS
(Figure 2c). The LOD in artificial saliva is still 10> X lower
than that of ELISA performed in PBS (50 TU/mL). Pristine
rGO showed negative shifting in AV, due to non-specific
binding between rGO and protein surfaces, as was the case in
Figure 2d.

Detection of SARS-CoV-2 in Real Patient Nasophar-
yngeal Swab Samples. Finally, deidentified clinical samples
collected from outpatients at a clinical testing facility were
tested with the protocol in Figure 3a. We prepared 12
nasopharyngeal swab samples (Figure 3b, Figure S13) in total
that had been received in a 10 mL commercial universal
transport medium; half of them had been tested as positive and
negative by RT-PCR, respectively. Each nasopharyngeal swab
was immersed in 100 yL (Figure 3b) or 1 mL of 0.05X PBS
(Figure S13) for 2 min to transfer virus particles into PBS with
a controlled pH at 7.4. Before injecting testing samples on the
devices, the rGO surface on the RFG was stabilized under the
pure 0.05X PBS to set a baseline of the measurement system.
After stabilization, another pure 0.05X PBS solution was added
to the RFG surface to double check if the baseline is
maintained. After washing the surface with 0.05X PBS, 20 uL
of the testing samples prepared above were injected into the
RFG with NAb-functionalized rGO. Each rGO device was
measured 20 times within S min. AV, was calculated at a
difference between Vy of each sample and a baseline Vi,
measured in a pure PBS prior to injections of samples.

Figure 3b shows AV, distributions of REGFET's measured
from 8 nasopharyngeal swab samples (half tested positive and
negative, respectively) which were diluted in each 100 L PBS.
Each test sample was measured by 4 different rtGO devices;
distributions of raw data of AVy, are shown in Figure S12. The
baseline fluctuated in a range from —3 to 3 mV over all devices.
Samples tested as positive displayed positive AVy, levels in a
range from 23 to 84 mV over all tests (Figure S12); this
positive AVy, corresponded to signals of SP (Figure 2a, 2e)
and pseudo-SARS-CoV-2 (Figure 2c) on NADb probes. Clear
sensing signals were even obtained from samples that had low
viral loads (CT values: 34 and 37, which are close to the
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detection limit of RT-PCR at CT 40). However, AVy, signals
were not proportional to CT values yet due to possible
randomized concentrations of SARS-CoV-2 by additional
transportation of patient nasal swab samples to PBS as
shown in Figure 3a.

In contrast, AVy, levels of samples tested as negative mostly
displayed negative AVy, or partially small positive AV, in a
range from —41 to 24 mV (Figure S12); herein, the maximum
positive AVy, (24 mV) out of 16 negative testing devices was
defined as a maximum background noise level of this system.
The accuracy of the REGFET was estimated to be 90.6% over
the total 32 testing devices, which was calculated as the rate of
RFGFETs to show distinguishable SARS-CoV-2 signals from
the maximum background noise levels (24 mV); 3 testing
results out of 32 revealed AVy, near the noise level at 24 mV
(Figure S12). Moreover, CV calculated from raw Vy, values for
each sample (not AVy) is less than 6% (Figure 3c), implying
that our sensing signals are highly reproducible even for clinical
sample testing. Four more nasopharyngeal swab samples (half
tested positive and negative, respectively) were diluted in 1 mL
PBS solution instead of a 100 L PBS in order to investigate
influences of dilution ratio on electrical RFGFET signals
(Figure S13a). A similar detection trend was shown for this
condition but overall levels of AV, are much lowered than
those in Figure 3a. Accuracy of this case was measured to be
62.5% over the total 8 devices due to highly diluted conditions
for nasopharyngeal swab samples.

B CONCLUSION

The emergence of new variants of SARS-CoV-2 in recent years
put more concern on a potential increase in virulence,
transmissibility, hospitalizations, and reinfections, all of which
largely put stress on healthcare resources and potentially lead
to more deaths. Viruses endlessly mutate over time and rapid
diagnosis of COVID-19 is key for the long-term control of
SARS-CoV-2. Central lab tests are inappropriate for a rapid
diagnostic purpose; current at-home tests are either not
sensitive enough (LFIAs) or too expensive (RT-LAMP). We
demonstrated a rapid (ca. S min testing time) and direct
detection of SARS-CoV-2 from both nasopharyngeal swab
samples directly collected from outpatients and saliva-relevant
media by using an rGO-based RFGFET. Our testing results
show 90.6% accuracy and high reproducibility in signals (CV <
6% calculated from raw Vy, data) from clinical sample tests
despite additional dilutions of nasal swab samples. This
additional transportation process could be omitted if the
nasal samples are directly collected in PBS buffer solution at
pH7.4. Also, the RFGFET has a high device yield (>75%) for
all detection work due to structural advantages of the RFG
proposed for 2D rGO sensing layers. This overcomes chronic
and main issues of FET sensors for market products such as
non-uniform electrical characteristics, irreproducibility, low
yield, and device instability. This platform may have an
immense effect on positioning FET bioelectronics in a clinical
setting for COVID-19 detection.

B EXPERIMENTAL METHODS

RFG Module Fabrication. The cleaned 4-in silicon wafer with a
300 nm-thick SiO, was treated with an oxygen plasma for 5 min at
250 W under an O, flow rate of 10 sccm in order to introduce
hydroxyl groups on SiO, surfaces. The wafer was fully immersed and
incubated in a $% APTMS (Sigma-Aldrich, 281778) solution
dissolved in ethanol (Sigma-Aldrich, 459836) for 2 h. After washing

the surface, the wafer was heated at 120 °C for 20 min. GO solutions
of 0.24 mg/mL were prepared by dispersing GO (ACS Material,
7782-42-5) in deionized water aided by ultrasonication for 20 min.
Sixteen ml of 0.24 mg/mL GO solution was drop-casted over the
entire area of a 4-in wafer and then baked at 120 °C for 1 h to obtain
multilayer GO on APTMS-treated SiO, surface. The GO/APTMS/
SiO, wafers were sliced to 1 X 2 cm?® for the REG module. The
postannealing of the RFG module was performed using a horizontal
furnace for S min under an argon gas environment, with a
temperature of 400 °C. The fabricated rGO RFG modules were
fully immersed in a 10 mg/mL 1-pyrenebutyric acid N-hydrox-
ysuccinimide ester (PBASE) (Santa Cruz Biotechnology, 114932-60-
4) diluted in dimethylformamide (DMF) for 2 h. After washing the
rGO surfaces by DMF, 250 ug/mL SARS-CoV-2 NAb (Sino
Biological, 40592-MMS7) was incubated on the rGO surface for at
least 2 h. Sequentially, a 10 mg/mL BSA solution dissolved in 1X PBS
was added for at least 2 h. The SARS-CoV-2 SP (Sino Biological,
40592-V08B) was diluted in 0.05 X PBS to concentrations of 34 fg/
mL to 3.4 ug/mL for testing media. Also, SP was diluted in a mixture
of solution between 0.05X PBS and artificial saliva (Fisher Scientific,
NC1873811) with a ratio of 20:1 to concentrations of 500 fg/mL to S
pug/mL for testing media. The initial pH of the artificial saliva was 6.
Pseudo SARS-CoV-2 purchased from Integral Molecular was diluted
in 0.05X PBS or artificial saliva mixture in a range from S X 107 to §
X 10° TU/ml. Twelve deidentified nasopharyngeal swab samples were
received in a commercial universal transporting media from the
University of Chicago Medicine. The clinical samples (nasophar-
yngeal swabs) used in this study (Figure 3) were collected from
human subjects as part of registered protocols approved by the
Institutional Review Board of UChicago Medicine. Six nasophar-
yngeal swab samples were previously tested as positive by RT-PCR.
The remaining specimens were tested as negative. Each nasophar-
yngeal swab was immersed in either 100 yL or 1 mL of 0.05X PBS for
2 min as the testing media solution.

ELISA Protocol. The standard sandwich ELISA was performed in
a new 48-well plate. For ELISA of the RFG, the antibody-conjugated
rGO substrates sliced to 0.5 X 0.5 cm* were placed on a new 48-well
plate. Each well plate and RFG sensing membrane was functionalized
with 250 pug/mL NADb with a BSA blocking layer and was washed
gently three times with 1X PBS including 0.05% Tween 20. To block
non-specific binding and reduce the background of the well plate, a
500 uL of 1X assay diluent buffer was added per well and incubated at
RT for 1 h with shaking at 300 rpm on a plate shaker. For the ELISA
of SP (Sino Biological, 40592-V08B), a 500 uL SP solution prepared
in 1X assay buffer with different concentrations was incubated on
each well and rGO RFG, respectively, for 2 h under 300 rpm at room
temperature for detection of SP. A SP solution of 20 and 10 yL was
placed for each well and rGO RFG, respectively. For the ELISA of
pseudo-SARS-CoV-2 (Biolegend), SO0 uL of SP pseudo-SARS-CoV-2
prepared in 1X assay buffer with different concentrations was
incubated on each well and rGO RFG, respectively, for 2 h under
300 rpm at room temperature for detection of pseudo-SARS-CoV-2.
A pseudo-SARS-CoV-2 solution of 20 and 10 L was placed for each
well and rGO RFG, respectively. After gently washing each well and
rGO RFG three times with 1X PBS including 0.05% Tween 20, S00
uL of anti-SARS-CoV-2 avidin-HRP (Biolegend) or S00 uL anti-
SARS-CoV-2 spike-HRP (Abcam) diluted 1000 times in 1X assay
buffer was incubated for 30 min with 300 rpm shaking under room
temperature for detection of SP and pseudo-SARS-CoV-2, respec-
tively, then gently washed five times using 1 X PBS including 0.05%
Tween 20. The samples were soaked in the buffer for 30 s during each
wash. Then, a 250 uL 3,3',5,5'-tetramethylbenzidine substrate was
further added into each well and incubated for 30 min under dark.
Finally, a 100 uL stop reagent (2N H,SO,) was added, and the
resulting solutions in each well were transferred to another new 96-
well plate for measurement. The absorbance values were read at 450
and 570 nm using a microplate reader (Epoch, BioTek). Each point of
ELISA data in Figure 2a and 3c is an average of at least four values.

Electrical Measurement System. A commercial MOSFET
(CD4007UB) was used as a transducer to investigate the fabricated
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RFG module. A 20 yL testing media solution prepared above was
placed on the RFG module. An Ag/AgCl reference electrode
contacted the testing media solution in order to apply the gate bias
in a range from 0 to 5 V for all measurements. A n-type MOSFET was
chosen as a transducer and used over all measurements consistently.
All transfer curves were measured using a Keithley 4200A semi-
conductor analyzer with a drain voltage set at S0 mV, and the gate
voltage remained in the double-sweep mode. Transfer curves of the
RGFET were repeatedly measured for 20 cycles under each testing
media solution. Each solution was removed by pipetting after each
measurement. The V,; was calculated as the gate voltage
corresponding to a drain current of 1 pA on each transfer curve.
The G,, of each RGFET was calculated at its maximum value. Each
AVy, point was obtained from the last point of AVy in quasi-
equilibrium for 20 measurements (S5 min testing time) at each
concentration.
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