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ABSTRACT: Rapid screening of infected individuals from a large population
is an effective means in epidemiology, especially to contain outbreaks such as
COVID-19. The gold standard assays for COVID-19 diagnostics are mainly
based on the reverse transcription polymerase chain reaction, which
mismatches the requirements for wide-population screening due to time-
consuming nucleic acid extraction and amplification procedures. Here, we
report a direct nucleic acid assay by using a graphene field-effect transistor (g-
FET) with Y-shaped DNA dual probes (Y-dual probes). The assay relies on Y-
dual probes modified on g-FET simultaneously targeting ORF1ab and N genes
of SARS-CoV-2 nucleic acid, enabling high a recognition ratio and a limit of
detection (0.03 copy μL−1) 1−2 orders of magnitude lower than existing
nucleic acid assays. The assay realizes the fastest nucleic acid testing (∼1 min)
and achieves direct 5-in-1 pooled testing for the first time. Owing to its rapid,
ultrasensitive, easily operated features as well as capability in pooled testing, it holds great promise as a comprehensive tool for
population-wide screening of COVID-19 and other epidemics.

■ INTRODUCTION

Coronavirus disease 2019 (COVID-19) is an infectious disease
caused by severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2).1−3 The high transmission rate and high
proportion of asymptomatic infections have led to the
evolution of a global pandemic.4 With the spread of variants
and the slow promotion of the vaccinations in many areas of
the world, there is an urgent, massive, and worldwide demand
for a comprehensive assay method to rapidly and accurately
identify and isolate infected individuals from a large
population, so as to curb the transmission of SARS-CoV-2.5−7

Currently, there are two types of COVID-19 diagnostic
methods, serological and viral nucleic acid tests.2,4 Serological
tests, which directly detect antibodies or antigenic viral
proteins, can obtain results rapidly.8,9 In most cases, they can
correctly detect only one-half to three-quarters of infections
with false negative results, especially when testing presympto-
matic or asymptomatic individuals.6 Nucleic acid tests include
quantitative reverse transcription polymerase chain reaction
(qRT-PCR),10−13 isothermal amplification,14−21 clustered
regular ly interspaced short pa l indromic repeats
(CRISPR),22−25 etc., and are more accurate. Among them,
qRT-PCR has been regarded as a gold standard for COVID-19
diagnoses and detects trace amounts of viral nucleic acids.
Nevertheless, existing nucleic acid tests normally require
extraction and amplification procedures, which need skilled

operators, specialized facilities, dedicated laboratories, and a
long reaction time, up to 2−4 h.26,27 Screening tests have
different purposes and demands from COVID-19 diagnoses.
The screening tests should be accurate while having greater
demands on the speed of reporting and the frequency of
testing.28,29 To improve the efficiency of nucleic acid tests in
large-scale screening, researchers pool (or combine) samples
and test them together.30,31 However, the nucleic acid pooled
testing leads to the “dilution” of the infected specimen(s) and
increases the possibility of false negative results. To ensure the
accuracy, the pooled testing needs more amplification cycles.
Therefore, existing serological and nucleic acid testing methods
fail to simultaneously meet the demands of COVID-19
screening in diagnostic accuracy and testing speed, which is
not conducive to epidemic prevention and control.
As a promising assay platform, field-effect transistors (FETs)

achieve detection of trace biological analytes by monitoring the
changes in the conductivity of the semiconductor channel,
which are originated from chemical or physical perturbations
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relating to specific interactions between recognition elements
and analytes.32−35 After being functionalized with DNA probes
as the recognition element, the FET biosensing platforms have
great potential in nucleic acid testing for epidemic screening,
owing to advantages such as rapid response, efficient signal
transduction, label-free detection, easy operation, high
integration, and portability.36−47 However, the routinely used
flexible single-stranded DNA (ss DNA) probes are inclined to
undergo undesired aggregation and entanglement at the
sensing interface of the conducting channel, resulting in the
inactivation of the ss-DNA probes and influencing the
sensitivity.48,49 Thus, in the nucleic acid assay, the detectable
concentration of DNA probe-based FET biosensors rarely
reaches the aM (1 aM = 10−18 M) level,38,47 equivalent to ∼60
copies in 100 μL. In the case of COVID-19 testing, SARS-
CoV-2 nucleic acids have a genomic sequence up to ∼30
kilobases.3 They easily form complicated secondary con-
formation structures, which limit the accessibility of ss-DNA
probes to the target sequence. In view of the above reasons as
well as low viral load in real-world samples,50 the ss-DNA
probe-modified FET sensors lack the sensitivity for an
unamplified COVID-19 nucleic acid assay. Direct SARS-
CoV-2 nucleic acid testing is still absent in clinical applications.
Herein, we report a direct SARS-CoV-2 nucleic acid

detection assay by using a graphene field-effect transistor (g-
FET) with Y-shaped DNA dual probes (Y-dual probes).
Owing to the synergy effect of the two probe sites
simultaneously targeting the ORF1ab and N gene regions, g-
FET biosensors have a higher recognition ratio toward SARS-
CoV-2 nucleic acids with a limit of detection (LoD) down to 3
copies in 100 μL of testing solution. This assay avoids nucleic
acid extraction and any polymerase chain reaction or other
reaction-based amplification, achieving high sensitivity and
rapid testing simultaneously. In the case of nasopharyngeal
swab samples, a direct nucleic acid assay is realized even when
the samples have low viral load with a cycle threshold (Ct)

value up to 40.4. The average diagnostic time reaches ∼40 s,
1−3 orders of magnitude faster than existing technologies of
nucleic acid assays. Owing to the ultrahigh sensitivity, Y-dual
probe g-FET biosensors correctly identify positive samples in
5-in-1 pooled testing without amplification, appropriately
matching the demands of wide-population screening of
epidemics such as COVID-19.

■ RESULTS AND DISCUSSION

Y-Dual Probe g-FET Biosensors. The workflow of a
direct SARS-CoV-2 nucleic acids testing assay is illustrated in
Figure 1a. The Y-dual probe is one-step assembled from three
DNA single strands (S1, S2, S3, Table S1) in Tris-EDTA (TE)
buffer and consists of two built-in capture probes extended
from S1 and S2. The Y-dual probe includes two different
embedded probes (probe A and probe B) that target the
ORF1ab gene (nt 13377−13404) and N gene (nt 28934−
28953) regions of SARS-CoV-2 nucleic acid, respectively
(Figure 1b). Formation of the Y-dual probe is verified by 10%
native polyacrylamide gel electrophoresis, showing the
expected gel mobility (Figure S1).
The device is configured as a liquid-gated FET with a PDMS

chamber on a chemical-vapor-deposited graphene channel
(Figure 1c). The dimensions of the channel sensing area are 30
× 60 μm2 (Figure 1d). The Y-dual probes are anchored on the
graphene via the linker molecule 1-pyrenebutanoic acid
succinimidyl ester (PASE) through noncovalent π−π inter-
actions and N-hydroxysuccinimide cross-linking reactions
(Figure S2).36,37,51 To confirm that the graphene surface is
chemically functionalized successfully with PASE, we measure
Raman spectra of the pristine and PASE-modified graphene
(Figure S3c). There are two major peaks (the G and 2D
peaks) in the spectrum of pristine graphene. Compared with
the G peak, the strong and sharp 2D peak indicates the high
quality and monolayer nature of graphene.52 After conjugating
PASE on the graphene surface, the D peak appears at about

Figure 1. Fabrication and characterization of a Y-dual probe g-FET biosensor. (a) Schematic diagram of a Y-dual probe g-FET biosensor and the
workflow of SARS-CoV-2 nucleic acid testing. (b) Selected viral sequences and the targeted positions of the probes in detecting SARS-CoV-2
nucleic acid. ORF1ab: nonstructural polyprotein gene; S: spike glycoprotein gene; E: envelope protein gene; M: membrane protein gene; N:
nucleocapsid protein gene. The numbers are the genome location of SARS-CoV-2 NC_045512 in GenBank. (c) Photograph of a packaged device.
The scale bar is 1 cm. (d) Optical microscope image of the graphene channel. The scale bar is 30 μm. (e) Fluorescence image of the Cy3-
conjugated Y-dual probe on graphene. The scale bar is 250 μm.
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1350 cm−1, and the D′ peak appears as the shoulder of the G
peak, which prove the successful functionalization.53,54 The
mapping images show that the average I2D/IG ratio of PASE-
modified graphene (I2D/IG ≈ 1.39) is significantly lower than
that of the pristine graphene (I2D/IG ≈ 2.57), indicating the
π−π stacking of PASE on graphene (Figures S3d,e).55

The morphologies of the graphene before and after
modifying PASE and Y-dual probes are characterized by
atomic force microscopy in air (AFM, Figure S4). The pristine
graphene has a flat surface with a height of 0.5−1 nm. The Y-
dual probes when immobilized on the graphene surface have a
height of 3.5−4 nm. To verify the modification, we design Y-

Figure 2. SARS-CoV-2 nucleic acid detection performance of the Y-dual probe g-FET biosensor. (a) Schematic diagram of SARS-CoV-2 nucleic
acid sample preparation. (b, c) Real-time ΔIds/Ids0 response upon addition of SARS-CoV-2 IVT-RNA (b) and cDNA (c) solutions with different
concentration (0.03 to 500 copy μL−1) in full artificial saliva using the Y-dual probe g-FET biosensor. (d) Plots of |ΔIds/Ids0| of the Y-dual probe g-
FET biosensor versus SARS-CoV-2 IVT-RNA or cDNA concentration. (e) Selectivity of the Y-dual probe g-FET biosensor. |ΔIds/Ids0| response
upon addition of human cDNA (1 copy μL−1), SARS-CoV cDNA (1 copy μL−1), SARS-CoV-2 cDNA (0.1 copy μL−1), MERS-CoV IVT-RNA (5
copy μL−1), SARS-CoV IVT-RNA (5 copy μL−1), and SARS-CoV-2 IVT-RNA (0.5 copy μL−1). All the data points are obtained from three
different devices.

Figure 3. Performance comparison of Y-shaped DNA probe- and ss-DNA probe-modified g-FET biosensors. (a, b) AFM images (tapping mode in
fluid) of graphene modified with ss-DNA probes (probe A) or Y-shaped DNA probes (Y-A probe). The scale bars are 150 and 300 nm. (c, d)
Schematic illustration of the sensing interface of a g-FET biosensor modified with ss-DNA probes (c) or Y-shaped DNA probes (d). (e) ΔVDirac of
a g-FET biosensor with different probes as a function of SARS-CoV-2 cDNA concentration from 0.03 to 500 copy μL−1 in 100 μL of full artificial
saliva. (f) ΔVDirac versus SARS-CoV-2 cDNA concentration curves fitted by eq 1 for the Y-A probe and Y-dual probe, respectively. (g) ΔVDirac of g-
FET biosensors as a function of sy-DNA concentration ranging from 1 × 10−15 to 1 × 10−12 M when using a Y-A probe or probe A in 0.01× PBS.
(h) ΔVDirac of g-FET biosensors after exposure to target DNA sequences at a concentration of 1 μM for 30 min, demonstrating discrimination of
sequences with single base-pair mismatches. All the data points are obtained from three different devices.
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dual probes with the fluorescent dye cyanine 3 (Cy3) tethered
to the 3′-terminal of the S2 sequence and anchor them on the
graphene surface (Figure S5). In normal cases, the fluorescence
will be quenched when the dyes are close to graphene.56 The
reason is that the nonradiative coupling between the emitter
dipole and the electron−hole excitation in graphene leads to
energy transfer.57 Here, a significant fluorescence signal is
observed (Figure 1e), indicating successful modification of the
probes and the fact that the probes are upright at the interface
without the conjugated dyes adsorbing on the graphene surface
(see Supporting Information Section 1).
Real-Time Detection of SARS-CoV-2 Nucleic Acids.

We evaluate the dynamic response of the Y-dual probe g-FET
biosensors upon SARS-CoV-2 nucleic acids. Two samples
(Figure 2a), SARS-CoV-2 in vitro-transcribed (IVT) RNA
(containing OFR1ab, E and N gene) and SARS-CoV-2 virus
extracted RNA reverse transcribed cDNA (cDNA, from a
confirmed COVID-19 severe pneumonia case), are spiked in
full artificial saliva to simulate the original environment. The
probes (Table S1) targeting SARS-CoV-2 IVT-RNA or cDNA
are functionalized on g-FET biosensors, respectively. Real-time
current responses of g-FET biosensors immobilized with Y-
dual probes (Figure 2b,c) are measured upon successive
addition of SARS-CoV-2 IVT-RNA or cDNA with concen-
trations from 0.03 copy μL−1 (5.01 × 10−20 M) to 500 copy
μL−1 (8.35 × 10−16 M). The current response is normalized as
ΔIds/Ids0 = (Ids − Ids0)/Ids0, where Ids is the drain−source
current and Ids0 is the initial value of Ids. The response time,
defined as the time when ΔIds/Ids0 reaches saturation, is as
short as 4 min.
|ΔIds/Ids0| of the g-FET biosensors follows a linear

correlation with the target concentration in logarithmic scale
(Figure 2d). The |ΔIds/Ids0| responses upon 500 copy μL−1

SARS-CoV-2 IVT-RNA and cDNA are approximately 5.29%
and 3.06%, respectively. The detectable concentration reaches
0.03 copy μL−1 for both targets, indicating ultrahigh sensitivity
of the device. As a comparison, g-FET biosensors modified
with ss-DNA probes (probe A or probe B) that can target
SARS-CoV-2 IVT-RNA or cDNA have negligible ΔIds/Ids0
responses in full artificial saliva (Figure S6). Y-dual probe g-
FET biosensors (Figure 2e, Figure S7) can distinguish SARS-
CoV-2 nucleic acids with other nucleic acids (such as human
cDNA, SARS-CoV cDNA, SARS-CoV IVT-RNA, and MERS-
CoV IVT-RNA), showing high specificity in SARS-CoV-2
nucleic acid testing.
Detection Mechanism of the Y-Dual Probe g-FET

Biosensor. Biodetection involves biorecognition and signal
transduction processes.38,46,48,58−60 Owing to the monolayer
nature of graphene, all the charge carriers flow merely on the
channel surface and are directly exposed to the external
environment, ensuring highly efficient transduction and
sensitive response to specific perturbations. On the other
hand, the probe structure design is of great importance for the
biorecognition (Figure 3). We prepare four DNA probe
structures targeting SARS-CoV-2 cDNA to prove the structural
superiority of the Y-dual probe, including probe A (targets
ORF1ab gene, nt13377−13404), probe B (targets N gene,
nt28934−28953), Y-A probe (two identical probe A are
embedded), and Y-dual probe. In the cases of the Y-A probe
and Y-dual probe (Figure S8a,b), Dirac points (VDirac, as the
liquid-gate voltage (Vlg) when the drain−source current (Ids)
reaches its minimum) all remarkably shift toward negative Vlg
with increasing concentration of cDNA, which indicates the n-

type doping effect of graphene. This is attributed to the
nonelectrostatic stacking interaction between graphene and
electron-rich nuclear bases in cDNA molecules, which have
been clearly studied theoretically and experimentally.38,61,62

The g-FET biosensors (Figure S8c,d) with ss-DNA probes
(probe A or probe B) have negligible shifts of VDirac (ΔVDirac).
In particular, |ΔVDirac| of g-FET biosensors functionalized with
a Y-dual probe reach up to 58.9 mV upon 500 copy μL−1

cDNA, around 2-fold larger than 33.6 mV of g-FET biosensors
immobilized with a Y-A probe (Figure 3e).
The Y-shaped structure of the probe enables a higher

biorecognition ratio compared with ss-DNA probes. The rigid
stem structure of Y-shaped DNA probes can keep them upright
at the interface and reduces the nonspecific adsorption of the
probes on the graphene surface. AFM characterization shows
the height of the immobilized probe A in fluid is about 1.1 nm,
indicating that most of the ss-DNA probes are lying on the
graphene surface (Figure 3a,c). In contrast, Y-A probes are
uniformly anchored on the graphene surface with a height of
∼6.8 nm and a density of ∼4.32 × 109 cm−2 without
aggregation (Figure 3b). The fluorescence experiment in
Figure 1e is also in agreement with this result (see Supporting
Information Section 1).
Moreover, the Y-shaped DNA probes have two recognition

sites. The synergy effect of the two sites greatly enhance the
hybridization ratio between probes and targets. To quantify the
recognition ratio of the Y-shaped DNA probe and ss-DNA
probe, we detect the synthetic DNA (sy-DNA, 28-mer, nt
13377−13404), a selective region of SARS-CoV-2 cDNA
(Table S1), by g-FET biosensors immobilized with the Y-A
probe (has two identical recognition sites) and probe A (has
one recognition site), respectively. We measure transfer curves
of g-FET biosensors upon addition of the sy-DNA with a
concentration ranging from 1 × 10−15 to 1 × 10−12 M in 0.01×
PBS (pH 7.2−7.4) (Figure S9). |ΔVDirac| shows a linear
dependence upon the sy-DNA concentration in logarithmic
scale (Figure 3g). The Y-A probe-modified g-FET biosensor
produces a |ΔVDirac| response of ∼15.9 mV upon 1 × 10−12 M
sy-DNA, while the |ΔVDirac| of the probe A-modified g-FET
biosensor is ∼3.8 mV, indicating a 4.2-fold enhancement of the
signal by using the Y-A probe. The assay sensitivity of the g-
FET biosensor immobilized with the Y-A probe and probe A is
∼1.3 × 10−4 and ∼3.4 × 10−5 mV per decade of concentration,
respectively. The change of charge carrier density (Δn) of
graphene after adding sy-DNA molecules can be obtained from
ΔVDirac = eΔn/Ctot,

38,42 where Ctot is the total gate capacitance
and e is the elementary charge. The Δn introduced by Y-A
probes is estimated to be ∼2.51 × 1012 cm−2 according to
ΔVDirac before and after immobilizing Y-A probes (Figure
S10). The hybridization ratio of Y-A probes to sy-DNA can
also be calculated by Δn. When the concentration of sy-DNA
is 1 × 10−15 M, the hybridization ratio is estimated to be
∼29.85% (Supporting Information Section 2).
The binding kinetics of DNA hybridization can be

constrained by the Sips model,37,63

V V
K

K
( A / )

1 ( A / )

n

nDirac max
A

A
Δ = Δ

[ ]
+ [ ] (1)

where ΔVmax is the ΔVDirac response with a maximum number
of binding sites occupied, [A] is the concentration of the
target, n represents a Gaussian distribution of DNA-binding
energies, and KA is the equilibrium dissociation constant
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values. The smaller the KA value, the stronger the binding
affinity.64,65 KA values can be estimated according to eq 1 by
fitted curves. The estimated KA of the Y-A probe is (1.02 ±
0.16) × 10−14 M (Figure S11a). Since probe A has almost no
offset when adding sy-DNA at a concentration of 10−12 M, we
measure the responses of g-FET biosensors immobilized with
probe A as a function of sy-DNA concentration ranging from 1
× 10−12 to 1 × 10−6 M (Figure S11b). KA of probe A is
estimated to be (3.82 ± 2.09) × 10−11 M (Figure S11c). The
lower KA value of the Y-A probe compared with probe A
indicates that the Y-shaped DNA probe improves the
biorecognition ratio owing to more recognition sites. We
measure the specificity of the biorecognition by using Y-A
probes to detect complementary (Com, sy-DNA), single base-
pair mismatch (Mis-1), and noncomplementary (Noncom)
DNA sequences (Figure 3h). An appreciable ΔVDirac response
up to ∼21.2 mV is observed for a Com DNA sequence (sy-
DNA) at a concentration of 1 μM and a negligible ΔVDirac
response smaller than 5.18 mV for Mis-1 and Noncom DNA
sequences at the same concentration. Thus, the embedded
sites of the Y-shaped DNA probes retain an upright orientation
and remain active for specifically recognizing target sequences.
Due to complex secondary structures formed by the long

sequence of SARS-CoV-2 nucleic acid, the Y-dual probe with
two different probe sites targeting ORF1ab and N gene regions
is able to enhance the recognition ratio toward real samples of
viral nucleic acids (Figure 3d). According to eq 1, the fitted
curves of ΔVDirac responses upon addition of SARS-CoV-2
cDNA (Figure 3f) yield ΔVmax = 39.8 ± 8.6 mV, KA = (1.37 ±
2.89) × 10−18 M, and n = 0.23 ± 0.09 for the Y-A probe and
ΔVmax = 53.2 ± 2.9 mV, KA = (0.083 ± 0.026) × 10−18 M, and
n = 0.97 ± 0.37 for the Y-dual probe. The larger ΔVmax of the
Y-dual probe indicates more binding sites, while the smaller KA
suggests a decreased dissociation constant and increased
binding affinity of the Y-dual probe. For further verification,

the real-time ΔIds/Ids0 responses of the g-FET biosensor
immobilized with the Y-A probe upon successive addition of
SARS-CoV-2 cDNA with concentrations from 0.03 copy μL−1

(5.01 × 10−20 M) to 500 copy μL−1 (8.35 × 10−16 M) are
shown in Figure S12. The response time is ∼7 min and |ΔIds/
Ids0| reaches ∼1.72% upon 500 copy μL−1 cDNA, which is
about half of the Y-dual probe (∼3.06%, Figure 2c), indicating
the binding ratio of the Y-dual probe with two different
recognition sites is higher than that of the Y-A probe with two
identical recognition sites.

Direct Testing of Clinical Samples. We test seven
nasopharyngeal swab samples (P1−P7) collected from qRT-
PCR-positive COVID-19 patients with Ct values ranging from
30.4 to 40.4 (Table S2) and seven samples (H1−H7) from
healthy volunteers by Y-dual probe g-FET biosensors (Figure
4). All clinical samples are heated to release viral RNA and
then tested directly without extraction. Y-dual probe g-FET
biosensors correctly distinguish patient samples from healthy
samples. |ΔIds/Ids0| responses from P1 to P7 are larger than
12%, while negligible signals (<0.66%) are monitored for H1−
H7 (Figure 4a,b, Figure S13). As a comparison, the pristine
graphene device has a negligible response for H1 and P1
(Figure S14). We also demonstrate the specificity by detecting
nonspecific proteins in full artificial saliva using g-FET
biosensors immobilized with Y-dual probes. When 0.5 and 5
nM SARS-CoV-2 spike proteins are added sequentially, the g-
FET biosensor had almost no response (Figure S15),
indicating the specificity of the sensing interface against
nonspecific proteins.
The |ΔIds/Ids0| response is 0.81% upon 10% diluted P1 with

a Ct value of 40.3 (Figure 4c), indicating the high sensitivity of
the Y-dual probe g-FET biosensor in clinical detection. Ids−Vlg
curves of g-FETs upon addition of diluted P2 show that the
ΔIds/Ids0 versus time curves are measured in the p-type region
(Figure S16). Consistent with the results of nonclinical

Figure 4. Unamplified and direct detection of SARS-CoV-2 clinical samples. (a) ΔIds/Ids0 versus time curve upon addition of healthy people sample
H1 and clinical sample P1. Inset: Diagnostic time estimation for P1. (b) ΔIds/Ids0 upon addition of P1−P7 and H1−H7. Inset (up): Box plot of the
diagnostic time for P1−P7. Inset (down): An enlarged view of |ΔIds/Ids0| when H1−H7 are added. (c) Real-time ΔIds/Ids0 response of the g-FET
biosensor upon various diluted concentrations of P1. (d) Workflows of 5-in-1 pooled testing of SARS-CoV-2 nucleic acid. (e) Real-time |ΔIds/Ids0|
response of Y-dual probe g-FET biosensors upon addition of positive samples B1−B6 and negative samples A1−A6. Inset: |ΔIds/Ids0| versus time
curve upon addition of pooled samples A6 and B6. (f) Performance comparison of the Y-dual probe g-FET biosensor with reported methods for
SARS-CoV-2 nucleic acid detection.
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samples testing, we also observed that VDirac remarkably shifts
toward negative Vlg with increasing diluted concentrations of
P2, indicating the n-type doping effects on graphene. The
diagnostic time is read from the interception of the threshold
value and the real-time ΔIds responses. The threshold value to
diagnose COVID-19 by Y-dual probe g-FET biosensors is
taken from 3 times the largest |ΔIds/Ids0| response of the
negative samples. In the COVID-19 individual testing (P1−
P7), the largest |ΔIds/Ids0| response of H1−H7 is around
0.66%, and thus the threshold value is set to be 1.98%. The
diagnostic time is 0.3−1 min for P1−P7 with an average of
∼40 s (Figure 4b, Figure S13).
Direct 5-in-1 Pooled Testing. Some reports have verified

the feasibility of pooling samples for qRT-PCR testing in
COVID-19 screening.30,31 The pooled testing has been
successfully used in Israel during the COVID-19 pandemic
to process ∼133 000 samples over a period of variable
prevalence, leading to resource savings.66 To demonstrate
the application potential of Y-dual probe g-FET biosensors in
large-scale screening, we conduct 5-in-1 pooled testing of
SARS-CoV-2 nucleic acid (Figure 4d). Five nasopharyngeal
swab samples are mixed, heat treated, and detected together by
Y-dual probe g-FET biosensors. The pooled samples (A1−A6,
obtained by pooling 5 negative samples) have a negligible
|ΔIds/Ids0| response smaller than 1.13% (Figure 4e, Figure
S17), while other pooled samples (B1−B6, obtained by
pooling 4 negative samples and 1 positive sample) have
responses between 3.51% and 8.59%, in agreement with the
qRT-PCR results. Considering the dilution of the infected
specimen(s) and high complexity of the composition,30 the
accurate pooled testing indicates the ultrasensitive feature of
the Y-dual probe g-FET biosensors. The largest |ΔIds/Ids0|
response of A1−A6 is about 1.32%, so the threshold value is
3.96%. The diagnostic time for 5-in-1 pooled sample B6 is
within 1 min (Figure S18). The pooled testing by Y-dual probe

g-FET biosensors avoids complicated and long-time amplifi-
cation processes, with great potential for efficient population
screening.

■ CONCLUSIONS

In this article, we report a direct SARS-CoV-2 nucleic acid
testing methodology based on Y-dual probe g-FET biosensors
and address an urgent issue of COVID-19 testing that faces a
trade-off between accuracy and speed of report. Compared
with other methods,10−25,67,68 The Y-dual probe g-FET
biosensor has excellent performance in terms of diagnostic
time and LoD (Figure 4f, Table 1). The diagnostic time (0.3−
1 min) is comparable to serological tests (0.2−15 min) and
faster than existing nucleic acid testing technologies such as
RT-LAMP (15−60 min), CRISPR (>20 min), electro-
chemistry (<120 min), qRT-PCR and commercial kits (25−
420 min), etc. Although the samples are unamplified, the LoD
still reaches 0.03 copy μL−1, at least 20-fold lower than the U.S.
Centers for Disease Control and Prevention (CDC)/China
National Medical Products Administration (NMPA)-approved
qRT-PCR assays (0.6−3.2 copies μL−1).11,12 It is known that
the viral load in the specimen is low in the early or late stages
of infected COVID-1950,68 and varies with specimen types,
collection methods, and time of collection, which easily cause
false-negative results.69,70 The high sensitivity of Y dual-probe
g-FET biosensors will be beneficial to ensure the testing
accuracy for samples with a low viral load.
Viral RNA isolation from clinical samples as well as

subsequent purification and amplification require trained
personnel and specialized tools, leading to shortcomings in
cost, diagnostic time, laborious processes, etc.71 In epidemic
control and prevention for highly infectious diseases such as
COVID-19, speed and frequency of the screening tests, to a
certain degree, matter more than accuracy. The Y-dual probe
g-FET biosensors omit the time-consuming and complicated

Table 1. Performance of Existing Methods for SARS-CoV-2 Nucleic Acid Testing

assay method target testing sample LoD amplification time ref

qRT-PCR (POC) RdRp1/2, E, N and N1/2/3
gene

viral RNA 5 copy μL−1 yes <90 min 10

qRT-PCR (China NMPA) ORF1ab and N gene viral RNA 0.6−3.2 copy μL−1 yes >120 min 11
qRT-PCR (US CDC) N1/2/3 gene viral RNA 1−3.2 copy μL−1 yes >120 min 12
qRT-PCR ORF1ab and N gene ORF1ab and N gene cloned into

plasmids
0.5 copy μL−1 yes 75 min 13

RT-LAMP S and E gene viral RNA 0.44−1.09 copy
μL−1

yes 36 min 14

ORF1ab gene synthetic DNA ∼10 copy μL−1 yes 30−60 min 15
ORF1ab gene synthetic RNA ∼12 copy μL−1 yes 15−40 min 16
ORF1ab, E and N gene viral RNA 1 copy μL−1 yes 30 min 17
RdRp gene viral RNA 0.6 copy μL−1 yes 35−55 min 18

Exo-IQ-RT-RPAa assay N gene viral RNA 1 copy μL−1 yes 20−25 min 19
RT-RAAb S and ORF1ab gene viral RNA 1 copy μL−1 yes 20−25 min 20
Isothermal amplification S gene viral RNA 10 copy μL−1 yes 60 min 21
CRISPR E and N gene synthetic RNA 10 copy μL−1 yes 40 min 22

ORF1ab gene viral RNA 1.25 copy μL−1 yes 40 min 23
N gene viral RNA 3 copy μL−1 yes 20 min 24
S, N and ORF1ab gene viral RNA 1.42 copy μL−1 yes >60 min 25
ORF1ab and E gene IVT-RNA fragment 3 × 108 copy μL−1 no >60 min 69

electrochemical assay S and N gene viral RNA 1 copy μL−1 yes <120 min 70
Y dual-probe g-FET
biosensor

ORF1ab and N gene viral RNA 0.03 copy μL−1 no 0.7 min this work

aExoprobe with an internally linked quencher reverse transcription recombinase polymerase amplification. bReverse transcription recombinase-
aided amplification.
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processes for nucleic acid extraction and amplification and
quickly obtain the results. More importantly, the Y-dual probe
g-FET biosensors also perform well in pooled testing. In
screening, pooled testing is an effective strategy to increase
testing throughput, limit the use of reagents, and improve
overall testing efficiency.70 However, due to the dilution of
samples, the pooled testing may miss individuals in whom
COVID-19 risk has not been identified.72 The specimens most
likely to be lost due to dilution are those samples with low viral
loads near the LoD of qRT-PCR. Here, the ultralow LoD of Y-
dual probe g-FET biosensors enables pooled testing with high
accuracy even though the samples are unamplified.
By integrating with a portable microelectronic system, on-

site and point-of-care (POC) COVID-19 tests can be achieved
at airports, rail stations, local clinics, and even at home.
Considering the advantages such as quick diagnoses, high
sensitivity, easy operation, low cost, portability, and integra-
tion, the Y-dual probe g-FET biosensor can be applied for
COVID-19 screening in places where an outbreak has
occurred. Apart from SARS-CoV-2, by replacing the probes,
ultraprecise diagnostics of other infectious diseases in a few
minutes is expected in the future. As such, the Y-dual probe g-
FET biosensor can be a comprehensive testing method with
potential in precise diagnostics and wide-population screening
of COVID-19 and other pandemics.

■ METHODS
Synthesis of a Y-Shaped DNA Probe. All oligonucleotide

sequences used in the experiment (Table S1) were prepared and
purified by Sangon Biotechnology Inc. Oligonucleotides used to
assemble the Y-shaped DNA probes were dissolved in TE buffer (10
mM Tris HCL, 1 mM EDTA, pH ∼8.0) at a final concentration of 1
μM for each strand. The mixed DNA strands were hybridized by a
thermal cycler (SimpliAmp, Thermo Fisher Scientific) following the
listed procedures:73,74 (i) denatured at 95 °C for 2 min; (ii) cooled to
65 °C and incubated for 5 min; (iii) annealed at 60 °C for 2 min; (iv)
decreasing the temperature from 60 °C at a rate of 0.1 °C every 30 s
until it reached 55 °C; this process was repeated 40 times in total. The
final product was stored at 4 °C.
Fabrication of the g-FET Biosensor. Monolayer graphene was

prepared in a tube furnace (GSL 1200X) via chemical vapor
deposition on a 25 μm thick Cu foil according to the method
reported previously.52 The graphene grown on the Cu foil was
transferred by poly(methyl methacrylate) (PMMA) to the SiO2/Si
substrate by an electrochemical bubbling method. The g-FET
biosensors were fabricated via a thermally assisted bilayer lift-off
photolithography process (Microwriter ML3, Durham Magneto
Optics Ltd.), with Cr/Au (5/40 nm) electrodes deposited by thermal
evaporator (Angstrom Engineering). The transferred graphene was
patterned via standard photolithography and etching techniques to
define the channel region. To functionalize the Y-dual probes on the
graphene surface, the g-FET biosensors were immersed in a dimethyl
sulfoxide (DMSO, Sigma-Aldrich) solution of 5 mM PASE (Sigma-
Aldrich) for 2 h at room temperature. After thoroughly rinsing by
ethanol and deionized water, the sensors were incubated in a solution
of 1 μM Y-shaped DNA probe solution for 12 h. After incubation, 100
mM ethanolamine was added for 1 h to inactivate and block the
excess reactive groups remaining on the graphene surface.
Characterization. The graphene was characterized by TEM

(Tecnai G2 F20 S-Twin, acceleration voltage: 200 kV). The graphene
surfaces before and after PASE modification were measured by Raman
spectrometer (LabRam HR Evolution, Horiba Jobin Yvon, 532 nm Ar
ion laser). The formation of Y-dual probes was analyzed using 10%
native polyacrylamide gel electrophoresis (Acr/Bis = 29:1; Acr =
acrylamide, Bis = N,N′-methylene bis(acrylamide)) in 1× TAE Mg2+

buffer (2 M Tris-acetate,1 mM EDTA, 12.5 mM Mg2+, pH ∼8.0) at
90 V for 90 min, and then the gels were stained in Sybr Safe (Thermo

Fisher) for 30 min followed by imaging under UV exposure (Gel-doc
XR+, Biorad). The suface morphology of graphene after each
functionalization step was imaged by AFM (Fastscan, Bruke), under
tapping mode in air with a 20−25 nm radius tip (Scanasyst air,
Bruker). The g-FET biosensors modified with ss-DNA probes (probe
A) and Y-A probes were analyzed in TE buffer by AFM (Fastscan,
Bruke) under ScanAsyst mode using an ultrasharp tip (Fluid+, Bruke)
of 2−3 nm radius.

Confocal Fluorescence Microscopy Measurement. The Cy3-
conjugated S2 oligonucleotide strand and two other unfunctionalized
oligonucleotides were mixed in a 1:1:1 ratio in TE buffer to synthesize
Cy3-conjugated Y-dual probes. Graphene was transferred onto a
quartz substrate with prepatterned gold electrodes and patterns, then
modified with the Cy3-conjugated Y-dual probes. The g-FET
biosensor was incubated in a solution of Y-dual probes tagged with
Cy3 for 12 h, and then the graphene surface was rinsed using TE
buffer. Finally, the fluorescence was imaged by confocal fluorescence
microscope (C2+, Nikon) in TE buffer.

Cells and Virus. The SARS-CoV-2 strain nCoV-SH01 (GenBank:
MT121215.1) from a laboratory-confirmed COVID-19 severe
pneumonia case provided by CDC Shanghai was propagated in
African green monkey kidney cell line Vero E6 cells (Cell Bank of
Chinese Academy of Sciences, Shanghai, China). Vero E6 cells and
human kidney cells HEK293 were cultured under a humidified
atmosphere of 5% CO2 at 37 °C in Dulbecco’s modified Eagle
medium (Gibco, Carlsbad, CA, USA), which contained 1% (v/v)
penicillin, 2 mM L-glutamine, 100 mg mL−1 streptomycin, and 10%
(v/v) fetal bovine serum (Gibco).

Preparation of Test Samples. SARS-CoV-2 cDNA and human
cDNA were extracted from Vero E6 and HEK293 cells by using
TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and SuperScript III
CellsDirect cDNA synthesis kit (Invitrogen) following the manu-
facturer’s instructions. SARS-CoV-2, SARS-CoV, and MERS-CoV
IVT-RNA reference materials (nt 13321−15540, GenBank No.
MT027064.1, No. NC004718.3, and No. NC019843.3) containing
N, E, and ORF1ab gene sequences with a titer of 105 copy μL−1 were
provided from Shanghai Institute of Measurement and Testing
Technology (SIMT). All samples were centrifuged at 3000 rpm at 4
°C for 5 min and then diluted in full artificial saliva (pH 6.8, Solarbio,
China) and 2% RNase inhibitor (Thermo Fisher) to a test
concentrations of 500, 50, 5, 0.5, 0.1, and 0.03 copy μL−1. SARS-
CoV-2 spike protein (40591-V08H, Sino Biological, Inc., China) was
added into full artificial saliva to prepare control samples.

Clinical Samples. Seven nasopharyngeal swab samples from qRT-
PCR-positive COVID-19 patients were collected from Department of
Laboratory Medicine, Shanghai Public Health Clinical Center. The
other seven nasopharyngeal swab samples were from healthy
volunteers. The 5-in-1 pooled samples (B1−B7) by mixing non-
infected pooled nasopharyngeal swab samples from four healthy
volunteers with qRT-PCR confirmed COVID-19 samples P1−P4, P6,
and P7 respectively. Pooled samples A1−A7 were obtained from
nasopharyngeal swabs of five healthy volunteers. Without an
extraction procedure, 200 μL of viral transport medium (Yocon,
China) used to store the swab was heated at 56 °C for 30 min to
release the RNA of all nasopharyngeal swab samples. Then, the
medium was directly used for SARS-CoV-2 nucleic acid testing by Y-
dual probe g-FETs. This research was approved by the Shanghai
Public Health Clinical Center Ethics Committee (approval ID
number: 2020-Y114-01) with informed consent from participants.

Device Measurement. The electrical characterization of g-FETs
was carried out in ambient conditions using a semiconductor analyzer
(Keysight, B1500A). A PDMS well with a volume of ∼100 μL was
placed on the graphene sensing region to hold testing solutions. To
measure the Ids−Vlg curve of g-FET biosensors, a Ag/AgCl reference
electrode was injected, the Vlg was swept from −0.4 to 0.6 V, and the
Dirac point (VDirac) was obtained at a Vlg where Ids reached its
minimum. For the real-time ΔIds measurement, a drain−source bias
(Vds) of 50 mV was applied, and the Ids was recorded throughout the
experiments at a certain Vlg.
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To measure analytes by g-FET biosensors, the sensor was first
immersed in 100 μL of buffer solution or full artificial saliva, and then
a stable Vds bias was applied between the drain and source electrodes.
After the Ids stabilized, time-resolved Ids measurement was performed.
To add the testing solutions, a 10% volume solution was taken out
from the PDMS well and replaced by 10 μL of premixed testing
solutions. At the same time, real-time Ids curves were recorded. To
test clinical samples, we first immersed the g-FET biosensors in 100
μL of viral transport medium (VTM), and then a stable Vds bias (50
mV) was applied between the drain and the source electrodes. After
the Ids stabilized, we took out 100 μL of VTM from the PDMS well
and then added 100 μL of healthy samples (Hi). After the Ids
stabilized, we took out 100 μL of Hi and added 100 μL of the
samples from COVID-19 patients.
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