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ARTICLE INFO ABSTRACT

Keywords: SARS-CoV-2 RNA is identified as a pivotal player to bolster energizing zones of COVID-19 detection. Herein, we
SARS-CoV-2 develop a rapid and unamplified nanosensing platform for detection of SARS-CoV-2 RNA in human throat swab
RdRp

specimens. A gold nanoparticle (AuNP)-decorated graphene field-effect transistor (G-FET) sensor was fabricated,
after which complementary phosphorodiamidate morpholino oligos (PMO) probe was immobilized on the AuNP
surface. This sensor allowed for highly sensitive testing of SARS-CoV-2 RdRp as PMO does not have charges,
leading to low background signal. Not only did the method present a low limit of detection in PBS (0.37 fM),
throat swab (2.29 fM), and serum (3.99 fM), but also it achieved a rapid response to COVID-19 patients’ samples
within 2 min. The developed nanosensor was capable of analyzing RNA extracts from 30 real clinical samples.
The results show that the sensor could differentiate the healthy people from infected people, which are in high
agreement with RT-PCR results (Kappa index = 0.92). Furthermore, a well-defined distinction between SARS-
CoV-2 RdRp and SARS-CoV RdRp was also made. Therefore, we believe that this work provides a satisfactory,

Field-effect transistor
Amplification-free
Detection

Fast response

attractive option for COVID-19 diagnosis.

1. Introduction

The outbreak of novel coronavirus disease (COVID-19) was declared
a public health emergency of international concern (PHEIC), the highest
level alarm, by the World Health Organization (WHO) on January 30,
2020. As of November 19, 2020, there had been nearly 56 million
confirmed cases and more than one million deaths globally due to the
rapid pandemic of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) and the general, non-specific symptoms of this disease
(Wang et al., 2020a). More seriously, compared to most previous epi-
demics, this infectious disease is much higher contagious because the
spike (S) protein of SARS-CoV-2 shows overwhelming affinity with
angiotensin-converting enzyme II (ACE2), which is abundantly
expressed on the surface of human lung cells (Wrapp et al., 2020). There
is no doubt that rapid detection and diagnosis are of key significance for
disease treatment and outbreak control. Quantification and monitoring
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of viral loads are responsible for estimation of infection stage, and
prediction of infectivity and recovery. Currently, the main detection
techniques for COVID-19 in clinical laboratories can be broadly grouped
into three categories: chest computed tomography (CT) scan, nucleic
acid testing, and antibody testing (Ravi et al., 2020).

Viral RNA, generally, is a specific biomarker and tends to appear
earlier than SARS-CoV-2 antibodies, which are produced by humoral
immune response approximately a week or more after infection (Guo
et al, 2020). And the antibody-producing capacity is weaker in
immune-compromised human such as the elderly, children, and patients
with immune-deficiency diseases, leading to a potentially false catego-
rization or delayed diagnosis (Marsh and Orange 2019). Furthermore,
immune cross-reactivity is an arduous conundrum in antibody testing. A
recent study (Ng et al., 2020) confirmed the presence of pre-existing
SARS-CoV-2 S protein-reactive antibodies in uninfected individuals.
Collectively, based on current evidence, WHO does not recommend the
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use of antigen or antibody-detecting rapid tests for clinical
decision-making or diagnostic purposes. For these reasons, nucleic acid
testing, such as reverse-transcription polymerase chain reaction
(RT-PCR), loop-mediated isothermal amplification (LAMP),
whole-genome sequencing, etc., are regarded as gold standards for
diagnosis, with advantages of high specificity, favorable accuracy, and
relatively short window period (Feng et al., 2020). In addition, quanti-
tative detection of SARS-CoV-2 RNA plays an important role in early
diagnosis, distinguishing COVID-19 and flu, evaluating treatment effect
and prognosis.

However, RT-PCR, the main stream of molecular diagnosis, suffers
from not only multistep processes but also a greater degree of human
interaction, requiring expensive equipment and highly specialized lab-
oratories. Thus it is still far from adequate because of quite a few limi-
tations in high-throughput screening, point-of-care testing, as well as
implementation in basic-level hospital (Tahamtan and Ardebili 2020).
Furthermore, a crucial shortcoming of this technology lies in
time-consuming. Long sample turn-around time increases the risk of
transmission of COVID-19 to a wider community, and is not propitious
for continuous monitoring, contact tracing and population screening.
Although the efforts have never stopped to explore faster and more
excellent methods, there is still an increasingly urgent demand for a
rapid, effective, affordable and user-friendly testing strategy to diagnose
COVID-19 timely and accurately.

Fortunately, in the age of rapid development of nanoscale science
and technology, nanobiosensors, ideal solutions to neutralize the de-
ficiencies of existing conventional methodologies, have shown vast
fruits and superiority in the application of various biomolecules detec-
tion over the past decades (Talebian et al., 2020; Udugama et al., 2020;
Weiss et al., 2020). At present, researchers have designed a multitude of
biosensor-based nanoscale analytical tools and detection devices for
COVID-19 diagnosis. Moitra et al., (2020) reported a gold
nanoparticle-based colorimetric assay to detect SARS-CoV-2 N gene by
“naked eye” without any expensive instrument. Another study (Qiu
et al., 2020) from Switzerland detected SARS-CoV-2 RdRp gene by
developing a cDNA-modified localized surface plasmon resonance
(LSPR) biosensor combined with plasmonic photothermal effect, reap-
ing a detection limit of 0.22 pM. Jiao et al., (2020) introduced a
self-assembly DNA nanoscaffold into the hybrid chain reaction (HCR),
proposing the “DNHCR” method that can amplify fluorescence signal of
SARS-CoV-2 particular sequence 2-fold in comparison to conventional
HCR with a detection limit of 0.96 pM. More recently, Yu and workers
(Yu et al., 2020) manufactured a lateral flow strip which can test RdRp,
N, and ORF3a gene simultaneously for multi-target detection of
SARS-CoV-2. However, a noticeable drawback of this method was that it
detected PCR products. In other words, pre-amplification by RT-PCR
was a necessary condition for strip detection. Besides, there are plenty
of other ingenious approaches and platforms conceived for SARS-CoV-2
detection, such as gel card agglutination assays (Alves et al., 2020),
nanopore targeted sequencing (Wang et al., 2020b), cell-based biosensor
(Mavrikou et al., 2020), etc. Nevertheless, these assays are still deficient
in sensitivity, analysis time, or operability, and typically entail fluores-
cent markers or enzymatic labeling. Additionally, most of them only
examined artificially synthesized sequences instead of biological
specimen-derived viral RNA, failing to give a comprehensive picture for
the practical application in clinical samples. Overall, they are not ex-
pected to address the clinical need in certain regards especially in an
early phase of viral infection.

Among the variety of biosensors currently available, field-effect
transistor (FET) biosensors, especially in combination with advanced
functional nanomaterials (Ishikawa et al., 2009; Liang et al., 2020; Mei
et al., 2018; Zhang et al., 2010), have been considered as ideal candi-
dates for next-generation medical diagnostic platform (Syedmoradi
et al., 2019), which allow the instant ultrasensitive detection while
avoiding the dependence on various labelings. There is a consensus that
graphene is one of the most renowned and attractive 2D semiconductor
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carbon nanosheets, owing to the atomic-level thickness, high carrier
mobility, excellent conductivity, outstanding biocompatibility, and
other unique properties (Zhang et al., 2019). In the past few years,
graphene-based field-effect transistor (G-FET) biosensors have been
widely reported to contribute to the diagnosis of many diseases,
including heart failure, thrombotic events, tumors, as well as viral in-
fectious diseases (Ishikawa et al., 2009; Lei et al., 2017; Wu et al., 2020;
Yu et al., 2019; Zhang et al., 2016). Islam et al., (2019) detected human
immunodeficiency virus (HIV) and its related diseases using G-FET
biosensors functionalized with anti-p24 antibody. In one of our previous
study (Jin et al., 2019), ebola virus, which can give rise to extremely
serious diseases with a high mortality rate around 90%, was directly
detected by a G-FET-based immunosensor. Of note, Seo et al., (2020)
established a G-FET biosensing device to capture SARS-CoV-2 virus by
the interactions between specific antibodies and S proteins. Given that
only during active viral replication are the expressed antigens detected,
the method hampers its real clinical applications in the inactive disease
duration. Therefore, one of primary focus of future study should be
continuing development of novel biosensors for SARS-CoV-2 nucleic
acid testing, which is the definitive proof of COVID-19.

As widely emphasized in literatures, three conserved regions of
SARS-CoV-2 genome are considered as the target sequences for detec-
tion among the available tests, which are the RdRp gene, N gene, and E
gene. Similar to all RNA viruses, as is known, RdRp is the key player in
genome replication and transcription of SARS-CoV-2. It is worth noting
that the high conservation along the RdRp sequence was confirmed by
comparing the alignment from SARS-CoV-2, SARS-CoV and MERS vi-
ruses (Buonaguro et al., 2020). Consequently, RdRp is considered as the
most optimal target for detection and antiviral drugs.

In comparison of single-strand DNA (ssDNA) and peptide nucleic
acid (PNA), PMO, an uncharged DNA analogue discovered by Sum-
merton (Summerton and Weller 1997), possess exquisite specificity,
long-term activity, nuclease-resistance, and length flexibility in hy-
bridization events.

In this study, we design a AuNP-decorated G-FET nanosensor func-
tionalized with PMO for rapid and unamplified identification of COVID-
19, as diagrammed in Fig. 1. Taking advantage of the high surface-to-
volume ratio of AuNP, and high stability, efficacy of PMO probe, trace
amounts of SARS-CoV-2 RdRp gene can trigger a measurable shift of the
Dirac point of the G-FET sensor upon hybridization of PMO with RdRp
gene. Most critical of all, the nanosensor exhibits satisfying anti-
interference ability and prospective clinical applicability by detecting
SARS-CoV-2 RdRp in spiked biological sample (serum/throat swab) and
30 real clinical throat swab specimens. Besides, COVID-19 patients and
non-COVID-19 individuals can be discriminated within 2 min in real-
time measurement. Furthermore, the tedious, laborious process of RT-
PCR amplification is circumvented, performing a high-speed direct
detection without cumbersome manipulations.

2. Experimental section
2.1. Materials

Graphene oxide (GO) powders (99.99995%, 325 mesh) were bought
from Alfa Aesar Co. Ltd. (Tianjin, China). 1-ethyl-3-(3-dimethyllamino-
propyl) carbodiimide (EDC, 98%), N-hydroxysulfosuccinimide (sulfo-
NHS, 98.5%), ethanolamine (EA), and RNaseZap were supplied by
Sigma-Aldrich (Shanghai, China). Hydrazine (98%) and gold chloride
trihydrate (HAuCl4-3H20) were purchased from Aladdin Co. Ltd.
(Shanghai, China). Urea was obtained from Group Chemical Reagent Co.
Ltd. (Shanghai, China). Thioglycolic acid (TGA, >95.0%) was gained
from TCI Co. Ltd. (Shanghai, China). PMO used in this work was offered
by Gene Tools LLC (Philomath, OR, USA). The HPLC-purified ssDNA
probe and all selected RNAs, comprising SARS-COV-2 RdRp, SARS
RdRp, non-complementary RNA, one-base mismatched RNA, and Cy3-
labeled SARS-COV-2 RdRp were synthesized by Sangon Biotech
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Contact tracing

Fig. 1. Schematic diagram of PCR-free rapid direct identification of COVID-19 using the PMO-functionalized G-FET nanosensor.

(Shanghai, China). All oligonucleotide sequences involved in this work
are listed in Table S1. 2019-nCoV nucleic acid detection kit (RT-PCR)
was provided from bio-germ medical technology Co. Ltd. (Shanghai,
China). Sodium dodecyl sulfate (SDS), nuclease-free phosphate buffer
saline (PBS), and other chemicals were afforded by Generay Biotech Co.
Ltd. (Shanghai, China). Ultrapure water, molecular biology grade, was
applied to prepare all buffer solutions throughout the experiments
involving hybridization.

Healthy human serum was obtained from Huangjia Lake Hospital of
Hubei University of Chinese Medicine. Human throat swab specimens
were collected from Zhongnan Hospital of Wuhan University. All clinical
samples have been approved by the hospital ethics committee.

2.2. Fabrication of AuNP decorated G-FET sensors

The FET chip was produced by standard semiconductor technology
as mentioned in our previous reports (Cai et al., 2014). In this work, the
RGO was prepared by chemical reduction method with hydrazine,
which is considered as standard reductant for GO. Hydrazine can
effectively remove the oxygen-containing groups and make the atomic
C/0 ratio as high as 10.8 for RGO (Ambrosi A et al., 2012). Compared to
electrical reduction, thermal reduction, and catalytic reduction, this
approach is not only easy for operation, free of high temperature and
high voltage, but also has high reduction degree (Ambrosi A et al.,
2011). Then a diluted RGO (0.2 mg/mL) was drop-casted on the channel
region and thermally annealed at 150 °C for 2 h. After that, the chip was
sonicated with Piranha solution for 10 s to obtain few-layer RGO (step I).
After treatment as mentioned before, the RGO FET sensor could be used
for following functionalization. To obtain the AuNP-decorated G-FET
device, 10 mM HAuCl, solution was immersed on the sensing nano-
channel surface for 30 min to initiate the in-situ deposition of AuNP on
the RGO (step II).

2.3. PMO immobilization

Afterwards, the chip was treated with a 0.5% TGA overnight to
produce carboxylic group on the AuNPs surface through Au-S bonds
(step III). Before PMO probe immobilization, the carboxylic group
(-COOH) was activated by a solution prepared by mixing 0.1 M NHS and
0.4 M EDC in equal volume for 30 min. 10 pM PMO (10 pL) was sub-
sequently introduced to the sensor chip and underwent 2h of incubation
at room temperature (step 1V). And then, the chip was washed three
times with 1 x PBS containing 0.2% SDS, 1 x PBS and pure water,
followed by 1h of incubation with 100 mM EA in order to eliminate

possible nonspecific adsorption. The obtained device could be applied to
subsequent detection.

2.4. Detection of SARS-CoV-2 RdRp

In the first place, the chip surface should be treated with RNaseZap
before involving the hybridization with RNA. For SARS-CoV-2 RdRp
detection, 10 pL of target RNA prepared with nuclease-free 1 x PBS at
required concentration was incubated with the PMO-functionalized
sensor chip at 37 °C for 30 min. Then the chip was subjected to strin-
gent nuclease-free water flushing and drying with nitrogen flow.

2.5. Extraction of viral RNA from clinical samples

The total RNA from clinical throat swabs was extracted with a res-
piratory sample RNA isolation kit (Zhongzhi, Wuhan, China). Briefly,
the taken throat swab samples were immediately immersed into 180 pL
of virus preservation solution in a collection tube followed by being
treated with 40 pL of cell lysates. And then, the collection tube was
vortexed for 30s and maintained undisturbed for 30 min at room tem-
perature. After a short centrifugation at 1000 RPM, the final suspension
was applied for subsequent assays using RT-PCR and the COVID-19 G-
FET nanosensor yielded in this work.

3. Results and discussion
3.1. Characterization of COVID-19 nanosensor device

The fabrication process of the COVID-19 nanosensor is shown in
Fig. 2A. As depicted in this diagram, the successfully constructed sensing
device experiences the deposition of gold nanoparticles and the immo-
bilization of PMO probe.

To confirm that the COVID-19 G-FET nanosensor was ideally estab-
lished, unambiguous characterization was performed after each step of
functionalization. The scanning electron microscopy (SEM) image in
Fig. 2B clearly presented a homogeneous and high density distribution
of AuNPs on the RGO surface. And the mean particle diameter was
around 10 nm. Because of the intensive van der Waals forces between
AuNPs and RGO, the deposited AuNPs displayed a long-term stability in
vacuum environments. Moreover, X-ray photoelectron spectroscopy
(XPS) was used for further verification. The Au 4f; /5 (84.7 eV) and Au
4f5/5 (88.4 eV) peaks observed after step II (Fig. 2C) were attributed to
the spontaneous AuNPs formation. The Sy, (164.5 eV) peak obtained
after step III (Fig. 2D) indicated that AuNP surface successfully carried
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Fig. 2. Functionalization and characterization of the COVID-19 G-FET nanosensor. (A) Schematic illustration of surface functionalization for the device. (B) Scanning
electron microscope image of AuNPs deposited onto RGO. Scale bars, 200 nm. (C-F) X-ray photoelectron spectroscopic spectra of Au, S, P, N elements, respectively.
(G) Fluorescence image of a Cy 3-labeled SARS-CoV-2 RdRp hybridized to the PMO immobilized on G-FET channel surface. Scale bars, 50 pm.

carboxyl groups through Au-S bonds. To prove the successful modifi-
cation of PMO probe, XPS spectra of P and N elements were analysed. As
described in Fig. 2E, the appearance of Py, (134.4 eV) peak after step IV
corroborated the assembly of PMO probes. Furthermore, a sharp incre-
ment of the Ny peak intensity at 399.8 eV (Fig. 2F) was expected from
the content of N in PMO structure. And the low peak of Ny in step III
(green) was probably ascribed to N residues in hydrazine hydrate. The
Ig-Vg transfer curves of the step-by-step functionalization procedure
showed in Figure S1 further verified that the COVID-19 nanosensor was
constructed successfully as anticipated. Consistent with the previous
reported literature (Cai et al., 2014), AuNPs led to p-doping with a right
shift of Dirac point (red line) compared to that of bare RGO curve (cyan
line). While the negatively charged TGA induced n-doping (dark cyan
line). Because PMO has a neutral backbone as mentioned above, the gate
voltage of Dirac point showed negligible change after immobilization of
PMO (purple line). Figure S2 shows the I4-V4 characteristic curve,
depicting clear evidence that the COVID-19 G-FET nanosensor revealed
a behavior of p-type semiconductor.

Moreover, in order to confirm the successful hybridization between
probe and SARS-COV-2 RdRp, target RNA labeled with Cy3 was incu-
bated with the PMO-functionalized sensor chip for 30 min. After thor-
oughly rinsing step, the chip was imaged by fluorescence microscope. It
can be obviously seen that a red fluorescence was gained in Fig. 2G,
demonstrating the successful attachment of PMO and occurrence of
expected hybridization events. Whereas, there was only a negligible
signal in the control experiment (without PMO immobilization) that the
chip underwent the same functionalization procedure, as shown in inset
images.

3.2. Sensitivity and specificity

To study the sensitivity of the COVID-19 G-FET nanosensor for SARS-
CoV-2 RdRp detection, a range of various concentrations of target RNA
were tested by our device. By utilizing the semiconductor character-
ization system and a probe station to implement the electrical mea-
surement of the sensor chip, the corresponding I4-Vg curves were
recorded. The measurements throughout drain current monitoring were
performed in 0.01 x PBS as a liquid-gate and a bias of 0.1 V. An Ag/AgCl
electrode was used as the gate to apply the liquid gate to stabilize the
potential of the electrolyte. As revealed in Fig. 3A, as the concentration
of target RNA enhanced from 1 fM to 100 pM, the Dirac point of
ambipolar curves moved to the left gradually as a result of negative
charge carried by RNA, which could generate a n-doping. AV¢np means
the variation of V¢yp after incubation (Vcnp, namely, the gate voltage of
Dirac point), which is employed as the response signal. In detail, the
mean values of -AV¢yp corresponding to diverse amounts of SARS-CoV-2
RdRp ranging from 1 fM to 100 pM also mounted up gradually, which
were 29, 53, 69, 82, 107, and 124 mV, respectively. What is more, a
good linear relationship with a high correlation coefficient value (R?) of
0.998 between target RNA concentration and signal output was ob-
tained as described in Fig. 3B. The regression equation was expressed as
-AVcnp = 18.64 1gC+311.60, in which C was the RNA concentration.
The dashed line here was 3-fold of background signal (24 mV), which
was produced by 1 x PBS. Combining the calibration curve in the Figure,
a detection limit equal to 0.37 fM was obtained. The corresponding copy
number concentration of the RARp fragment was 223 copies/pL, which
was calculated according to the following formula: copies/pL = 6.02 x
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Fig. 3. Excellent analytical performance of COVID-19 G-FET nanosensor. (A) Transfer curves upon incubation with varying concentrations of SARS-CoV-2 RdRp (1
fM~100 pM). (B) Calibration curve at a series of target RNA concentrations (n = 3). The dashed line refers to 3-fold noise level. (C) Transfer curves upon incubation
with PBS and nonspecific sequences including 1 nM non-complementary, SARS-CoV RdRp, and one-base mismatched RNA. (D) Variation of Vyp at detection of blank

and three nonspecific sequences.

10%® x concentration (g/pL)/(fragment length x 340). It is, moreover,
noteworthy that our proposed method was 2-3 impressive orders of
magnitude higher than another study (Qiu et al., 2020), in which
SARS-CoV-2 RdRp was detected by LSPR with a LOD of 0.22 pM. Taking
into account of the full-length of SARS-CoV-2 genome with 29.9 kilo-
bases which is 1000 times as long as the RdRp-gene detected in this
study, the sensitivity of our COVID-19 G-FET nanosensor can be further
improved in detecting SARS-CoV-2 entire RNA strands, by reason of
more negative charges carried by per target (Lin et al., 2009). According
to literature reports, of note, the overall viral load of respiratory samples
collected from 82 infected patients was higher than 1 x 10° copies/pL
shortly after symptom onset (Pan et al., 2020), which considerably ex-
ceeds the above-mentioned detection limit (223 copies/pL). This illus-
trates that our sensing platform opens up the exciting possibility for
directly detecting SARS-CoV-2 RNA from clinical samples with excellent
sensitivity but without PCR amplification. We own this good perfor-
mance to the high density of PMO immobilization, high efficiency of
PMO-RNA hybridization, and high conductivity of RGO.

It is well known that one of the major challenges in SARS-CoV-2
detection lies in specificity, which is the prerequisite of a high degree
of accuracy and the minimization of false positive. To investigate
whether the developed COVID-19 nanosensor can distinguish between
target RNA and non-specific sequences, 1 nM non-complementary RNA,
1 nM SARS-CoV RdRp, 1 nM one-base mismatched RNA, and 100 pM
target RNA, namely SARS-CoV-2 RdRp, were successively exposed to the
G-FET sensor chip, which had undergone entire functionalization pro-
cess including AuNPs decoration and PMO attachment. The blank con-
trol experiment was first carried out by applying the same volume of 1 x
PBS to the channel surface for 30 min. Fig. 3C depicts the transfer curves

of the sensor chip after each incubation. Apparently, the Dirac point
barely shifted after interaction with PBS and non-complementary RNA.
And just only a negligible response, probably from nonspecific adsorp-
tion, appeared in the circumstances where SARS-CoV RdRp and one-
base mismatched RNA were detected, whereas a remarkable shift of
Dirac point was obviously observed in detection of SARS-CoV-2 RdRp.
As summarized in Fig. 3D, in detail, the mean -AV¢yp values of three
contaminant RNAs were calculated to be 6.7, 18, 23, and 37 mV,
respectively. Differently, there was a dramatical variation of Vcyp in a
lower concentration of SARS-CoV-2 RdRp, which was 5.8-fold of the
response intensity of SARS-CoV RdRp. Of note, SARS-CoV and SARS-
CoV-2 viruses present high similarities in RARp sequences that only
three fixed bases are different. Satisfyingly, it can be seen from Fig. 3C
and D that our device held the power to discriminate between these two
homologous beta-coronavirus accurately. Thus, it can be concluded that
the developed assay enjoys high specificity for SARS-CoV-2 RNA testing.

3.3. Comparison of probe performances between PMO and ssDNA

To determine whether PMO is superior to ssDNA as an oligonucle-
otide probe and is more favorable for improving analytical performance,
both sensitivity and selectivity of ssDNA-functionalized G-FET nano-
sensor were further examined. In this experiment, an amino-modified
ssDNA probe with the same base sequence and concentration (10 pM)
was used to replace PMO. As shown in Figure S3A and B, when detecting
any given concentration of RdRp, the developed COVID-19 G-FET
nanosensor gave rise to a more intensive signal output, while the -AV¢np
values of ssDNA-modified G-FETs were much smaller. Moreover, there
was a significant difference (P < 0.01) in -AVcnp values between these
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two types of nanosensors for the same quantity of SARS-CoV-2 RdRp.
Consistent with a study using PMO-functionalized silicon nanowire FETs
for detection of DNA (Zhang et al., 2010), we find that the use of PMO as
capture probes provides more responsive testing than ssDNA. We reason
the favorable performance on sensitivity of our assay, probably arising
from PMO-enhanced high affinity hybridization via the elimination of
electrostatic repulsion between PMO-RNA duplex. Furthermore, to
again compare the specificity, the measurements of blank, 1 nM
non-complementary RNA, 1 nM SARS-CoV RdRp, and 1 nM one-base
mismatched RNA were next carried out, respectively, with
ssDNA-modified GFETs (Figure S3C). The corresponding -AV¢np values
were 8, 19.3, 36, and 49.3 mV as shown in Figure S3D. In terms of blank
and non-complementary RNA detection, the response signal was negli-
gible, which is similar to that of our developed device. When testing
SARS-CoV RdRp and one-base mismatched RNA, nevertheless, the
ssDNA-modified G-FETs generated greater spurious binding signal (P <
0.05), indicating a limited scope of discriminability between target RNA
and a similar but not identical sequence. Particularly in case of that the
content of endogenous interfering substances are relatively high in
samples, the ssDNA-modified G-FETs are prone to false positive. To sum
up, our proposed COVID-19 G-FET nanosensor harnessing PMO as
capture probes is superior to the ssDNA-modified G-FETs in both
sensitivity and specificity, and possesses greater potential for direct
detection of SARS-CoV-2 in clinical samples.

3.4. Measurement of SARS-CoV-2 RdRp in throat swab and serum

We wonder whether our well-designed COVID-19 G-FET device
could be used in real clinical samples which contain a complex matrix
environment and multiple uncertain components. Therefore, the anti-
interference capability against biological samples of our nanosensor
was first verified prior to testing patient samples. In this experiment,
throat swab and serum were selected for testing as diagramed in Fig. 4A.
To better simulate the testing environment of clinical samples, the RARp
sequence with different concentrations (from 10 fM to 10 pM) were
spiked into the 100% throat swab and undiluted serum from healthy
individuals, respectively. The blank control here was incubated with
same volume of throat swab or serum alone in the absence of target. As
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demonstrated in Fig. 4B-E, with the content of target RNA elevated from
10 fM to 10 pM, the sensing signal presented concentration-dependent
enhancement with a linear relationship both in throat swab and serum
detection. The regression equation were expressed as -AVcnp
12.2551gC+205.416 (R? = 0.997), and -AVenp = 12.0741gC+203.852
(R? = 0.997), respectively. On the basis of 3-fold of signal to noise ratio,
the LOD was calculated to be 2.29 fM in throat swab, and 3.99 fM in
serum. Moreover, Fig. 4F gives a more intuitive presentation and com-
parison. As we can see, although the sensing signals produced in throat
swabs and serum were weaker than those in PBS at the same concen-
tration of target, they were still significant and measurable response
compared to background baseline (3-fold of blank), with satisfactory
detection limits.

In addition, to further survey the repeatability and stability of our
method, the recovery test was implemented as shown in Figure S4 and
Table S2, where the average recovery rates ranged from 93.33% to
103.67%. These results suggest that our COVID-19 G-FET nanosensor
has excellent anti-interference capability, accuracy and precision in
biological samples analysis. It is known that throat swab is a commonly
used upper respiratory specimen in SARS-CoV-2 screening. The feasi-
bility of our device in throat swabs detection has critical implications in
the practical applications in clinical patient samples. More interestingly,
increasing studies reveal the existence of SARS-CoV-2 RNA in extra-
pulmonary sites, especially in serum. According to relevant reports
(Chen et al., 2020a; Kim et al., 2020), detectable viral RNA in serum is a
predictive indicator for clinical severity of COVID-19 patients, and is
closely associated with the mortality rate, organ damage, and the level
of interleukin 6 (IL-6), which may induce the occurrence of greater
cytokine storms (Chen et al., 2020b). On the other hand, accurate
detection of SARS-CoV-2 RNA in blood can effectively prevent the po-
tential transfusion transmission. The good analysis ability of our nano-
sensor in serum, therefore, makes it attractive and versatile with a broad
application prospect.

3.5. Clinical sample analysis with COVID-19 G-FET nanosensor

Most crucial of all, the practicability and validity of the COVID-19 G-
FET nanosenser were verified in clinical samples by detecting a number
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of heat-inactivated throat swab RNA extracts, from 20 confirmed pa-
tients and 10 excluded individuals, which had been tested by RT-PCR.
With the same testing protocol as used in contrived reference samples
in PBS, 10 pL of clinical samples was incubated with the biosensing
interface for 30 min. According to the recorded transfer curves, the
-AVcnp values of each RNA extracts were calculated as presented in
Fig. 5A-B. Overall, the average levels of sensing signal obtained from 20
COVID-19 patients were substantially higher than that of 10 healthy
controls with a statistically significant difference (p < 0.0001). As
clearly described in the heat map in Fig. 5C, the response of Dirac point
variation was exceedingly intensive in RT-PCR positive cases but very
weak in RT-PCR negative cases, signifying the well-defined distinction
between the two groups. Additionally, to gain more insight about the
diagnostic performance of our approach, the receiver operating char-
acteristic curve (ROC) was applied. As we can see, an outstanding ac-
curacy was reflected in Fig. 5D where the area under ROC was 0.995.
Because the point closest to the top left corner of the ROC curve repre-
sents the fewest false positives and false negatives, the optimal cut-off
value (-AVcenp = 23 mV) with a maximum positive likelihood ratio
(+LR = 10) was acquired by software analysis. Based on these results,
Kappa test was performed to evaluate the consistency between our
method and the golden standard, ie, RT-PCR. Table S3 gives an explicit
illustration that the Kappa index was 0.92, which means an almost
perfect agreement. Hence, we draw the conclusions that our COVID-19
G-FET nanosensor has a high degree of reliability for direct detection of
clinical samples, showing the good propensity to help overcome COVID-
19.

3.6. Real-time detection of SARS-CoV-2 in clinical samples

For the sake of further reducing the detection time to realize rapid
screening of COVID-19 patient, attempts in real-time dynamic response
to clinical samples were performed. Briefly, the current between source
and drain electrodes (Igs) as a function of time was monitored under the
gate voltage of —0.1 V upon injection of COVID-19 negative and positive
samples, successively. As shown in Fig. 6A, the sensor device was only a
slight drop in current during exposure with healthy sample. In contrast,
a quite evident decline in current was observed after the addition of
patient sample 8. As a result of the capture of negatively charged target
sequence which led to an alteration of net carrier density on the channel
surface, the Iy signal decreased sharply within 2 min and then reached
its saturation for about 300s (5 min) after injection. The current change
rates of the two samples were shown in the inset histogram. Likewise,

150

Biosensors and Bioelectronics 183 (2021) 113206

strong current responses were obtained in the detection of other patient
samples as graphed in Fig. 6B-D. These results manifest the ability of our
sensor to quickly detect SARS-CoV-2 RNA from clinical throat swabs
within 2 min. In this analysis pattern, by measuring the Iy in real-time,
the developed nanosensor could determine who was infected or not in a
trivial amount of time. Hence this method establishes an effective line of
defense against the spread of pathogens and is paramount for timely
public health surveillance.

To better assess the performance of our biosensor, we benchmarked
LOD and detection time of the developed G-FET nanosensor in com-
parison with other SARS-CoV-2 RNA detection platforms (see Table 54),
as shown in Fig. 6E. Overall, the established method in this work ex-
hibits good performance in terms of LOD and detection time. Further-
more, the performance of different FET-based sensors for virus detection
was also compared, as summarized in Table S5 and Fig. 6F. Although
FET has previously made progress in the detection of many viruses,
including HIV and HCV, etc., the proposed approach presents a more
sensitive and rapid analysis. Undisputedly, this work provides new
power and breakthrough for the application and development of FET
biosensor in COVID-19 detection.

3.7. Reusability

Finally, the reusability of the device was interrogated, which is a
considerable dimension for cost savings. In this verification experiment,
PMO-RNA duplex was denatured by 8.3 M urea solution for 5 min. Af-
terwards, RdRp sequence (10 fM or 10 pM) was introduced to the chip
surface once more. As such, 3 cycles of hybridization and de-
hybridization process were monitored as shown in Figure S5. The
-AVcnp values of the three times were 56, 54, 54 mV, respectively, in
case of 10 fM target, and were 102, 100, 80 mV, respectively, in case of
10 pM target, indicating very close results with only slight changes.
Thus, we hold the view that the fabricated nanosensor possesses good
reusability and re-generability in both target detection with low and
high concentration.

4. Conclusions

In this paper, we have established a PMO-functionalized G-FET
nanosensor for the rapid direct detection of SARS-CoV-2 RNA in clinical
throat swab samples with an attempt to realize a PCR-free identification
of COVID-19. During the pandemic, this method is expected to be an
effective diagnostic tool of COVID-19 with following attractive merits:
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Fig. 6. Real-time electrical detection of clinical throat swabs from healthy individuals and COVID-19 patients. (A) Detection results of healthy sample 1 and COVID-
19 sample 8. (B) Detection results of healthy sample 1 and COVID-19 sample 9. (C) Detection results of healthy sample 1 and COVID-19 sample 11. (D) Detection
results of healthy sample 1 and COVID-19 sample 13. Insert: The current change rates of the two samples. (E) Benchmarking (by LOD and detection time) our
nanosensor with other SARS-CoV-2 RNA detection platforms. (Reference data see Tables S4). (F) Benchmarking (by LOD and detection time) our nanosensor with
previously reported FET-based biosensors for virus detection. (Reference data see Tables S5).

(i) Detection limit is as low as 0.37 fM, which is below the other reported
biosensing platform (Table S4). (ii) Allowing a well-defined distinction
between SARS-CoV-2 RdRp and SARS-CoV RdRp. (iii) Excellent anti-
interference capability and precision in undiluted biological samples
(throat swab/serum) detection. (iv) Outstanding reliability and accu-
racy for testing of RNA extracts from real clinical specimens and a high
agreement with the results of RT-PCR. (v) Rapid specific response to
COVID-19 patient samples can be achieved within 2 min by real-time
measurement. (vi) A crucial advance in this work is PCR-free direct
detection without pre-amplification, which consumedly reduces the
molecular diagnostic turn-around time. In summary, the yielded plat-
form provides a rapid (~2 min), sensitive, and reliable detection strat-
egy for SARS-CoV-2. It is hoped that this sensing platform can be used as
a rapid screening tool in the emergency department. When close con-
tacts are under medical observation, the method can be used to quickly
identify infected individuals and give immediate feedback to doctors. It
is believed that this is a powerful means of combating current COVID-19
as well as any future outbreaks.
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