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ABSTRACT: The large-scale pandemic and fast evolution of
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
variants have triggered an urgent need for an efficient and sensitive
on-site nucleic acid testing method with single-nucleotide
polymorphism (SNP) identification capability. Here, we report a
multiplexed electrical detection assay based on a paperclip-shaped
nucleic acid probe (PNprobe) functionalized field-effect transistor
(FET) biosensor for highly sensitive and specific detection and
discrimination of SARS-CoV-2 variants. The three-stem structure
of the PNprobe significantly amplifies the thermodynamic stability
difference between variant RNAs that differ in a single-nucleotide
mutation. With the assistance of combinatorial FET detection
channels, the assay realizes simultaneously the detection and
identification of key mutations of seven SARS-CoV-2 variants, including nucleotide substitutions and deletions at single-nucleotide
resolution within 15 min. For 70 simulated throat swab samples, the multiplexed electrical detection assay shows an identification
accuracy of 97.1% for the discrimination of SARS-CoV-2 variants. Our designed multiplexed electrical detection assay with SNP
identification capability provides an efficient tool to achieve scalable pandemic screening.
KEYWORDS: DNA probes, biosensors, nanodevices, single-nucleotide polymorphism, RNA mutations

The pandemic and evolution of the coronavirus disease
2019 (COVID-19) have brought about major challenges

to global public health and economic development.1 Since the
first emergence of the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) variant with D614G mutation, a
typically single-nucleotide polymorphism (SNP) in the viral
genome, SARS-CoV-2 has evolved in a rapid mutating manner
into multiple variant strains with different transmissibility,
pathogenicity, and vaccine efficacy.2 For instance, the Alpha
(B.1.1.7) variant shows an increased transmission rate of 50%
compared with the original strain.3,4 The Beta (B.1.351)
variant gave rise to a reduction of trial efficacy of the AZD1222
vaccine from 70 to 10%.5 The Delta (B.1.617.2) variant was
reported to be 60% more transmissible than the Alpha
variant.6,7 Notably, Omicron (BA.1) and its sublineages
(BA.4 and BA.5) show a particularly large number of
mutations (>30 mutations) in its spike, significantly increasing
their transmission rate and reducing the vaccine protective
efficacy.8,9 Thus, it is of great significance to differentiate
SARS-CoV-2 variants, especially for variants of concern
(VOCs), which are recommended by the World Health
Organization (WHO), for the accurate evaluation of viral
transmission rate and pathogenicity, as well as to curb viral
transmission and develop an efficient vaccine.10,11

An ideal method for scalable screening and identification of
SARS-CoV-2 variants should be possessed several critical
characteristics: (i) Sensitively detecting RNA mutations in the
SARS-CoV-2 genome at single-nucleotide resolution. Gen-
erally, the SARS-CoV-2 variants differed in several nucleotides
or even single-nucleotide mutation, and the thermodynamic
stability difference between single-nucleotide mutated sequen-
ces and sequences without mutations is particularly negli-
gible.12−15 (ii) Rapid readout of detection results. Currently
developed methods for the identification of SARS-CoV-2
variants require a time-consuming nucleic acid amplification
process, and the turnaround time from sample-to-result costs
at least 30 min, making it inadaptable for rapid and scalable
variants screening.16−18 (iii) Capable of detecting multiplexed
RNA mutations simultaneously. SARS-CoV-2 VOCs involve a
huge number of sublineages and sets of corresponding RNA
mutations.2,9,19 The detection of multiple mutated RNAs
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simultaneously is expected to improve the identification
efficiency of RNA mutations and the ability in differentiating
SARS-CoV-2 variants.20−23 Therefore, the development of an
efficient nucleic acid detection assay with the capability to
accurately identify viral genome SNPs is highly demanded to
achieve rapid SARS-CoV-2 variants screening.
Here, we proposed a multiplexed electrical detection assay

based on a paperclip-shaped nucleic acid probe (PNprobe)
functionalized field-effect transistor (FET) biosensor for
specific identification of RNA mutations with single-nucleotide
resolution to achieve rapid screening of SARS-CoV-2 variants.
The three-stem structure designed in the PNprobe prom-
inently increases the thermodynamic stability of probes and
amplifies the thermodynamic stability difference between
variant RNAs that differ in a single-nucleotide mutation. The
specific recognition of viral RNA with the single-nucleotide
mutation was electrically read out by FET biosensors within 15
min. Notably, the developed multiplexed electrical detection
assay shows the capability in the highly sensitive detection of
mutated RNA with a limit of detection (LOD) down to 0.03
copies μL−1. With the assistance of 8 FET detection channels,
the developed multiplexed electrical detection assay achieves
the detection of 7 mutated RNAs and shows a 97.1% accuracy
in the discrimination of 5 SARS-CoV-2 VOCs for 70 simulated
SARS-CoV-2 positive throat swab samples. Our designed assay
provides an effective tool for single-nucleotide mutation
detection and a strategy for large-scale epidemic screening.

■ EXPERIMENTAL SECTION
Materials. Methanol, ethanol, acetone, and ammonium persulfate

were purchased from Sinopharm Chemical Reagent Co., Ltd.
Sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate
(Sulfo-SMCC), poly(methyl methacrylate) (PMMA), (3-
Aminopropyl)triethoxysilane (APTES), acrylamide, bis-acrylamide,
N,N,N′,N′-Tetramethylethylenediamine (TEMED), and tris-borate-
edetate disodium (TBE) buffer were obtained from Aladdin. BSA, 1 ×
PBS (1 × 10−2 M, pH 7.4), and nuclease-free water were provided by
Shanghai Yuanye Bio-Technology Co., Ltd. 10 × GelRed and viral
transport medium (VTM) were purchased from Wuhan Servicebio
Technology Co., Ltd. DNA and RNA oligonucleotides were obtained
from Sangon and purified by high-performance liquid chromatog-
raphy (HPLC). The full-genome RNA standards were purchased
from the National Institute of Metrology (China), which were
obtained through in vitro transcription, containing the complete
genomic fragments of SARS-CoV-2 N gene, E gene, S gene, and
ORF1ab gene.

Instruments and Characterizations. The isothermal titration
calorimetry (ITC) experiments were performed on an isothermal
titration calorimeter (MicroCal PEAQ-ITC, Britain). The images of
gel electrophoresis were scanned by a gel imaging system (ChemiDoc
XRS+, America). The electrodes (Cr/Au, 10 nm/30 nm) array of
FET was patterned by ultraviolet (UV) lithography (ABM. Inc.,
America). The indium gallium zinc oxide (IGZO) channel materials
were deposited by a thermal evaporator system (Jiashuo JSD300-II,
China) with the assistance of metallic mask templates. The sensing
region of the FET biosensor was exposed by an electron beam
lithography system (EBL, JSM-6510, Japan) after PMMA protection.
The modification of PNprobe on the IGZO surface was characterized
by attenuated total reflection Fourier transformed infrared spectros-
copy (ATR-FTIR, FTIR5700, USA). The surface morphologies of
FET biosensors were characterized by atomic force microscopy
(AFM, Park nx10, Korea). The photograph of the multiplexed
electrical detection nanodevice was obtained using a camera (Nikon
D7100, Japan). The electrical characteristics of the IGZO FET
biosensors and multiplexed electrical detection devices were measured
by a digital source meter (Keysight B1500A, Germany) connected to
a probe station (PRCBE LAB, China). More details on the IGZO
FET devices fabrication and testing could be found in the Supporting
information.
Analysis of the Binding Affinity of PNprobe with ITC. The

binding affinity of PNprobe was evaluated with ITC operated on
MicroCal PEAQ-ITC at 25 °C. PNprobes and all the measured RNAs
were dissolved in 1 × PBS. The testing was performed by adding 2 μL
measured RNAs (2 μM) continuously into the cell containing 10 μM
PNprobe for 19 times with a 2.5 min interval time. The titration data
were analyzed by using ITC data processing software (MicroCal
PEAQ-ITC Analysis Software).
Polyacrylamide Gel Electrophoresis (PAGE). Samples with

PNprobe (2 μM) only, mutated RNA (5 μM) only, wild RNA (5
μM) only, and PNprobe (2 μM) hybridized with mutated RNA (5
μM) or wild RNA (10 μM) (total reaction-mixture volume: 10 μL)
were equilibrated for 30 min at 25 °C and then analyzed on a 20%
polyacrylamide gel at 130 V in 1 × TBE buffer for 90 min. The gel
was stained in 3 × GelRed nucleic acid stain solution for 20 min and
imaged with ChemiDoc XRS+.
Preparation of Simulated Throat Swab Samples. The

synthetic RNAs of three coronaviruses, including SARS-CoV-2,
severe acute respiratory syndrome coronavirus (SARS-CoV), and
middle east respiratory syndrome coronavirus (MERS-CoV), were
centrifuged at 3000 rpm at 4 °C for 5 min and then diluted into a
concentration of 5000 copies μL−1 with VTM containing 2% RNase
inhibitor. Subsequently, these viral RNAs were then further diluted
with negative throat swab samples to obtain simulated SARS-CoV-2,
SARS-CoV, and MERS-CoV positive throat swab samples with a
concentration of 100 copies μL−1. The full-genome RNA standards of
SARS-CoV-2 wild strain and variants were centrifuged at 3000 rpm at

Scheme 1. Schematic of the Structure of PNprobe and The Identification of SARS-CoV-2 Variants with PNprobe-
Functionalized FET Biosensors
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4 °C for 5 min and then diluted into negative throat swab samples to
obtain simulate SARS-CoV-2 positive throat swab samples with
unknown RNA concentrations.

■ RESULTS AND DISCUSSION
Design and Working Principle of PNprobe-Function-

alized FET Biosensors. Scheme 1 presents the structure of
designed PNprobes and the working principle of probes
functionalized FET devices for SARS-CoV-2 variants’ mutated
RNA detection. The PNprobe comprises three parts, including
forward sequence, recognition sequence, and backward
sequence. The recognition sequence is fully complementary
to mutated RNA with 21 nucleotides in length for specific
recognition and binding. The forward and backward sequences
are devised to be complementary and paired to different parts
of the recognition sequence to form a stabilized three-stem
structure in PNprobes. The three-stem structure equips the
PNprobe with exceptional thermodynamic stability, which
could only be disrupted when exposed to mutated RNA.
Whereas, in the presence of wild RNA, the three-stem
structure of PNprobes could not be destabilized owing to
the thermodynamic energy penalty derived by single-base
mismatch, leading to a failure of the biorecognition event. By
incorporating PNprobes onto the interface of FET biosensors,
the specific recognition event of PNprobe with mutated RNA
is rapidly amplified and converted into a readable electrical
signal. With the integration of PNprobe-functionalized FET
units, a multiplexed electrical detection assay is constructed to
detect 7 mutated RNAs for the achievement of SARS-CoV-2
VOCs discrimination.
Design and Performance Evaluation of PNprobe. To

obtain an optimized PNprobe, the three-stem length and the

position of base-pairing mismatch in the recognition sequence
on the binding affinity of PNprobes were investigated. The
designed five PNprobes contain a three-stem structure of 9-3-9
base-pairs (bps) (PNprobe1), 8-5-8 bps (PNprobe2), 7-7-7
bps (PNprobe3), 6-9-6 bps (PNprobe4), and 5-11-5 bps
(PNprobe5), respectively (Figure 1a and Table S1). The ratio
of binding constants (Ka) of PNprobes to target RNA (TR)
and single-base mismatched RNA (MR) was defined as the
discrimination factor to assess the binding affinity of PNprobe.
According to the ITC measurement results, the discrimination
factors and Gibbs free energy changes (ΔG) of five PNprobes
after binding with TR and MR were calculated (Figure
S1).24−26 Among the designed PNprobes, PNprobe3 shows a
much lower ΔG (−45.7 kJ/mol) and the highest discrim-
ination factor (up to 26.2) upon binding to TR, indicating that
PNprobe3 with a 7-7-7 bps three-stem structure exhibits a
strong binding ability to TR (Figure 1a). Moreover, the
generated ΔG of all designed PNprobes are significantly higher
toward MR compared to TR, suggesting the amplified
thermodynamic stability difference of PNprobes to TR and
MR owing to the three-stem structure. Subsequently, the
position of base-pairing mismatch in the recognition sequence
was optimized by introducing single-base substitutions at the 3,
5, 7, 9, and 11 nt (donated as SR1 to SR5, Figure 1b). Notably,
when the single-base mismatch position was set at 7 nt, the
PNprobe with 7-7-7 bps three-stem structure shows a
remarkably large ΔG (−37.6 kJ/mol) upon binding to
single-base mismatch RNA compared to TR. Similarly, the
PNprobe can effectively distinguish TR from single-base,
double-base, and triple-base deletion RNA sequences (donated
as DR1, DR2, and DR3, respectively). The above results
demonstrate that PNprobes with 7-7-7 bps three-stem

Figure 1. Design and optimization of PNprobes for the identification of RNA mutations at single-nucleotide resolution. (a) Identification of SNPs
using PNprobes with different three-stem structures. Shown are the diagrams of the PNprobe structure. TR, target RNA; MR, mismatched RNA.
(b) Identification of nucleotide substitutions and deletions using PNprobes with a 7-7-7 bps three-stem structure. SR, substituted RNA; DR,
deleted RNA. (c) Identification of D614G and IHV68-70I RNA mutations using G614 PNprobe and IHV68-70I + PNprobe. −ΔG and
discrimination factors in data a, b, and c were calculated through the ITC measurement. (d) Electrophoretic analysis of the G614 PNprobe binding
G614 and D614 RNA sequences. (e) Electrophoretic analysis of the IHV68-70I+ PNprobe binding IHV68-70I+ and IHV68-70I− RNA sequences.
Data in a, b, and c were expressed as mean ± s.d. (n = 3).
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structure and single-base mismatch located at 7 nt in the
recognition sequence exhibit the optimized discrimination
capability for RNA that differs in a single-nucleotide mutation.
To estimate the capability and applicability of the optimized

PNprobe in detecting RNA mutations of SARS-CoV-2
variants, two representative RNA mutations in the SARS-
CoV-2 genome, including D614G and IHV68-70I mutations
were selected for the following measurements.27,28 We
designed two PNprobes (G614 PNprobe and IHV68-70I +
PNprobe) that are specific to D614G and IHV68-70I mutated
RNA and evaluate their discrimination factors to mutated and
wild RNA. As indicated in Figure 1c, the calculated
discrimination factors of the two PNprobes were up to 21.5
and 181.6, respectively, reflecting the remarkable capability of
the designed PNprobes in distinguishing mutated RNA from
wild RNA. Additionally, an obvious gel band was observed in
the image of gel electrophoresis when the PNprobe was
exposed to mutated RNA (Figure 1d,e). By contrast, there is
no new gel band observed in the lane of PNprobe and wild
RNA even when the concentration of wild RNA is 5 times that
of mutated RNA. The above results indicate that the designed
PNprobe with optimized structure is capable of specifically
recognizing mutated viral RNA at single-nucleotide resolution.
Identification of Viral RNA with PNprobe-Function-

alized FET Biosensors. To examine the detection perform-
ance of the PNprobe toward SARS-CoV-2 RNA, sulfydryl-
functionalized PNprobes (SH-PNprobes) were introduced
onto the amination-treated sensing interface of IGZO FET
by Sulfo-SMCC cross-linking reagent (Figures 2a and S2). In
the presence of target viral RNA with negative charges, the
PNprobe immobilized on the IGZO sensing interface could
recognize and combine with target viral RNA, resulting in a
change of charge density on the FET biosensing interface. The
biorecognition event between the PNprobe and target viral
RNA is subsequently amplified by the IGZO FET device and
converted into a readable electrical signal. The presence of
absorption peaks corresponding to amido bonds (1560 and
1650 cm−1) and phosphate skeleton of the nucleic acid probe
(1240 cm−1) in the ATR-FTIR curves verify that the PNprobe
was successfully immobilized on the FET biosensing interface
(Figure S3).22,29 The AFM characterization indicates a
uniform and vertical PNprobe functional layer formed on the

FET channel surface with an average height of about 9.1 nm,
which is consistent with the theoretical vertical height of
PNprobe (Figure S4).30−32 Additionally, the transfer character-
istic curve of the FET biosensor at a fixed source-drain voltage
(Vd) under the liquid-gate bias (Vg) shows an obvious right
shift after the PNprobe functionalization (Figure S5a), which
can be attributed to the charge repulsion effect of the
negatively charged PNprobes on carriers in the FET
channel.33−35 The real-time current response curve reveals
that the PNprobe-functionalized FET biosensor maintains a
relatively stable current over long-term monitoring (Figure
S5b). The above results demonstrate that the PNprobe was
successfully immobilized on the FET interface and shows
excellent stability.
Next, three coronaviruses, including SARS-CoV-2, SARS-

CoV, and MERS-CoV, were selected to evaluate the detection
capability of the PNprobe-functionalized FET biosensor
(Figure 2b).36,37 A series of PNprobes was designed to
specifically target the corresponding gene regions (Table S2).
An optimized PNprobe modification concentration (1 μM)
and viral RNA incubation time of 5 min were selected for the
subsequent measurements (Figure S6). The current response
(100 × ΔId/Io) that was defined as the ratio of the current
change (ΔId) before and after target viral RNA conjugation to
the initial current (Io) was adopted to evaluate the detection
capability of the PNprobe-functionalized IGZO FET bio-
sensor. As illustrated in Figure 2c, with the concentration of
SARS-CoV-2 ORF1ab RNA increasing from 0.05 to 100 copies
μL−1, the current responses exhibit a linear increase. Other
PNprobe-functionalized FET biosensors that are specific to N
gene regions of SARS-CoV-2, SARS-CoV, and MERS-CoV
show a similar detection performance to the corresponding
target viral RNA (Figures S8 and S9). According to the current
response curves, the calculated LOD was calculated as the
concentration generating a |ΔId/Io| response equal to three
times the average noise level. Thus, the LOD of the PNprobe-
functionalized FET biosensors to the SARS-CoV-2 ORF1ab
gene, SARS-CoV-2 N gene, SARS-CoV N gene, and MERS-
CoV N gene are 0.03, 0.14, 0.05, and 0.10 copies μL−1,
respectively. The extremely low detection limit indicates that
the designed PNprobe-functionalized FET biosensor is

Figure 2. Identification of viral RNA with PNprobe-functionalized FET biosensors. (a) Schematic illustration of the working principle of PNprobe-
functionalized FET biosensors. (b) Parts genome map of three coronaviruses and the selected targeted gene regions. (c) Current responses of
PNprobe-functionalized FET biosensors to SARS-CoV-2 ORF1ab gene with concentrations ranging from 0.05 to 1000 copies μL−1. (d) Current
responses of PNprobe-functionalized FET biosensors to simulated throat swab samples spiked with 100 copies μL−1 RNAs of three coronaviruses.
The simulated SARS-CoV-2 positive throat swab samples contain 100 copies μL−1 SARS-CoV-2 ORF1ab gene and N gene. Data in (c) and (d)
were expressed as mean ± s.d. (n = 3). (e) Cross-reaction test of simulated SARS-CoV-2, SARS-CoV, and MERS-CoV positive samples by four
PNprobes functionalized FET biosensors, respectively. NTC, no target control.
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accessible to be applied for highly sensitive detection of
coronavirus RNAs.
In order to evaluate the applicability of the PNprobe-

functionalized FET biosensor in practical sample detection,
several simulated throat swab samples spiked with viral RNAs
of three coronaviruses, were detected. As shown in Figure 2d,
the observed current responses of all PNprobe-functionalized
FET biosensors to target viral RNAs are more than 55%,
suggesting the excellent sensitivity of our developed FET
biosensors in detecting coronavirus RNAs in practical samples.
Notably, the whole detection time only requires ∼15 min due
to the rapid response of the FET biosensor, suggesting that the
PNprobe-functionalized FET biosensor shows potential in
point-of-care detection (Figure S10). Given that the viral
genomes of three coronaviruses share a high degree of
similarity,37 a cross-reaction test was performed to challenge
the specificity of the PNprobe-functionalized IGZO FET
biosensor. As shown in Figure 2e, the FET biosensor with
SARS-CoV-2 ORF1ab gene-specific PNprobe shows a
remarkable current response of 65.8% to SARS-CoV-2 positive
throat swab samples. In contrast, the current responses of the
biosensors to SARS-CoV and MERS-CoV positive throat swab
samples were 8.7 and 10.6%, respectively. Similar detection
results were observed in other FET biosensors that were
specific to the N gene of three tested coronaviruses (Figure
2e). The above results reveal that the developed PNprobe-
functionalized FET biosensor features excellent detection
sensitivity and specificity in practical samples and could be
utilized in the rapid detection and effective discrimination of
SARS-CoV-2, SARS-CoV, and MERS-CoV.
Identification of RNA Mutations in SARS-CoV-2. To

investigate the detection ability of PNprobe-functionalized
FET biosensors for different RNA mutations in SARS-CoV-2
variants, seven representative RNA mutations, including SNPs,
such as K417N, K417T, and D614G mutations, as well as
mutations with nucleotide deletion, such as LPPA24-27S,
IHV68-70I, GVYY142-145D, and EFR156-158G were consid-
ered (Figures 3a and S12).2,38−40 Figures 3b,c and S11 display
the current responses of the PNprobe-functionalized FET
biosensors toward D614G mutation and IHV68-70I mutation,
respectively. Obviously, the current responses increase
gradually with the concentration of mutated RNA. For 1
copies μL−1 mutated RNA, the two FET biosensors produce
significant current responses of 31.6 and 34.3%, respectively,
while only 20.6 and 13.2% current responses were generated
for 1000 copies μL−1 wild RNA. It reflects that PNprobe-
functionalized FET biosensors could achieve highly sensitive
identification of mutated RNA even at an extremely low
concentration.
For the mutated and wild RNA with the same concentration,

seven PNprobe-functionalized FET biosensors specific to
different RNA mutations show a 3-6-fold higher current
response to mutated RNA than wild RNA (Figures 3d and
S13). The excellent current response suggests that the
developed FET biosensor is capable of identifying multiple
mutated gene sequences in SARS-CoV-2 variants with high
sensitivity.
For investigating the capability of PNprobe-functionalized

FET biosensors in detecting RNA mutations in the full
genomes of SARS-CoV-2 variants, four PNprobe-function-
alized FET biosensors that were specific to D614, G614,
IHV68-70I−, and IHV68-70I+ wild or mutated RNA were
designed to detect the RNA standards of wild-type, Alpha, and

Beta variants (Table S1). Figure 3e shows that D614G and
IHV68-70I mutated RNAs were not detected in the wild-type
RNA standards, while they were observed in the Alpha variant.
For the Beta variant, the D614G mutated RNA and wild RNA
of IHV68-70I mutation were detected. These measurement
results are consistent with RNA mutations in Alpha and Beta
variants certified by the CDC and reported in the literature,19

demonstrating that the PNprobe-functionalized FET biosensor
could effectively identify RNA mutations in the full-genome of
SARS-CoV-2 variants.
Identification of SARS-CoV-2 Variants with Multi-

plexed Electrical Detection Assay. A multiplexed electrical
detection nanodevice consisting of eight PNprobe-function-
alized FET biosensors was designed to identify various SARS-
CoV-2 variants simultaneously (Figure 4a). In the multiplexed
electrical detection nanodevice, channel 2 to channel 8 were
designed to target D614G, IHV68-70I, K417N, K417T,
EFR156-158G, GVYY142-145D, and LPPA24-27S mutations,
respectively. Channel 1 was modified with PNprobes targeting
the human RNase P gene present in human throat swab
samples. The presence of the RNase P gene reflects the
successful sampling of throat swab samples and the reliability
of detection results.15

The relationships between seven RNA mutations and SARS-
CoV-2 variants are illustrated in Figure 4b. The synthetic full-
genome RNA standards of wild-type SARS-CoV-2 and five
variants (Alpha, Beta, Gamma, Delta, and Omicron BA.1) were
spiked into negative throat swab samples for the variant
identification evaluation. Figure 4c shows the current
responses of multiplexed electrical detection nanodevices
toward seven mutations in RNA standards corresponding to

Figure 3. Detection of SARS-CoV-2 RNA mutations, including
nucleotide substitutions and deletions. (a) SARS-CoV-2 genome map
and the selected RNA mutations. Current responses of PNprobe-
functionalized FET biosensors to (b) SARS-CoV-2 D614G mutation
and (c) IHV68-70I mutation with concentrations of mutated and wild
RNAs ranging from 0.1 to 1000 copies μL−1. (d) Current responses of
PNprobe-functionalized FET biosensors toward seven mutations in
the mutated and wild RNA. The concentration of viral RNA is 100
copies μL−1. (e) Current responses of FET biosensors functionalized
with D614G and IHV68-70I mutations specific PNprobes toward
wild and two representative mutated RNA standards. The
concentrations of full-genome RNA standards are 100 copies μL−1.
NTC, no target control. Data in (b) and (c) were expressed as mean
± s.d. (n = 3). Data in (d) were expressed as mean ± s.d. (n = 5).
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different variants. It can be observed that the current responses
of multiplexed detection nanodevices are significantly different
for the presence and absence of target RNA mutations.
According to Figure 3b, a 20% cut-off value was determined to
indicate a significant difference generated between the mutated
RNA and wild RNA whose content is even 1000 times higher.
Specifically, for the Beta variant, the current responses of
channels 1, 2, and 4 that were corresponding to RNase P gene,
D614G, and K417N mutations are significantly higher than the
cut-off value (20%), suggesting that the multiplexed electrical
detection nanodevice is capable of correctly identifying D614G
and K417N mutations present in Beta variant. The multiplexed
electrical detection nanodevice also correctly identifies SARS-
CoV-2 variants, including Gamma, Delta, and Omicron BA.1.
These results indicate that the multiplexed electrical detection
assay can simultaneously detect multiple mutations in the full-
genome viral RNA of SARS-CoV-2 variants to realize effective
variants discrimination.
Subsequently, to estimate the detection capability of

multiplexed electrical detection assay in practical applications,
60 simulated SARS-CoV-2 positive throat swab samples with
wild-type virus and five variants mentioned above were
prepared by adding the corresponding RNA standards into
negative throat swab samples and tested with the multiplexed
electrical detection assay. Ten samples without any target were
used as blank controls. Figures 4d and S14 show the
measurement results of multiplexed electrical detection assay
on 70 simulated throat swab samples. For each simulated
sample, the existence of relevant RNA mutations was
determined according to the current responses of the
corresponding mutated RNA detection channel. The variants
were then determined by the relationship between the RNA
mutations and viral lineages depicted in Figure 4b. A statistical

result shows that the multiplexed electrical detection assay
correctly discriminates 68 samples out of 70 simulated samples,
with an accuracy of 97.1% (Figure S15). Additionally, the
obtained current responses showed a semi-quantitative
correlation with the reverse transcription-quantitative polymer-
ase chain reaction (RT-qPCR) test results, reflecting the
comparable diagnostic performance of our multiplexed
electrical assay compared with the gold standard (Figures
S16 and S17). Notably, it cost less than 15 min for the
multiplexed electrical detection assay to test each simulated
throat swab sample, including sampling, incubation, testing,
and output results (Figure S18). The above results indicate
that the multiplexed electrical detection assay shows great
potential as a point-of-care test for large-scale screening and
identification of SARS-CoV-2 variants.

■ CONCLUSIONS
In conclusion, a multiplexed electrical detection assay based on
FET biosensors functionalized with a three-stem structured
PNprobe was designed to detect RNA mutations of the SARS-
CoV-2 genome at single-nucleotide resolution, to achieve
SARS-CoV-2 variants discrimination. The three-stem structure
significantly amplified the thermodynamic stability difference
between variant RNAs that differ in single-nucleotide
mutations, thus improving the binding ability of the PNprobe
to target RNA compared to single-base mismatch RNA. The
developed multiplexed electrical detection nanodevice shows a
short turnaround time from sample to result (<15 min) and
high sensitivity (LOD of 0.03 copies μL−1) in detecting
mutated RNA of SARS-CoV-2 variants. With the assistance of
eight combinatorial FET detection channels, the multiplexed
electrical detection assay shows the capability to identify key
RNA mutations and achieve various SARS-CoV-2 variants

Figure 4. Discrimination of SARS-CoV-2 variants with multiplexed electrical detection assay. (a) Digital photograph and the FET detection
channels of the multiplexed electrical detection nanodevice. (b) The relationship between the mutations and different SARS-CoV-2 variants. (c)
Current responses of the multiplexed electrical detection assay to simulated positive throat swab samples spiked with 100 copies μL−1 full-genome
RNA standards of five SARS-CoV-2 variants and wild-type SARS-CoV-2. VTM, viral transport medium. (d) Identification results of SARS-CoV-2
and its variants for 70 simulated positive throat swab samples with multiplexed electrical detection assay. The incorrect discrimination results are
labeled in red. Data in (c) were expressed as mean ± s.d. (n = 3).
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discrimination simultaneously. For 70 simulated throat swab
samples, the developed multiplexed electrical detection assay
shows a 97.1% discrimination accuracy in identifying SARS-
CoV-2 variants. Considering the programmability of the
PNprobe, an effective multiplexed RNA detection assay
could be developed through rationally designed PNprobes,
which is expected to be applied for large-scale and rapid
screening of infectious diseases caused by multiple RNA
viruses.
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