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Abstract: Mass pathogen screening is critical to preventing the 

outbreaks and spread of infectious diseases. The large-scale 
epidemic of COVID-19 and the rapid mutation of the severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2) virus have put 

forward new requirements for virus detection and identification 

techniques. Here, we report a CRISPR-based Amplification-free Viral 
RNA Electrical Detection platform (CAVRED) for the rapid detection 

and identification of SARS-CoV-2 variants. A series of CRISPR RNA 

assays were designed to amplify the CRISPR-Cas system's ability to 

discriminate between mutant and wild RNA genomes with a single-
nucleotide difference. The identified viral RNA information was 

converted into readable electrical signals through field-effect 

transistor biosensors for the achievement of highly sensitive detection 

of single-base mutations. CAVRED can detect the SARS-CoV-2 virus 
genome as low as 1 cp/µL within 20 mins without amplification, and 

this value is comparable to the detection limit of real-time quantitative 

polymerase chain reaction. Based on the excellent RNA mutation 

detection ability, an 8-in-1 CAVRED array was constructed and 
realized the rapid identification of 40 simulated throat swab samples 

of SARS-CoV-2 variants with a 95.0% accuracy. The advantages of 

accuracy, sensitivity, and fast speed of CAVRED promise its 

application in rapid and large-scale epidemic screening. 

Introduction 

The large-scale outbreak of COVID-19 and the rapid 
mutation of SARS-CoV-2 virus have brought unprecedented 
challenges to the prevention and control of the epidemic.[1] The 
emergence of new variants has increased the uncertainty of virus 
transmission, pathogenicity, and vaccine effectiveness, posing a 
great threat to public health security.[2] The Omicron BA.5 variant, 
which is currently dominant worldwide, is more infectious than the 
ancestral lineage and has no specific therapeutic drugs to date.[3] 
The latest World Health Organization (WHO) report identifies 
increasing diversity in the lineage of descendants of SARS-CoV-
2 Omicron variant.[4] Among these descendants, some severe 

variants, such as BF.7 and BQ.1, demonstrated substantial 
neutralization escape ability.[5] The development of effective 
methods for patient-specific detection and identification of SARS-
CoV-2 and its variants is helpful in accurately assessing the 
infectivity and lethality risk of the virus, which is essential for 
providing specific treatment, curbing the spread of the epidemic, 
and guiding the development of vaccines.[6] An ideal method for 
the patient-specific detection of viral RNA should be fast and 
sensitive, independent of large equipment, and capable of 
identifying multiple variants.[7] Currently, the detection and 
identification of SARS-CoV-2 variants are mainly achieved by 
reverse transcriptase polymerase chain reaction (RT-PCR) and 
whole genome sequencing (WGS).[8] RT-PCR relies on large 
equipment and cannot identify multiple variants simultaneously. 
WGS requires a complex operation, long operation time, and 
tedious sample handling. Detection assays based on isothermal 
amplification strategies, such as loop-mediated isothermal 
amplification,[9a,8b] recombinase polymerase amplification,[9c] 
strand displacement amplification,[9c] and rolling circle 
amplification,[9d,9e] reduce the need for temperature control 
instruments and shorten the detection time. However, the above 
methods usually require tedious amplification procedures, 
increasing the complexity of the operation, and their potential has 
so far not been sufficiently developed for detecting multiple RNA 
mutations of SARS-CoV-2 variants. The development of a 
convenient, rapid, and highly sensitive detection method for 
SARS-CoV-2 and its variants identification is essential for 
epidemiological surveillance. 

CRISPR diagnostic (CRISPR-Dx) technologies can 
specifically recognize the target sequences through CRISPR 
RNA (crRNA), and output detection signals by activating 
CRISPR-associated proteins (Cas) to cleave DNA or RNA 
reporters.[10] With the advantages of high specificity, simple 
operation, and portability, CRISPR-Dx has been successfully 
utilized in the development of multifunctional nucleic acid 
detection platforms.[11] Commercial detection platforms based on 
CRISPR-Dx, such as specific high-sensitivity enzymatic reporter 

10.1002/anie.202304298

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.

 15213773, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202304298 by W

uhan U
niversity, W

iley O
nline L

ibrary on [15/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



RESEARCH ARTICLE    

2 
 

unlocking (SHERLOCK) and DNA endonuclease targeted 
CRISPR trans reporter (DETECTR), have been successfully 
developed for the detection of SARS-CoV-2.[11a,11b] Advances in 
amplification-free CRISPR-Dx technologies, including the 
superactive LwaCas13a effector,[12a] CRISPR-mobile phone 
microscope,[12b] gFET-based LwaCas13a system,[12c] and E-
CRISPR,[12d] effectively avoid tedious laboratory settings and 
shortens the assay time, thus promoting the application of 
CRISPR-Dx in pathogen screening and infectious disease 
diagnostics.[12e,12f] However, CRISPR-Dx still faces challenges in 
the application of SARS-CoV-2 variants identification. Generally, 
Cas proteins, especially Cas9 and Cas13a, tolerate single-base 
mismatches between crRNA and target sequences and have 
limited discrimination in identifying single-base mutations in 
SARS-CoV-2 variant genomes.[13] The exploration of multiplexed, 
highly sensitive, amplification-free CRISPR-Dx technologies for 
the rapid detection and identification of SARS-CoV-2 and its 
variants at single-nucleotide resolution is highly required while 
remaining a great challenge. 

Herein, we developed a CRISPR-based Amplification-free 
Viral RNA Electrical Detection platform (CAVRED) to achieve 
efficient detection and identification of SARS-CoV-2 and its 
variants. CAVRED could recognize viral RNA by crRNA 
complementation and output electrical signals through the field-
effect transistor (FET) arrays. The developed crRNA assays with 
modified synthetic mismatches in the spacer sequences allow the 
identification of RNA mutations for single-base substitutions and 
multiple-base deletions in the SARS-CoV-2 genome. CAVRED 
utilizes the intrinsic signal amplification capability of FET to 
amplify the recognition event of single-base mutations to achieve 
amplification-free, highly sensitive detection of viral RNA within 20 
mins. CAVRED realizes the detection of SARS-CoV-2 RNA 
genomes as low as 1 cp/µL, which is comparable to the detection 
limit of RT-PCR.[14] For 40 simulated throat swab samples, 

CAVRED is capable of accurately detecting and identifying 
SARS-CoV-2 variants with a 95.0% accuracy. Our design 
provides an efficient approach to the development of portable and 
rapid technologies for the detection and screening of epidemic 
viruses. 

Results and Discussion 

Scheme 1 shows the working principle of the CAVRED for 
the detection and identification of SARS-CoV-2 variants. 
CAVRED can be divided into two parts, including a viral RNA 
recognition unit and a signal output unit. The RNA recognition unit 
consists of Cas13a and the corresponding crRNA. The signal 
output unit consists of FET arrays modified with RNA reporters 
that could transduce the information of viral RNA into a readable 
electrical signal. The synthetic mismatch in crRNA was optimized 
to control the trans-cleavage activity of Cas13a protein, thereby 
achieving the specifically wild type or mutated viral RNA 
recognition. As shown in Scheme 1, Cas13a exhibits higher 
cleavage activity when the mutant-specific crRNA binds to the 
mutated RNA sequences with a higher matching degree. In 
comparison, when the mutant-specific crRNA binds to the wild-
type RNA sequences, Cas13a is difficult to be triggered due to the 
poor sequence matching, resulting in a weak cleavage activity. 
Based on this principle, Cas13a exhibits better trans-cleavage of 
RNA reporters only in the presence of mutated viral RNA. The 
cleavage of the RNA reporters by Cas13a is amplified by a FET 
signal output unit and converted into a readable electrical signal. 
By analyzing the electrical signals, CAVRED can distinguish 
mutated viral RNA from the wild type, which in turn enables the 
identification of SARS-CoV-2 variants, including Alpha, Beta, 
Gamma, Delta, and Omicron. 

Scheme 1. The working principle of CAVRED in the detection and identification of SARS-CoV-2 and its variants. The trans-cleavage of Cas13a was alternatively 
activated by mutant-specific crRNA, which has a different sequence matching between the wild and the mutated viral RNA. The output signal was further amplified 
by the CAVRED FET array to achieve RNA profiling at single-nucleotide resolution, which in turn enables the identification of SARS-CoV-2 variants, including Alpha, 
Beta, Gamma, Delta, and Omicron.

Design of CAVRED-crRNA for the detection of SARS-CoV-

2 and its variants. 

There are two representative forms of mutation in the 
genomes of SARS-CoV-2 variants. One is single-base 

substitutions at a specific amino acid site. For example, the 
SARS-CoV-2 variants contain three single-base substitutions at 
the 417 amino acid position of S gene, including Wild 417 (present 
in the wild type), K417N (present in Beta and Omicron variants), 
and K417T (present in Gamma variant).[11d] The other is a 
multiple-base deletion at consecutive amino acid sites, such as 
the IHV68-70I mutation present in Alpha and Omicron variants. [7a] 
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In order to sensitively identify the RNA mutations in SARS-CoV-2 
variants, we designed sets of crRNAs that exhibit differential 
activities on the wild-type RNA genome with respect to the 
mutated RNA genome. Previous studies have highlighted the 
importance of positions 3, 5, and 24 to Cas13a activity on single 
nucleotide polymorphisms (SNPs) identification,[10a,11b] thus we 
manually designed 6 crRNAs based on the above-selected sites 
to detect the 417 mutation. The specificity and activity of Cas13a 
were quantified by the fluorescence intensity, and the 
discrimination factor was defined as the ratio of fluorescence 
intensity between K417N and Wild 417 RNA sequences (Figure 
1a, Figure S1-S3). Compared with no synthetic mismatch, the 
introduction of single synthetic mismatches into crRNA targeting 
K417N mutation resulted in a 2~3 folds increase in the 
discrimination factor (Figure S1). Meanwhile, in the presence of 
two synthetic mismatches, Cas13a exhibits lower activity and 
requires a longer time to be triggered. The discriminating factor 
reaches the maximum of 7.5 when the target mutation was set at 
position 3 and the synthetic mismatch was located at position 5, 
and the crRNA was selected for the identification of K417N 
genome (Figure S2 and S3). The turnover rates (kcat) of Cas13a 
toward K417N and Wild 417 RNA sequences are calculated as 
3.2 s−1 and 0.5 s−1 respectively, indicating that the designed 

crRNA could effectively discriminate wild-type and mutated RNA 
at single-nucleotide resolution (Figure S4). Similarly, we designed 
crRNA targeting Wild 417 and K417T genomes and demonstrated 
that our designed 417 assays could identify three genotypes with 
high accuracy (Figure 1a, 1c). 

Unlike the 417 mutations with single-base substitutions, the 
67-70 amino acid site of SARS-CoV-2 S gene contains not only a 
single-base substitution of A67V (present in the Omicron variant) 
but also IHV68-70I (present in the Alpha variant) with a six-base 
deletion. Consequently, both RNA mutations need to be 
considered in the design of the 67-70 crRNA assays. When the 
target mutation was placed at position 3 or 5, the crRNA could 
only detect the A67V mutation but ignore the mutation of IHV68-
70I. In contrast, when the target mutation was placed at position 
24 and the synthetic mismatch was introduced at position 3, the 
obtained crRNA could identify the presence of both A67V and 
IHV68-70I mutations. As shown in Figures 1b and 1c, the 
designed 67-70 crRNA assays exhibit high accuracy in the 
identification of three genotypes (Wild 67-70, IHV68-70I, and 
A67V + IHV68-70I), respectively. 

After demonstrating that the designed 417 and 67-70 crRNA 
assays can effectively identify short synthetic RNA sequences,  

Figure 1. Design of CAVRED crRNA assays for the detection of SARS-CoV-2 variants. (a) Fluorescence intensity of 417 crRNA assays on RNA targets of 417 
mutations. Target RNA concentration: 104 cp/μL; NTC: No target control. (b) Fluorescence intensity of 67-70 crRNA assays on RNA targets of 67-70 mutations. 
Target RNA concentration: 104 cp/μL. (c) Schematic of the mutations on SARS-CoV-2 S gene and the designed CAVRED-crRNA assays. Genomic sites with 
mutations in the SARS-CoV-2 variants are highlighted in orange. Synthetic mismatches introduced in crRNA are highlighted in green. (d) Identification of SARS-
CoV-2 variants using 417 and 67-70 crRNA assays on full-genome RNA standards. Target RNA concentration: 104  cp/μL. Data in (a), (b), and (d) were expressed 
as mean ± s.d. for 3 technical replicates. 
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Figure 2. Evaluation of CAVRED performance on the detection of SARS-CoV-2 genome. (a) Working principle of FET biosensors in CAVRED for the amplification-
free detection of viral RNA. (b) Schematic of the mutations on S gene of the Omicron variant and the selected crRNA assays. (c) Id-Vg curves of the CAVRED with 
K417N crRNA in response to different concentrations of Omicron RNA genomes. (d) Current responses of the CAVRED in response to different concentrations of 
Omicron RNA genomes with A67V + IHV68-70I crRNA (blue), S gene crRNA (green), and K417N crRNA (brown). (e) Current responses of the CAVRED toward 
negative (N, green) and positive (P, brown) SARS-CoV-2 samples. (f) Current responses of the CAVRED plotted against RT-PCR Ct values toward simulated 
positive SARS-CoV-2 samples. Data in (d), (e), and (f) were expressed as mean ± s.d. for 3 technical replicates. 

we then investigated their performance on full-genome RNA 
standards. As shown in Figure 1d, for the three different variants, 
417 and 67-70 crRNA assays both correctly identified the 
presence or absence of the mutant gene. IHV68-70I crRNA and 
K417T crRNA show the highest fluorescence intensity in the 
detection of Alpha and Gamma variants, indicating that IHV68-70I 
and K417T RNA mutations are present in Alpha and Gamma 
variants, respectively. Similarly, we identified the presence of 
K417N, A67V + IHV68-70I RNA mutations in the Omicron variant 
(Figure S5, S6). These results are consistent with the RNA 
mutations of Alpha, Gamma, and Omicron variants confirmed by 
the previous report.[15] The above results indicate that our 

designed crRNA can effectively identify the mutations in SARS-
CoV-2 genome. 

Rapid detection of SARS-CoV-2 RNA by CAVRED. 

In order to convert the SARS-CoV-2 mutations recognized by 
Cas13a into readable electrical signals, RNA reporters were 
modified at the interface of amino groups-treated indium gallium 
zinc oxide (IGZO) FET with the assistance of 4-(N-
Maleimidomethyl)cyclohexane-1-carboxylic acid 3-sulfo-N-
hydroxysuccinimide ester crosslinking reagent (Figure S7). In the 
presence of target RNA genome, Cas13a is activated to cleave 
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the negatively charged reporters, causing a change in the charge 
density on the surface of the FET, which in turn leads to a change 
in the response current (Id) (Figure 2a). The presence of 
phosphate skeleton (1240 cm–1) absorption peak in attenuated 
total reflection Fourier transforms infrared spectroscopy (ATR-
FTIR) and the characteristic peaks of C 1s (286.6 eV), N 1s (399.9 
eV), S 2p (162.4 eV), and P 2p (132.5 eV) in X-ray photoelectron 
spectroscopy (XPS) suggest that the RNA reporters were 
successfully modified on the FET interface (Figure S8 and S9).[16] 
Atomic force microscopy (AFM) characterization shows the 
formation of a uniform functional layer on the surface of FET with 
an average height of ~4.0 nm, which is consistent with the 
theoretical vertical height of the RNA reporters (Figure S10). 
Additionally, the modified FET exhibits stable current-time 
response in the PBS solution, indicating that RNA reporters were 
firmly immobilized at the FET interface (Figures S11 and S12). 
Subsequently, FAM fluorophores were introduced into the RNA 
reporters, and the changes in fluorescence intensity were 
observed before and after the trans-cleavage of Cas13a. As 
shown in Figure S13, the fluorescence intensity on the FET 
surface was significantly reduced after the trans-cleavage 
reaction, proving that Cas13a could maintain nuclease activity on 
the FET interface. 

The SARS-CoV-2 variants RNA detection performance of the 
CAVRED was assessed by Omicron full-genome RNA standard. 
A67V + IHV68-70I and K417N are two key mutations in the 
Omicron BA.1 genome, which were regarded as the identification 
basis of the Omicron BA.1 variant.[10a] In addition, a CDC-certified 
S gene amplicon was also selected for the detection of Omicron 
genome (Figure 2b). According to the above-mentioned three 
gene sequences, we designed three different crRNAs, including 
A67V + IHV68-70I crRNA, K417N crRNA (mentioned in Figure 
1a), and S gene crRNA. The reaction conditions of CRISPR 
system play a vital role in the detection performance of CAVRED. 
The optimized Cas13a concentration (50 nM), Mg2+ concentration 
(10 mM), Cas13a incubation time (20 min), and length of RNA 
reporters (15 nt) were chosen in the following measurements to 
achieve the optimal biosensing sensitivity (Figure S14). As shown 
in Figure 2c, Id shows a significant increase upon the introduction 
of the target genome. The increased Id is due to the electron 
transfer from the RNA phosphate backbones to the FET being 
reduced when the negatively charged RNA reporters were 
cleaved off from the FET upon the recognition of crRNA. The 
current response (100  ΔI/Io) is defined as the percentage 
change in Id before and after target recognition (ΔI) compared with 
the initial current (Io) of the FET. As shown in Figure 2d, CAVRED 
with K417N crRNA produced a significant current response of 
11.6% towards the Omicron BA.1 genome with a concentration 
as low as 1 cp/µL, which is obviously higher than the current 
response of no target control (NTC, 3.7%). As the increase of the 
concentration of the target genome, more RNA reporters were 
cleaved off from the FET interface, and the current response 
increases gradually. Similarly, CAVRED exhibits a similar 
response performance to K417N in detecting the A67V + IHV68-
70I mutation and the S gene sequences (Figure S15). It is worth 
noting that CAVRED can detect the viral RNA genome at a low 
concentration of 1 cp/µL without the need for an amplification 
process, which is comparable to the detection limit of RT-PCR. [14] 
The high sensitivity of CAVRED is attributed to the multi-turnover 
trans-cleavage of Cas13a as well as the signal amplification ability 
of the FET.[12c,17] The above results demonstrate that our 

designed CAVRED could achieve highly sensitive detection of the 
full-genome RNA of SARS-CoV-2 variants. 

To evaluate the practical application potential of CAVRED, a 
full-genome RNA standard of the Omicron variant (concentration 
ranging from 1 to 104 cp/µL) was added to the negative throat 
swab samples to simulate the positive throat swab samples. 
CAVRED also demonstrated promising performance in simulated 
throat swab samples, identifying viral RNA at concentrations as 
low as 1cp/uL (Figure S16). For a step further, we recorded the 
current responses of 10 positive samples and 5 negative samples 
by CAVRED. As shown in Figure 2e, the current response of the 
positive samples is significantly higher (more than 14.2%) than 
that of negative samples (less than 7.9%), indicating that the 
CAVRED could distinguish between the negative samples and 
the positive samples. The Ct values of simulated positive samples 
were also measured with RT-PCR (Table S2). Figure 2f presents 
the plot of RT-PCR Ct values versus CAVRED current responses 
in the detection of the simulated samples. It can be observed that 
CAVRED produces a large current response for samples with a 
low Ct value, and a low current response for samples with a larger 
Ct value, indicating a semi-quantitative concentration correlation 
between the two detection methods. These results indicate that 
the CAVRED exhibits the ability to be ultrasensitive and accurate 
detection of the SARS-CoV-2 genome in simulated throat swab 
samples. 

Identification of RNA mutations with CAVRED. 

Alpha, Beta, Gamma, Delta, and Omicron variants are 
recommended as the most critical SARS-CoV-2 variants by the 
World Health Organization (WHO).[18] Consequently, nine critical 
mutations in the genome of these variants were selected as the 
detection targets of CAVRED, including A67V, IHV68-70I, 
EFR156-158G, R346T, K417N, K417T, N460K, E484K, and 
D614G (Figure 3a). In addition to A67V + IHV68-70I and K417N 
mentioned above for the identification of Omicron variants, 
D614G can distinguish between wild type and mutated SARS-
CoV-2 genome. IHV68-70I and EFR156-158G are the 
representative mutations of Alpha and Delta variants, respectively. 
The Beta and Gamma variants can be distinguished by the K417T 
and K417N RNA mutations. In addition, the R346T mutation was 
chosen in view of the recent emergence of highly infectious 
Omicron BF.7 variant, and the N460K was selected for the 
identification of Omicron BQ.1 variant. The relationship between 
each RNA mutation and SARS-CoV-2 variants is shown in Figure 
3b. 

The CAVRED in profiling RNA mutations in the genome of 
the above-mentioned SARS-CoV-2 variants was then evaluated. 
A set of crRNAs targeting each RNA mutation was designed 
according to the principle in Figure 1c, and the current responses 
of CAVRED toward wild-type RNA and mutated RNA were 
measured (Figure S15). Figure 3c shows that the current 
response of CAVRED towards mutated RNA is more than 3.9 
times higher than that for the wild-type RNA when the same 
concentration of RNA sequences was exploited. These results 
indicate that CAVRED shows the ability to identify nine 
representative RNA mutations mentioned above. Subsequently, 
the RNA mutations in the full-genome RNA standard were 
detected by CAVRED (Figure S16 and S17). As shown in Figure 
3d, the current response of CAVRED for the IHV68-70I target 
mutation increases gradually with the increase of the 
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concentration of the Alpha genome, while the current response 
remains basically unchanged for the wild-type RNA. Specifically, 
CAVRED generates a 17.5% current response to 1 cp/μL of the 
Alpha genome, whereas the current response value was only 
11.8% for the wild-type genome at concentrations up to 1000 

cp/μL. Similarly, CAVRED for the K417T target mutation produces 
a 13.1% current response to 1 cp/μL of Gamma genome, but only 
7.2% to 1000 cp/μL of wild-type RNA (Figure 3e). These results 
demonstrate that CAVRED can effectively profile RNA mutations 
in the SARS-CoV-2 genome.

Figure 3. Identification of SARS-CoV-2 RNA mutations with CAVRED. (a) Schematic of the representative RNA mutations in the SARS-CoV-2 variant genome. (b) 
Correspondence between critical RNA mutations and SARS-CoV-2 variants including Alpha, Beta, Gamma, Delta, Omicron, and Omicron BF.7. (c) Current 
responses of CAVRED in response to the mutated (green) and the wild-type (brown) RNA sequences. Target RNA concentrations: 104 cp/μL. (d) Current responses 
of CAVRED with IHV68-70I crRNA in response to different concentrations of Alpha (green) and wild-type (brown) RNA genomes. (e) Current responses of CAVRED 
with K417T crRNA in response to different concentrations of Gamma (green) and wild-type (brown) RNA genomes. Data in (c), (d), and (e) were expressed as 
mean ± s.d. for 3 technical replicates. 

Multiplexed detection of SARS-CoV-2 variants by 

CAVRED arrays.  

Having validated the ability of CAVRED in profiling nine 
critical RNA mutations associated with Alpha, Beta, Gamma, 
Delta, and Omicron variants, an 8-in-1 CAVRED array was 
constructed to simultaneously identify the above five SARS-CoV-
2 variants. As shown in Figure 4a, the CAVRED array consists of 
eight FET biosensing channels and two Ag/AgCl reference 
electrodes. Channels 2-8 could realize the simultaneous 
detection of D614G, IHV68-70I, K417N, K417T, EFR156-158G, 
A67V + IHV68-70I, and E484K RNA mutations. Channel 1 for the 
detection of S gene was introduced as a reference. The selected 
S gene sequences are present in all SARS-CoV-2 genomes and 
could be used to evaluate the validity of the measurement results. 
The 8 FET channels are separated by the polydimethylsiloxane 
solution cell to avoid interference between each channel. The 

current response of CAVRED towards the wild type and five 
variants (Alpha, Beta, Gamma, Delta, and Omicron BA.1) of 
SARS-CoV-2 full-genome RNA standards was evaluated (Figure 
4b). For the Alpha variant, channels 1, 2, and 3 (corresponding to 
D614G, IHV68-70I, and S gene, respectively) of the CAVRED 
array exhibit higher current responses, indicating that CAVRED 
could identify the D614G and IHV68-70I mutations in Alpha RNA 
genome (Figure S18). For the Beta variant, channels 1, 2, 4, and 
8 (corresponding to D614G, K417N, E484K, and S gene, 
respectively) exhibit higher current responses, indicating that the 
D614G and K417N mutations are correctly profiled (Figure S19). 
The same results were observed for the wild type and other 
mutated (Gamma, Delta, and Omicron BA.1) SARS-CoV-2 full-
genome RNA standards. Figure 4c correlates the identified RNA 
mutations and the SARS-CoV-2 variants measured by the 
CAVRED array, and the results are consistent with the gene 
profiles of SARS-CoV-2 variants reported in the literature.[15,19] 
These results indicate that CAVRED can realize the simultaneous 
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detection of multiple RNA mutations in the genome of SARS-CoV-
2, thus achieving effective identification of SARS-CoV-2 variants. 

CAVRED array was then utilized to identify SARS-CoV-2 
variants in practical scenarios. We first challenged CAVRED's 
ability to identify mutated RNA in throat swab samples. In a 
negative throat swab sample containing 104 cp/uL of the wild-type 
RNA genome, we added 1 cp/uL of RNA genomes from different 
SARS-CoV-2 variants and measured the current responses of 
each channel before and after the addition. As shown in Figure 
S22, current responses of CAVRED to the SARS-CoV-2 genome 
were significantly increased in the presence of relevant RNA 
mutations, indicating that CAVRED assay can identify the 
presence of mutant RNA genomes at concentrations as low as 1 
cp/uL. For a step further, double-blind experiments were 
performed with 40 simulated positive samples obtained by adding 
SARS-CoV-2 genomes of different variants to the negative throat 
swab samples (Table S3). Figure 4d shows the detection results 
of 40 simulated samples by the 8-in-1 CAVRED array. According 
to the current responses of different channels in the CAVRED 
array, the RNA mutations present in the simulated samples were 

determined to identify the variant type according to the gene 
profile in Figure 4c. For example, for simulated sample 1, the 
CAVRED array detected the presence of D614G, K417N, and 
A67V + IHV68-70I mutations, thus sample 1 was determined to 
be Omicron BA.1 variant (Figure S23). The overall statistical 
results indicate that CAVRED made correct judgments in 38 out 
of 40 simulated samples, with an accuracy of 95.0%. S gene was 
not detected in samples 17 and 31, and the results were 
considered invalid (Figure S24 and S25). The reason may be due 
to that the low concentration of added viral RNA genome results 
in a negligible current response of the CAVRED array. It is worth 
mentioning that the detection time of the CAVRED array for 
simulated throat swab samples is no more than 20 mins in total, 
including the time from sampling to the output of test results. 
Overall, these results highlight that CAVRED can achieve rapid 
and accurate identification of SARS-CoV-2 variants, and is 
adapted to the requirements of large-scale, rapid, and point-of-
care SARS-CoV-2 screening and variants identification in 
practical applications. 

Figure 4. Identification of multiple SARS-CoV-2 variants by CAVRED array. (a) Photograph and schematic of 8-in-1 CAVRED array, in which 8 channels are 
targeted for D614G, IHV68-70I, K417N, K417T, EFR156-168G, A67V + IHV68-70I, and E484K RNA mutations and S gene of SARS-CoV-2 genomes. (b) Current 
responses of 8-in-1 CAVRED array toward RNA genomes of different SARS-CoV-2 variants including the wild type, Alpha, Beta, Gamma, Delta, and Omicron. (c) 
Correspondence between the detection results of 8-in-1 CAVRED arrays and the SARS-CoV-2 variants. (d) Identification results of SARS-CoV-2 and its variants 
for 40 simulated positive throat swab samples with 8-in-1 CAVRED arrays. The green shadow indicates the correct identification results while the red shadow 
indicates the incorrect identification results. Data in (b) were expressed as mean ± s.d. for 3 technical replicates. 

Conclusion 

In conclusion, we developed a CAVRED to realize highly 
sensitive detection of SARS-CoV-2 virus RNA and accurate 

identification of SARS-CoV-2 variants. For wild-type and mutated 
SARS-CoV-2 RNA, we designed sets of crRNAs to specifically 
recognize the target sequences by optimizing the location of 
synthetic mismatches. The designed crRNA assays exhibit 
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differential activities on the mutant RNA genome with respect to 
the wild type. Based on the designed CAVRED, we achieve the 
detection of full-genome RNA of Omicron. CAVRED can detect 
viral RNA as low as 1 cp/µL within 20 mins and demonstrate 
detection performance comparable to that of RT-PCR in 
simulated sample tests. CAVRED was verified to be capable of 
profiling 9 critical RNA mutations in the S gene of SARS-CoV-2. 
An 8-in-1 CAVRED array was constructed to achieve the 
simultaneous detection of multiple RNA mutations in the full 
genome of SARS-CoV-2, thus realizing the effective identification 
of multiple SARS-CoV-2 variants. In the identification test on 40 
simulated throat swab samples of different SARS-CoV-2 variants, 
CAVRED exhibits a discrimination accuracy of up to 95.0%. 
Overall, the remarkable performance of CAVRED in the detection 
and identification of SARS-CoV-2 variants not only suggests a 
pathway to achieve rapid point-of-care detection and scalable 
epidemic screening but also provides a strategy to design an 
efficient detection platform for RNA-relevant diseases.  
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A CRISPR-based Amplification-free Viral RNA Electrical Detection platform (CAVRED) is reported for rapid and ultrasensitive detection 
and identification of SARS-CoV-2 and its variants. By combining CRISPR diagnostic technology with highly sensitive field-effect 
transistor arrays, CAVRED demonstrated RT-PCR-equivalent sensitivity without preamplification and achieved simultaneous profiling 
of 9 critical RNA mutations associated with SARS-CoV-2 variants of concern at single-nucleotide resolution. Owing to the advantages 
of high accuracy, sensitivity, and fast speed, CAVRED paves the way for rapid and large-scale epidemic screening. 
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