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The pandemic of coronavirus disease 2019 (COVID-19) resulted from novel severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has become a worldwide concern. It is imperative to develop rapid, sensitive, and
specific biosensing methods. Herein, we developed a CRISPR-Cas12a powered visual biosensor with a smart-
phone readout for ultrasensitive and selective detection of SARS-CoV-2. Simply, the SARS-CoV-2 derived nucleic
acids triggered CRISPR-Cas12a based indiscriminate degradation of a single-stranded DNA that was supposed to
link two gold nanoparticles, inducing the dis-aggregation of gold nanoparticles and thus generating observable
color changes. This change can be readily distinguished by naked eyes as well as a smartphone with a Color
Picker App. The proposed biosensor was successfully applied to detect SARS-CoV-2 gene in synthetic vectors,
transcribed RNA and SARS-CoV-2 pseudoviruses. It rendered “single copy resolution” as evidenced by the 1
copy/pL limit of detection of pseudoviruses with no cross-reactivity. When the developed biosensor was chal-
lenged with SARS-CoV-2 clinical bio-samples, it provided 100% agreement (both positive and negative) with
qPCR results. The sample-to-result time was roughly 90 min. Our work provides a novel and robust technology
for ultrasensitive detection of SARS-CoV-2 that could be used clinically.

1. Introduction an adaptive immune system, protects bacteria and archaea against

invading DNA and phages (Barrangou et al., 2007). CRISPR-Cas systems

A novel coronavirus, termed as SARS-CoV-2, was isolated from the
patients’ samples in 2020 and was soon identified as the pathogen
causing the COVID-19, a newly spreading human infectious disease (Zhu
et al., 2020). In short, the high contagiousness and rapid transmission of
SARS-CoV-2 create huge challenge for regular epidemic prevention and
control. All these require prompt identification of pathogens with ease
and accuracy. Quantitative real-time PCR (qPCR) is the most popular
approach for pathogenic nucleic acid detection and thus has been offi-
cially approved by the WHO (World Health Organization) as standard-
ized method for COVID-19 diagnostics (Corman et al., 2020).

It is known that the clustered regularly interspaced short palin-
dromic repeats (CRISPR) together with CRISPR-associated genes (Cas),
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also have demonstrated huge potentials in biosensing (Morales-Narvaez
and Dincer, 2020; Li et al., 2019a,b; Kaminski et al., 2021; Wu et al.,
2021; Yin et al., 2021). Recently, certain CRISPR-Cas systems including
Casl3a and Casl2a are found to own nonspecific nucleic acid cutting
activities (also named trans-cleavage) upon the recognition of target
sequence by crRNA (CRISPR RNA) (Abudayyeh et al., 2016; Chen et al.,
2018). Such trans-cleavage activity provides the unique basis for the
detection of nucleic acids with high sensitivity and selectivity, by which
detection platforms including SHERLOCK (Gootenberg et al., 2017),
DETECTR (Chen et al., 2018), HOLMES (Li et al., 2018) and some other
variants (Chen et al., 2020; Peng et al., 2020; Zhou et al., 2020) have
been fabricated. Several groups have reported SARS-CoV-2 detection by

Received 15 March 2021; Received in revised form 4 September 2021; Accepted 14 September 2021

Available online 23 September 2021
0956-5663/© 2021 Elsevier B.V. All rights reserved.


mailto:malong@tust.edu.cn
mailto:woshimalong1983@163.com
www.sciencedirect.com/science/journal/09565663
https://www.elsevier.com/locate/bios
https://doi.org/10.1016/j.bios.2021.113646
https://doi.org/10.1016/j.bios.2021.113646
https://doi.org/10.1016/j.bios.2021.113646
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2021.113646&domain=pdf

L. Ma et al.

utilizing CRISPR-Cas13a or CRISPR-Casl2a coupled with either fluo-
rescent signal readouts or colorimetric signal readouts in paper lateral
flow assays (Broughton et al., 2020). However, the sensitivity and
selectivity of these methods require further improvement in order to
achieve satisfied performance in detection of clinical samples. For
example, Broughton and co-work performed CRISPR-Casl2a based
detection of SARS-CoV-2 with both fluorescent and lateral flow read-
outs. The results showed that both had LOD values of 10 copies/pL with
a detection range from 10 to 2500 copies/pL (Broughton et al., 2020).
Similarly, the LOD of CRISPR-Cas13a fluorescent SARS-CoV-2 assay was
42 copies/reaction (Patchsung et al., 2020). This indicated that a sample
with viral concentration less than the LOD values was very likely to be
incorrectly identified. It is prominent to develop rapid, ultrasensitive
and specific detection strategies for SARS-CoV-2 detection.

The applications of plasmonic gold nanoparticles (AuNPs) in bio-
sensing received an increasing deal of attention (Ahmadivand et al.,
2021; Chang et al., 2019; Liu and Lu, 2006; Jans and Huo, 2012).
Moreover, the power of smartphones such as cameras, interactivity,
portability demonstrates huge feasibility in biosensing. The coupling of
smartphone with biosensing enables field-deployable and user-friendly
analytical devices (Quesada-Gonzalez and Merkoci, 2017). In this
study, a novel CRISPR-Cas12a powered visual biosensor for ultrasensi-
tive SARS-CoV-2 detection was developed.

2. Materials and methods
2.1. Materials

EnGen® Lba Casl2a was bought from New England Biolabs (USA).
Commercial plasmids containing SARS-CoV-2 N gene fragment and
SARS-CoV N gene, respectively were synthesized by Generay Biotech
Co., Ltd (China). Ribonuclease inhibitor was purchased from Beyotime
Biotechnology (China). M-MLV Reverse Transcriptase and dNTP master
mix were obtained from Promega (USA). Others were listed in the
supplementary information.

2.2. Preparation of crRNA

The crRNA synthesis was strictly conducted as our previous work
(Peng et al., 2020).

2.3. Study on the feasibility of CRISPR-Cas12 assay for nucleic acid
detection

The plasmid (100 pM) containing N gene fragment of SARS-CoV-2
was amplified by PCR. The ssDNA reporter was doubly labeled with 5’
6-FAM (Fluorescein) and 3° BHQ1 (Black Hole Quencher 1). The assay
contained 15 nM LbCas12a, 12.5 nM crRNA, 5 pL PCR product and 200
nM ssDNA reporter in a 100 pL reaction with NEBuffer 2.1. The fluo-
rescence was detected by a Tecan plate reader with 484 nm excitation
and 529 nm emission wavelengths at 37 °C.

2.4. CRISPR-Cas12a powered visual biosensor

For a typical CRISPR-Casl2a powered visual biosensor, a reaction
containing 200 nM LbCas12a, 250 nM crRNA, 25 nM linker ssDNA, and
varying concentrations of target DNA was incubated in HEPES bulffer (5
mM HEPES, 150 mM NaCl, 10 mM MgCl,, pH 7.6) at 37 °C for 15 min,
followed by a 5 min deactivation process at 65 °C. 50 pL of this reaction
was mixed with 25 pL. AuNPs-DNA1 and 25 pL AuNPs-DNA2 solution
(both 5.0 nM) and maintained at 37 °C for 5 min. Each sample was
precipitated after centrifugation (3500 rpm for 1 min). The color of the
supernatant and the UV-Vis absorbance (As26) were then recorded.
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2.5. The smartphone readout of CRISPR-Cas12a powered visual
biosensor for SARS-CoV-2 detection

The RGB image of CRISPR-Casl2a powered visual biosensor taken
under sunlight or common daylight lamp was converted to a greyscale
image that was then analyzed offline using the Color Picker App. The
RGB color model is an additive color model (Arai et al., 2018) in which
red, green, and blue light are added together in various ways to repro-
duce a broad array of colors. The name of the model comes from the
initials of the three additive primary colors, red, green and blue. The
user identified the regions of interest in the images by overlaying a
pre-set circle onto the tubes. The image was then subjected to analysis.
Within each of the user-selected area, the server generated a list of in-
formation including HSL (Hue, Saturation, Lightness) (Fig. S4), the
lightness value was then extracted for use.

2.6. Clinical bio-sample analysis

The study was officially approved by the ethical review committee of
Tianjin Centers for Disease Control and Prevention (CDC). De-identified
throat swabs samples from confirmed cases of COVID-19 and healthy
individuals who were tested positive and negative for SARS-CoV-2 were
obtained by the Tianjin centers for Disease Control and Prevention.
Positive samples were officially verified. The obtained RNA samples
were reversely transcribed into the cDNA, followed by PCR amplifica-
tion. Then the PCR products were transferred to a new tube for CRISPR-
Cas12a powered visual biosensor (Section 2.5).

2.7 Other methods used in the study were described in the
supplementary information.

3. Results and discussion

3.1. The principle of CRISPR-Cas12a powered visual biosensor for SARS-
CoV-2 detection with a smartphone readout

The principle of the designed biosensor was depicted in Fig. 1. Spe-
cifically, viral RNA is extracted, reversely transcribed and amplified
using SARS-CoV-2 N gene specific primers to obtain double-stranded
(ds) DNA amplicons. Upon the recognition of the dsDNA amplicons
(also called target dsDNA) by Casl2a-crRNA complex, the indiscrimi-
nate trans-cleavage of ssDNA can be initiated. If this ssDNA is doubly
labeled with a fluorophore (F) at 5’ and a quencher (Q) at 3’ ends, such
cleavage breaks their close vicinity, resulting in a dequenching state.
This gives rise to enhanced fluorescent signals for quantitative analysis
of target dsDNA (Fig. 1A). Besides, we design a linker ssDNA, which is
able to hybridize with pre-made AuNPs-DNA probe pairs via comple-
mentary base pairing. When the reaction is devoid of the target dsDNA,
the linker ssDNA remains uncut and the AuNPs probes would experience
a DNA hybridization induced aggregation and thus be “pulled down”.
This close vicinity of cross-linked AuNPs causes interparticle plasmon
coupling, giving rise to a red shift in their absorbance, and hence the
solution represents purple color and colorless after centrifugation (Zhao
et al., 2008; Zagorovsky and Chan, 2013). In the presence of target
dsDNA, the trans-cleavage activity of Cas12a is activated and the linker
ssDNA is cut off, causing the dis-aggregation of AuNPs. The solution
remains red color even after mild centrifugation. This “turn-on” color
change could be readily discerned by naked eyes and also be captured by
a smartphone installed with Color Picker App (Fig. 1B). Thus,
SARS-CoV-2 is detected based on the changes of color. Fig. 1C depicted
the required time for each step of the proposed biosensor and Fig. 1D
showed the nucleic acids sequences used in this study.

3.2. The feasibility of CRISPR-Cas12a trans-cleavage for detecting SARS-
CoV-2 in synthetic gene vector and transcribed virus-specific RNA

By wusing the published genome sequence of SARS-CoV-2
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Fig. 1. The trans-cleavage of CRISPR-Cas12a can be utilized to devise fluorescent and colorimetric biosensors for SARS-CoV-2 detection. (A) The scheme of SARS-
CoV-2 detection by utilizing the trans-cleavage of CRISPR-Cas12a upon the recognition of SARS-CoV-2 specific amplicons. The ssDNA reporter is doubly labeled with
FAM fluorophore and BHQ1 at the 5" and 3’ ends, respectively. (B) The principle of CRISPR-Cas12a powered visual biosensor with a smartphone readout. (C)
Estimated time duration for each step of the proposed biosensor. (D) The sequences used in this study. The target site for used for SARS-CoV-2 detection is highlighted
in red. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

(NC_045512.2), we designed crRNA corresponding to part of the
nucleocapsid (N) gene, as recommended by Chinese CDC and US CDC for
SARS-CoV-2 detection. The crRNA target was shown in Fig. STA. All
SARS-CoV-2 sequences uploaded to GISAID database were analyzed.
The crRNA and the PCR primers we designed were highly conserved,
suggesting that our selected crRNA and primers can be used for all
known SARS-CoV-2 genomes. Meanwhile, the sequences of the crRNA
and PCR primers were aligned to some other related coronaviruses
including severe acute respiratory syndrome (SARS-CoV), middle east
respiratory syndrome (MERS-CoV), and human coronaviruses (Human-
CoV) to evaluate their specificity, and found that our design was highly
specific for SARS-CoV-2 (Fig. S1B).

To test the feasibility of our proposed CRISPR-Cas12a based detec-
tion, we performed some preliminary experiments on the plasmid con-
taining N gene fragment of SARS-CoV-2. The results indicated that the
trans-cleavage of Casl2a was triggered only when the target N gene
dsDNA amplicons (Fig. S1C) and crRNA were both present, which was
evidenced by the significantly increased fluorescence (FL). When the
correct ctRNA or target dsDNA amplicons were absent, the signals
stayed nearly undisturbed (Fig. S1D). For studying the selectivity, the
designed assay was used to detect other interfering respiratory viruses,
such as SARS-CoV, MERS-CoV, influenza A virus (IAV), and mouse
hepatitis virus (MHV), bacteria and human cancer cells. As shown in
Fig. S1E, only the SARS-CoV-2 samples had the significantly increased
fluorescence intensities, indicating that the detection was highly selec-
tivity without cross-reaction of non-SARS-CoV-2 targets. For RNA
detection of SARS-CoV-2, the plasmids were transcribed to acquire
nucleocapsid (N) RNA. Different concentrations of the RNA ranged from
1 to 107 aM were reversely transcribed and amplified. Then the detec-
tion of the transcribed RNA by Cas12a-crRNA complex was performed.
As shown in Fig. S1F, along with the increase of SARS-CoV-2 N RNA
concentrations, the fluorescence intensities rose up correspondingly.

More, there was a linear relationship (R? = 0.991) between the fluo-
rescence intensities and the RNA concentrations over the range from 1 to
107 aM (Fig. S1G).

3.3. CRISPR-Cas12a fluorescent assay for ultrasensitive and quantitative
detection of SARS-CoV-2 pseudoviruses

Furthermore, to simulate SARS-CoV-2 detection, we produced len-
tiviruses harboring genomic fragments (N gene) of SARS-CoV-2. Viral
titer was determined by qRT-PCR. The typical amplification plot and
standard curve were shown in Fig. S2. According to the standard curve,
the pseudovirus stock solution was about 1 x 10® copies/jL. Then, the
fluorescent CRISPR-Cas12a assay was conducted. As shown in Fig. 2, the
FL climbed up along with the increase of pseudoviral concentrations
(Fig. 2A). There was a linear relationship (R? = 0.987) between fluo-
rescence intensities and pseudoviral concentrations over the range from
10° to 108 copies per microliter (Fig. 2B) and the LOD was as low as 1
copy/pL (Fig. 2C). To compare with the classical method, qRT-PCR
detection of N gene of SARS-CoV-2 was also conducted. The results
revealed that the Ct values decreased as the increase of pseudoviral
concentrations ranged from 10° to 10% copies/pL and the LOD of pseu-
doviruses was 1 copies/pL (Fig. 2D-F). The above-mentioned results
indicated that the trans-cleavage of CRISPR-Casl2a could be leveraged
for SARS-CoV-2 detection, and the performance of CRISPR-Casl2a
fluorescent assay in our study was comparable with that of qRT-PCR.

3.4. CRISPR-Cas12a powered visual detection of SARS-CoV-2
pseudoviruses with a smartphone readout

In order to carry out effective detection of SARS-CoV-2 in resource-
limited settings, we intended to develop a visual detection, which is
independent of the microplate reader and could be easily read by a
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LOD of SARS-CoV-2-N pseudovirus detection using RT-qPCR. Data were obtained in triplicated and represented by mean + SD. Two-tailed Student’s t-test was used
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smartphone. It is demonstrated that aggregation and dispersion states of
AuNPs display optical properties dependent of distances. This can be
readily discerned by naked eyes. AuNPs and thiolated DNA (DNAI,
sequence in Table S1) were conjugated by freezing at —20 °C for 2 h. As
shown in Fig. 3A, after thawing, AuNPs solution mixed with thiolated
DNA exhibited excellent stability and thus represented red color, which
indicated that the AuNPs surface was successfully coated with the DNA
probes. In contrast, the naked AuNPs solution aggregated to precipitate
thoroughly after freezing. In addition, there was a 4 nm red-shift in
terms of the absorption wavelength (4 nm) between the naked AuNPs
and AuNP-DNA probes (Fig. 3A, right panel), indicating that the labeling
was successfully achieved. The transmission electron microscope (TEM)
analysis was further conducted to see the differences between aggre-
gated and dispersed states of AuNPs (Fig. 3B). Then, the optimization of

A1 B
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experimental conditions was carried out. Firstly, we determined the
concentration of linker ssDNA that would be sufficient to cause complete
cross-linking of AuNP-DNA probes pairs. In our experiment, we fixed the
concentrations of AuUNP-DNA1 and AuNP-DNA2 as 25 nM and varied the
concentrations of linker ssDNA from 0 to 40 nM. As shown in Fig. 3C and
D, the color transition could be observed at 5 nM and fully saturated at
25 nM. As 25 nM was the minimal concentration that resulted in a
complete color transition; hence this concentration was used as the
optimal parameter for the subsequent study. The reaction buffer was
also optimized and it was observed that HEPES-buffered saline solution
provided the highest signal to noise (S/N) ratio (Fig. S3), compared with
other buffers. Thus HEPES-buffered saline solution was selected as the
buffer for experiments.

At present, no validated reference material is available for SARS-
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Fig. 4. CRISPR-Casl2a powered visual biosensor with a smartphone readout. Color transitions before (A1) and after mild centrifugation (A2) and corresponding
UV-Vis spectroscopic data of A2 (B) of AuNP-DNA probes in the presence of pseudoviruses with various concentrations. (C) The linear relationship between UV-Vis
absorbance and the concentrations of pseudoviruses. (D, E) Smartphone integrated detection of SARS-CoV-2. The RGB image was converted to a greyscale image (D)
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54 samples using qPCR, CRISPR-Cas12a fluorescent and CRISPR-Casl2a powered visual biosensors. The “+” and “—” represent the positive and negative samples
confirmed by qPCR, respectively. (I) ROC curve analysis of a double-blind validation cohort. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)



L. Ma et al.

CoV-2 assays. WHO suggests for NAT (Nucleic Acid Test), one source of
quantitated material in absence of an IS (International Standard) can be
pseudotyped RNA viruses. In compliance with these instructions and
requirements, we therefore tested our proposed biosensor with pseu-
doviruses containing SARS-CoV-2 N gene fragment. Upon the comple-
tion of optimization of the concentration of the linker ssDNA and
reaction buffer, viral RNA extracted from the SARS-CoV-2 pseudoviruses
was serially diluted and detected by the CRISPR-Cas12a powered visual
biosensor. For the tube devoid of SARS-CoV-2 specific nucleic acids, the
trans-cleavage of CRISPR-Cas12a was not activated, such that the linker
ssDNA was supposed to induce the aggregation of AuNP-DNA probes.
Therefore, after centrifugation, the supernatant was colorless. In
contrast, the tube containing only 10° copy/uL pseudovirus displayed
observable color change from colorless to red by naked eyes. Moreover,
this biosensor seemed to display grades of color changes after centrifu-
gation, dependent on the concentration of in a SARS-CoV-2, which
suggested the capability of quantitative detection of SARS-CoV-2
(Fig. 4A). The LOD of the proposed biosensor for pseudoviruses was as
low as 10° copies/pL. It is also intriguing to test the performance of
amplification-free detection of SARS-CoV-2 pseudoviruses using the
proposed biosensor. As shown in Fig. S5. The LOD went up to 108 copy/
pL, a lot higher than that of amplification-adopted detection, indicating
the necessity and importance of using pre-amplification technology for
much improved sensitivity. Strong linear correlation (R? = 0.998) was
obtained between the UV-Vis absorbance (Fig. 4B) and the concentra-
tions of pseudoviruses ranged from 10° to 10® copies/pL (Fig. 4C). The
RGB image was taken by a smartphone camera and then converted to a
greyscale image (Fig. 4D) that was subsequently analyzed using the
Color Picker App (Fig. S4). We noticed the HSL values and extracted the
L (lightness) values corresponded to the concentrations of pseudoviruses
(Fig. 4E). In terms of the lightness, black and white were defined as 0 and
1, respectively. As the results shown in Fig. 4F, there was an evident
linear correlation (R2 = 0.990) between lightness values and the con-
centrations of pseudoviruses ranged from 10° to 10 copies/pL. Next, we
intended to compare the applicability of the aforementioned three
detection methods. Different concentrations of the pseudoviruses ranged
from 10° to 108 copies/pL were detected by gPCR, CRISPR-Casl2a
fluorescent and CRISPR-Cas12a powered visual biosensors. The data
were normalized and represented in Fig. 4G. All of the methods
demonstrated the 10° copies/pL sensitivity. CRISPR-Cas12a powered
visual biosensor showed better discrimination along with the increase of
viral copies. Further, samples with or without SARS-CoV-2 pseudovi-
ruses were detected with the three detection methods. The CRISPR-
Casl2a fluorescent and visual biosensors both had 100% consistency
with qPCR. (Fig. 4H). The receiver operating characteristic (ROC) curve
of CRISPR-Casl2a powered visual biosensor demonstrated an AUC
(Area Under the Curve) of 1.0, indicative of 100% for both of sensitivity
and specificity (Fig. 4G). This 1.0 AUC value was better than that of
qPCR (0.93) and CRISPR-Casl2a fluorescent biosensor (0.98). The
sensitivity of our method was comparable or better in comparison to the
recently developed CRISPR-Cas12a based SARS-CoV-2 detection (sum-
marized in Table S2). In addition, our method was able to achieve semi-
quantitative or quantitative detection of SARS-CoV-2 via endpoint
absorbance, which can be realized by smartphone-based quantification.
As previously reported, the lateral flow CRISPR-Cas assays compromised
the sensitivity and had higher LOD values. For fluorescence-based
CRISPR-Cas assays, they were easy-to-use and rather sensitive; howev-
er, such methods required a “cutoff” value to decide a sample, which was
sometimes technically difficult to handle in practice. When referring to
qPCR method for SARS-CoV-2 detection, it had some intrinsic short-
comings. Similar to fluorescent readouts, it was frequently encountered
with “grey zone” issue, where the Ct value was too “vague” to judge a
sample especially for the ones with fairly low viral loads. This led to false
negatives or false positives (Huang et al., 2020). Our method, in this
regard, balanced the sensitivity, accuracy and POC detection potentials.
It had the LOD value of 1 copy/pL and it was able to eliminate detection
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uncertainty by generating chromogenic result at even single copy level.

The repeatability and reproducibility of the proposed CRISPR-
Casl2a powered visual biosensor were both examined through anal-
ysis of the SARS-CoV-2 pseudoviruses samples (n = 10), as shown in
Fig. S6. The lightness obtained using Color Picker App and the absor-
bance obtained by colorimetric measurement were both investigated
and the relative standard deviations (RSD) values were acquired corre-
spondingly. All calculated RSD values for repeatability and reproduc-
ibility were less than 6%, indicative of acceptable repeatability and
reproducibility. The repeatability and reproducibility are crucial in
biosensor development. It is generally recommended that RSD value less
than 10% is the prerequisite to validate the reliability of developed
biosensors (Ghorbanizamani et al., 2021).

It is can be assumed that some factors such as camera and light
conditions would exert influences on photo acquisition and quality,
resulting in discrepancies in detected results. We therefore used two
different smartphone cameras (13 and 64 megapixels) and adopted two
kinds of light modes (natural daylight and room lamp light) to investi-
gate this. As shown in Fig. S7, although different camera and light
conditions manifested slight variations, they were not statistically sig-
nificant. This suggested the possibility to perform the diagnostics with
the proposed biosensor with different smartphones and varying light
conditions.

Lastly, we also did a comparison of two situations, namely adopting
two individual steps (including CRISPR-Casl2a trans-cleavage and
AuNPs incubation) and that of combining them into one-pot. The
biosensor only outputted less than a half of the original absorbance
value after merging the two steps together (Fig. S8). Hence, one-pot
reaction strategy were not recommended. Apart from PCR, we also
considered RPA for gene amplification. On one hand, RPA was exempted
from thermal cycler, with more adaptability in POCT; on the other hand,
as shown in Fig. S9, it generated much fewer incremental signals upon
the addition of the targets. These reasons justified us in using PCR in
amplification.

3.5. CRISPR-Cas12a powered visual biosensor for SARS-CoV-2 detection
in clinical bio-samples

Further, we tested the diagnostic potential of CRISPR-Cas12a pow-
ered visual biosensor in clinical specimens. 50 clinical respiratory
samples in total were included in the detection, which consisted of 20
COVID-19 cases and 30 samples from healthy subjects (all officially
validated by the Tianjin CDC, China). The RNA samples were reversely
transcribed and amplified with conventional PCR. Then, the PCR
products were tested by CRISPR-Cas12a powered visual biosensor. As
shown in Fig. 5A and B, our detection results had 100% agreement for
both positive and negatives relative to the results obtained by qPCR. The
quantified colorimetric signals of CRISPR-Casl2a visual biosensor
(Fig. 5D) correctly identified and differentiated 50 positive and negative
samples. This showed 100% agreement with the results from qPCR as
shown in the Venn diagram (Fig. 5C).

4. Summary and conclusions

In summary, we reported a CRISPR-Cas12a powered visual biosensor
for ultrasensitive detection of SARS-CoV-2. The colorimetric readouts
could be discerned by naked eyes and could be analyzed directly by a
smartphone installed with the Color Picker App, which greatly improved
the simplicity, cut the cost and enhanced the detection portability. There
was a linear relationship between the UV-Vis absorbance and the con-
centrations of pseudoviruses ranged from 10° to 108 copies/pL, with the
LOD of SARS-CoV-2 pseudoviruses detection researching 1 copy/pL. Our
designed biosensor was substantiated to be highly specific. The
biosensor was further challenged by 20 positive and 30 negative clinical
swab samples and it can be proved that this biosensor had 100%
agreement with qPCR results. The “pull-down” method used in the
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Fig. 5. CRISPR-Casl2a powered visual biosensor for SARS-CoV-2 detection of

Samples

clinical bio-samples. (A and B) 50 clinical bio-samples (20 positive samples and 30

negative samples) were detected with the proposed CRISPR-Cas12a visual biosensor. All 20 positive samples have obvious color changes to red, while the negative

samples remain colorless. (C) The Venn diagram shows the consistency betwee

n the CRISPR-Cas12a powered visual biosensor and qPCR assay. (D) The absorbance

(As26 nm) Of samples at detected by the proposed biosensor and their corresponding Ct values of qPCR. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

proposed biosensor has been similarity used in a couple previous pub-
lications (Cao et al., 2021; Hu et al., 2020; Jiang et al., 2021; Li et al.,
2020; Yuan et al., 2020; Zhang et al., 2021; Zhou et al., 2020). Our work
was inspired by them and but it has its own advantages. Simply put, we
introduced an extra centrifugation step, which can be easily done by a
handheld centrifuge. This gave a sharper discrimination for the “pull--
down” samples, resulting a single-copy resolution for SARS-CoV-2
detection by naked eyes. Also, in order to reduce user bias in inter-
preting in-tube readout results, we applied a smartphone App-enabled
in-tube readout that used the built-in camera to capture the images
the illuminated reaction tubes, which gave a “handle” for
semi-quantitative detection. However, the proposed biosensor, as other
methods, may suffer from some limitations. The PCR method for gene
amplification still requires thermal cyclers, which is one step away from
POC detection. The solution to this could be to replace PCR by some
isothermal amplification technology such as recombinase polymerase
amplification (RPA) and loop-mediated isothermal amplification
(LAMP). In addition, the proposed biosensor contained several steps,
these multistep liquid transfer could be further integrated into a one-pot
reaction in potential by automation, minimal instrumentation or a
simplified process (Arizti-Sanz et al., 2020).

The above-mentioned limitations could be further investigated and
solved by the future work. In conclusion, our proposed biosensor pro-
vided an ultrasensitive, specific, simple and visualized detection of
SARS-CoV-2, which could be deployable to the fields in potential.

Our work not only expands the reaching of CRISPR-Cas technology in
biosensing but also it, as an alternative to the long-standing qPCR
method, could be further explored to put into real practice in the near
future.
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