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ARTICLE INFO ABSTRACT

Keywords: The continuing pandemic of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, which
SARS-CoV-2 causes coronavirus disease 2019 (COVID-19), has spread globally and its reliable diagnosis is one of the foremost
CRISPR-Cas13a

priorities for protecting public health. Herein a rapid (<1 h), easy-to-implement, and accurate CRISPR-based
evanescent wave fluorescence biosensing platform for detection of SARS-CoV-2 is reported. The collateral ef-
fect of Casl3a is combined with a universal autonomous enzyme-free hybridization chain reaction (HCR) by
designing a cleavage hairpin reporter, which is cleaved upon target recognition, and hence releasing the initiator
sequence to trigger the downstream HCR circuits. Detection of HCR assemblies is accomplished by first adsorbing
to the desthiobiotin-modified optical fiber, followed by fluorescence emission induced by an evanescent field.
Three Casl3a crRNAs targeting the genes of S, N and Orflab of SARS-CoV-2 are programmed to specifically
target SARS-CoV-2 or broadly detect related coronavirus strains, such as MERS-CoV and SARS-CoV. The HCR
amplification coupled Casl3a-based biosensing platform is capable of rapid detection of SARS-CoV-2 with
attomolar sensitivity. This method is further validated by adding target RNA of SARS-CoV-2 in negative
oropharyngeal swabs. The good discrimination capability of this technique demonstrates its promising potential

Hybridization chain reaction
Evanescent wave
Biosensor

for point-of-care diagnosis of COVID-19.

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection, which causes coronavirus disease 2019 (COVID-19), has
spread globally since its discovery in Wuhan city, China in December
2019 (Zhou et al., 2020). Up to January 3, 2021, the disease has spread
to at least 219 countries/area, infected at least 83 million people, and
has resulted in at least 1.8 million deaths globally. The apparent ease
with it spreading from human to human presents an imminent threat to
the global public health (Li et al., 2020; Wrapp et al., 2020). Simple,
low-cost and yet accurate, sensitive, and quantitative detection of this
virus has been one of the foremost priorities for facilitating public health
interventions.

The SRAS-CoV-2 virus is enveloped and generally spherical with
diameter ranging from 60 nm to 140 nm, and its solar corona-like
morphology is consistent with the family Coronaviridae (Zhu et al.,
2020). SARS-CoV-2 has a single-stranded positive-sense RNA genome
that is ~30,000 nucleotides in length. Its first complete genome was
discovered by using a combination of Sanger, Illumina, and nanopore
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sequencing, providing important data for researchers to design primers
and to probe sequences for other nucleic acid tests (CDC, 2020; Tan
et al., 2020). Furthermore, full-genome comparisons revealed that the
SARS-CoV-2 has a similar genetic sequence to the beta coronavirus B
lineage, showing ~80%, ~50%, and ~96% similarity to the genome of
the severe acute respiratory syndrome virus (SARS-CoV), Middle East
respiratory syndrome virus (MERS-CoV), and bat coronavirus RaTG13,
respectively (Lu et al., 2020; Zhou et al., 2020). Although the
high-throughput sequencing in diagnosis and identification of respira-
tory pathogens especially for patients with unknown origin infections is
becoming more and more popular, it is not routinely used to detect the
specific strains of virus due to the disadvantages in simplicity, cost- and
time-effectiveness (Zhang et al., 2020Db). Reverse
transcription-quantitative polymerase chain reaction (RT-qPCR) is the
current primary method of detecting SRAS-CoV-2 because of its sensi-
tivity, specificity and ease of quantification (Corman et al., 2020; Shen
et al., 2020b). A number of RT-qPCR kits have been designed to detect
SARS-CoV-2 genetically since the genic sequence of SARS-CoV-2 was
publicly disclosed on 12 January 2020 (WHO, 2020). However, the
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requirement of thermocycling limits its non-laboratory and low-cost
applications under limited resources (Zhou et al., 2018).

Microbial adaptive immune systems use CRISPRs (clustered regu-
larly interspaced short palindromic repeats) and CRISPR-associated
(Cas) proteins for RNA-guided nucleic acid cleavage (Horvath and
Barrangou, 2010; Li et al., 2019). The contained programmable endo-
nucleases can adapt to target any sequence (Koonin et al., 2017). While
some Cas enzymes target DNA (Chen et al., 2018; Li et al. 2018a, 2018b;
Zhou et al., 2018), the RNA-guided, RNA-targeting CRISPR effector
Cas13a (previously known as C2c2) can be reprogrammed with CRISPR
RNAs (crRNAs) to cleave specific RNA target (Abudayyeh et al., 2016;
Shmakov et al., 2017). Casl3a exhibits both target cleavage and a
“collateral effect” of promiscuous RNase activity upon target recognition
(Abudayyeh et al., 2016; East-Seletsky et al., 2016; Gootenberg et al.,
2017; Shmakov et al., 2015). Revealed by the X-ray crystal diffraction,
Casl3a and crRNA undergo a significant conformational change upon
highly sequence-specific target binding, and hence activate Cas13a to
cleave any single stranded RNA molecule in a non-specific manner
(East-Seletsky et al., 2016; Liu et al., 2017). However, the collateral
activity of Cas13a exhibits the base preferences and the cleavage could
be improved with buffer and crRNA design optimization (Gootenberg
et al, 2018; Wu et al, 2021). A platform, termed specific
high-sensitivity enzymatic reporter unlocking (SHERLOCK), allows
multiplexed, portable, and ultra-sensitive detection of viral RNA or DNA
based on Casl3a-mediated collateral cleavage of a rationally designed
nucleic acid reporter (East-Seletsky et al., 2016; Gootenberg et al.,
2017). The CRISPR-based diagnostic technique has been designed to
detect SARS-CoV-2 so as to accelerate virus outbreak response (Arizti--
Sanz et al., 2020; Guo et al., 2020; Patchsung et al., 2020). To achieve
high sensitivity and in-field application, different enzyme-based
isothermal amplification steps were explored to amplify the target
nucleic acids, followed by Casl13a detection (Gootenberg et al. 2017,
2018; Shen et al.,, 2020a). These amplification strategies employ
expensive enzymes, tedious reverse transcription, and the proper design
of species-specific primers is tricky, suffering from trade-offs among
sensitivity, specificity, simplicity, cost, and speed (Corman et al., 2020;
Huang et al., 2020a; Park et al., 2020; Vogels et al., 2020).

Owing to the high programmability and modularity, autonomous
enzyme-free nucleic acid circuits are attracting ever-growing interest as
signal amplifiers in developing ultrasensitive biosensing techniques.
Nucleic acids themselves could be engineered as independent modules
that carry out multiple functions (Memon et al., 2020; Seelig et al.,
2006). In enzyme-free nucleic acid circuits, nucleic acids act as a set of
“hardware” that executes an algorithm obeying Watson-Crick base pair
rules and function as “circuits” in carbon/silicon-based computing. The
nucleic acid circuits with different functions can be easily modularized
and cascaded because of their high controllability and programmability,
which is especially important for the in silico assisted precise design of
complicated large-scale systems (Chirieleison et al., 2013; Wang et al.,
2014). One of the most attractive functions of enzyme-free nucleic acid
circuits is signal amplification. Based on the elementary
toehold-mediated strand displacement (TSD) mechanism, several
nucleic acid circuits-amplifiers have achieved impressive sensitivities in
biosensing applications (Jung and Ellington, 2014; Zhuang et al., 2013).
These enzyme-free amplification schemes can operate under conditions
that might otherwise inhibit proteins (Li et al., 2011). In general, the
execution of nucleic acid circuits requires an oligonucleotide as input to
trigger downstream toehold-mediated strand displacement reactions,
which has paved the way for ultra-sensitive nucleic acid detection since
nucleic acid circuits could be precisely designed using specific target
sequence as input (Li et al., 2011; Liu et al, 2013). The
toehold-mediated strand displacement reactions can be cascaded with
superior properties in cost, programmable, modularity, and universality
(Zhang and Seelig, 2011). In particular, hybridization chain reaction
(HCR) amplification, a type of toehold-mediated strand displacement
reaction first developed by Dirks and Pierce (Dirks and Pierce, 2004), is
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widely explored because of its enzyme-free nature, isothermal condi-
tions, simple protocols, structural flexibility, and excellent amplification
efficiency (Bi et al., 2017; 2020a).

To combine the advantages of targeting RNA with CRISPR-Casl3a
and enzyme-free nucleic acid amplification, we reported the develop-
ment and validation of a HCR coupled CRISPR-Cas13a-based assay (Cas-
HCR) for detection of SARS-CoV-2. The detection performance of Cas-
HCR assay was demonstrated on a home-made optical-fiber evanes-
cent wave fluorescence biosensor capable of collecting the fluorescence
excited within an exponentially decaying evanescent field around the
optical fiber, one of the earliest trials for reusable nucleic acid bio-
sensing device (Liu et al., 2018; Wang et al. 2017, 2019).

2. Materials and methods
2.1. Material and apparatus

Detailed information on reagents, oligonucleotides, buffers and
apparatus used in this work are provided in Supplementary Information
S1. The optical-fiber evanescent wave fluorescence biosensor was
described in our previous works (Liu et al., 2018; Wang et al., 2017), and
its photograph was shown in Fig. S1. Briefly speaking, the 635 nm
He-Ne laser was introduced into a biofunctionalized optical-fiber to
generate the evanescent wave on the fiber surface. The interface-bound
fluorescent dyes due to the presence of the targets were excited by the
evanescent wave. The emitted fluorescence signals were then acquired
by using the photodiode with a lock-in amplifier and recorded in a
built-in industrial Tablet PC. In this biosensor system, a combination
tapered optical-fiber was adopted as described in our previous work
(Wang et al., 2015). Preparation of desthiobiotin (DTB) functionalized
optical-fiber sensing surface are provided in Supplementary Information
S$2 and the surface modification schematic of optical-fiber with
BSA-desthiobiotin (BSA-DTB) conjugate was shown in Fig. S2.

2.2. Nucleic acid preparation of CRISPR-Cas13a system

crRNAs and target RNAs of SARS-CoV-2, SARS-CoV and MERS-CoV
were designed based on the reported guidelines (Freije et al., 2019;
Patchsung et al., 2020). Specifically, a highly conserved 28 nt window
was the one with <2 polymorphic positions (<95% major allele fre-
quency) and less than 50% data missing at all sites. The viral genomes
were downloaded from NCBI (https://www.ncbi.nlm.nih.gov/) and
then aligned using the mafft v7.31 (Katoh et al., 2019), and the
consensus information was showed on Jalview v2.11 (Waterhouse et al.,
2009). Next, LwaCas13a target sites on the SARS-CoV-2 were filtered by
blasting against the GenBank database (https://blast.ncbi.nlm.nih.gov/
Blast.cgi). Among the crRNA sequences, the ultimate 28 nt sequence was
selected considering the complexity of secondary structure predicted by
NUPACK web server (Zadeh et al., 2011).

2.3. Cas13a collateral cleavage activity

To form annealed hairpins, crRNA and Reporter 1 beacon were
individually denatured at 76 °C for 5 min, and then cooled at room
temperature for over 1 h. Casl3a collateral cleavage activity was
investigated by using 45 nM LwaCas13a, 22.5 nM crRNA, 125 nM Re-
porter 1 beacon, 1.25 pL RNase inhibitor, and varying amounts of
nucleic acid target in nuclease assay buffer. The reactions were incu-
bated at 37 °C for 1-2 h on a 384 well microplate reader with fluorescent
measurements every 5 min.

2.4. Gel electrophoresis
The CRISPR-Casl3a was diluted by using 6 x loading buffer with a

volume ratio of 5:1 for gel electrophoresis. A 15% urea-denaturing
polyacrylamide gel was prepared with 10 x TBE buffer. After pre-
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running and warming the gel for 30 min at 50 V and then loading the
samples, electrophoresis was run at 80 V for 100 min in 1 x TBE buffer.
Gels were soaked in 1 x TBE for about 10 min and then stained with
SYBR Green I Gel Stain and imaged under UV illumination using FLS-
5100 film (Fuji Photo Film Co., Ltd., Tokyo, Japan).

To characterize the formation of HCR assemblies, a 15% fresh
polyacrylamide gel was prepared with 10 x TBE buffer. Electrophoresis
was run at 60 V for 100 min in 1 x TBE buffer. Gels were stained and
imaged as the way in the denaturing polyacrylamide gel electrophoresis.

2.5. Detection of SARS-CoV-2 in buffer/human oropharyngeal swabs
using the Cas-HCR biosensing technique

Under the optimized conditions, 2 pL LwaCas13a in storage buffer
(63.3 ug ml ! stock concentration), 2 pL crRNA (225 nM stock), 2 pL
Reporter 2 (1.25 pM stock), 2 pL synthetic SARS-CoV-2 genes at varying
concentrations, 0.5 pL RNase inhibitor and 11.5 pL nuclease assay buffer
were mixed for Casl3a recognition. After incubation of the mixture for
20 min, 20 pL SPSC buffer, 5 pL annealed Bio-H1 (1 pM stock) and 5 pL
annealed Cy5.5-H2 (1 pM stock) were added and then the mixtures
further incubated at 37 °C for 30 min. The annealing process contained
that 1 pM Bio-H1 and Cy5.5-H2 stock were denatured respectively at
95 °C for 5 min, and then cooled at room temperature for over 1 h to
form annealed hairpins. Lastly, 500 puL SPSC buffer was added into the
reaction tube that contained amplified HCR products to fit the volume
requirement for evanescent wave fluorescent biosensing detection. The
optical-fiber based detection proceeded as follows: 1) 20 nM streptavi-
din was first delivered into the flow cell to bind to DTB immobilized onto
the sensing surface of fiber for 2 min; 2) SPSC buffer was pumped to
elute the unbounded SA; 3) amplified HCR products with biotin labels
were pumped to react with interface-bound streptavidin for 10 min; 4)
washing buffer was pumped to elute interface-bound streptavidin and
HCR products for 10 min; 5) equilibration buffer was pumped for 1 min
to regenerate the sensing surface for next round of reaction cycle.

The application ability of Cas-HCR biosensing technique was inves-
tigated by detecting the S genes of SARS-CoV-2 in negative oropharyn-
geal swabs samples that were acquired from healthy donors at the
campus hospital with the approval of Tsinghua University. Total RNA in
samples was extracted using Qiagen Viral RNA Mini kit following the
manufacturer’s instructions. 2 pL of the extracted sample RNA was
added into 18 pL reaction mixtures contained Casl3a, crRNA, Reporter 2
and different amounts of target RNA as depicted in buffer, followed by
the HCR amplification for fluorescence measurement. The relative signal
intensity was calculated by the following equation.

(sMca - SMin) (1)

Relative signal intensity =
(SMax - SMin)

where Syeq means the measured signal intensity; Sy, means the signal
intensity corresponding to the control sample; Sy.x means the signal
intensity corresponding to the maximum concentration.

2.6. Statistical analysis

Statistical analysis was performed with Origin 2018 software. Each
experiment was conducted three times in parallel. Results were pre-
sented as measured mean value + standard deviation. Error bars in all
figures represent the standard deviations from independently triplicate
measurements.

3. Results and discussion
3.1. Sensing mechanism of Cas-HCR biosensing technique

The Cas-HCR biosensing technique performed the recognition and
cleavage of Casl3a towards its target RNA sequence as specified by the
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crRNA sequence, followed by the activation of the promiscuous RNase
activity of Cas13a to cleave the rationally designed nucleic acid reporter
and trigger the downstream HCR amplification. The biotinylated HCR
products were captured by the streptavidin-functionalized optical fiber,
after which the Cy5.5 fluorophores labeled on the HCR assemblies were
excited by the evanescent wave, and collected to generate the signal by
using the optical-fiber evanescent wave fluorescence biosensor platform
to confirm the detection of the virus genes (Fig. 1a). The specificity of
the platform was not only derived from the base pairing but also from
the high fidelity of Cas13a (Shan et al., 2019).

We designed three Cas13a crRNAs with two specifically targeting the
S (spiked) and N (nucleoprotein) genes of SARS-CoV-2 and one broadly
targeting the Orflab gene of three highly pathogenic coronaviruses
(SARS-CoV-2, MERS-CoV, SARS-CoV) (Fig. 1b) based on the previously
reported CRISPR RNA design guidelines (Freije et al., 2019). The crRNAs
consisting a 36 nt direct repeat region and a programmable 28 nt guide
region (spacer) can assemble with Cas13a. Next, we designed the nucleic
acid hairpin reporter containing RNA cleavage sites (UUUUUC) in yel-
low for the promiscuous RNase activity of Casl3a (Abudayyeh et al.,
2016; Gootenberg et al., 2018). To demonstrate the specificity of
CRISPR-Cas13a with different crRNA design, a dual-labeled nucleic acid
reporter, Reporter 1 beacon with FAM-labeled 5 end and a quencher
molecule BHQ1-labled 3’ end and stem-loop hairpin constituting of 8
hybridized base pairs, was applied (Table S1). After annealing, the for-
mation of hairpin reporter placed fluorophore in close proximity to its
quencher, resulting in a low fluorescence intensity background; after the
specific recognition, Reporter 1 beacon was cleaved and separated FAM
from BHQI, leading to an obvious fluorescence recovery.

3.2. CRISPR-Cas13a system design and verification

Cas13a crRNAs were programmed to specifically target SARS-CoV-2
or broadly detect related coronavirus strains. As shown in Fig. S3, the N
gene and S gene of SARS-CoV and MERS-CoV were significantly
different from that of SARS-CoV-2. While, there were only two-base
difference between Orflab gene of three viral sequences. Therefore,
theoretically, the N gene and S gene crRNAs used in the assay were
specific for SARS-CoV-2, however failed to detect SARS-CoV and MERS-
CoV, whereas the Orflab gene crRNA was capable to detect three highly
pathogenic coronavirus strains. As revealed by the net fluorescence
subtracting that of the blank sample in Fig. 2a, we demonstrated that the
CRISPR-Casl3a system was able to distinguish SARS-CoV-2 with no
cross-reactivity for other two highly pathogenic coronaviruses using the
crRNAs targeting N gene and S gene, however, with expected cross-
reactivity for the related coronavirus strains using the crRNA targeting
Orflab gene. The CRISPR-Casl3a system showed higher sensitivity
when targeting S gene compared with that targeting N gene.

Denaturing polyacrylamide gel electrophoresis (PAGE) assay
revealed that the targets and nucleic acid reporters, Reporter 1 beacon,
were cleaved into short RNA fragments due to the cleavage activity of
CRISPR-Cas13a (Fig. 2b). However, a slight band of cleaved reporter
fragments was observed even in the absence of the targets (lane 3),
indicating the potential non-target-induced promiscuous RNase activity
of Cas13a. The similar phenomenon was also found by other researchers
(East-Seletsky et al., 2016; Huang et al., 2018). Reporter 1 beacon
released the I sequence, which exhibited a much higher migration speed
than other longer strands as shown in lane 4. The time-dependent
fluorescent intensity changes of the reporter were measured in the
presence of SRAS-CoV-2 RNA sequences at different concentrations
(Fig. 2¢). The fluorescence significantly increased in the first 20-30 min
because of the promiscuous RNase activity of Casl3a, exhibiting the
time-dependent self-amplification process (Bruch et al., 2019; Wu et al.,
2021). For the sake of time saving, the optimal time for the
CRISPR-Cas13a recognition was selected to be 20 min. The obvious in-
crease of fluorescent intensity was observed with the increased RNA
concentrations (Fig. S4), further confirming Reporter 1 beacon was
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Fig. 1. SARS-CoV-2 detection with enzyme-free amplification coupled CRISPR-Casl3a. (a) Schematic of SARS-CoV-2 detection workflow. Conventional RNA
extraction can be used as an input to the Cas-HCR assay for detection of S gene, N gene and Orflab gene, respectively, which is detected by a home-made optical-fiber
reusable evanescent wave fluorescence biosensor. (b) Visualization of targets and crRNAs on the SARS-CoV-2 genome.

cleaved under the promiscuous RNase activity of Cas13a and released
the BHQ1-labeled I sequences. The limit of detection (LOD) of the
CRISPR-Cas13a system for the S genes of SARS-CoV-2 without signal
amplification was 25 pM, i.e. approximately 1.5 x 107 copies/pL, which
was regarded as the minimum concentration in which the signal was
significantly different from the cutoff one defined as the average signal
of blank samples plus three times of the standard deviation. Doubtlessly,
the CRISPR-Cas13a system not only exhibit the accurate nucleic acid
target recognition capability, but also amplify the signal relying on the
promiscuous RNase activity.

3.3. Nucleic acid hairpin reporter design

We designed the nucleic acid hairpin reporter containing the initi-
ator (I) region in red to trigger the downstream HCR amplification. The
hairpin reporter should release the I sequence properly relying upon the
presence of target rival RNA sequence, thereby triggering the formation
of Cy5.5-labeled assemblies. The stem-loop hairpins constituted of 8, 12,
14 and 16 hybridized base pairs, named Reporter 1, Reporter 2, Reporter
3 and Reporter 4, respectively, as shown in Table S1, were examined by
using the home-made evanescent wave biosensor (Insert of Fig. 2d).
After that, we designed the I sequence-triggered TSD of hairpins (Bio-H1
and H2-Cy5.5) to generate multiple linear duplex I-(H1-H2), assemblies
as signal amplification products. By using a home-made optical-fiber

evanescent wave fluorescence biosensor as the signal collector, the
spontaneous hybridization of H1 and H2 hairpins was negligible
(baseline, line 1) because of the locked complementary domains in the
absence of I (Dirks and Pierce, 2004). The robust cascade pathways can
be achieved on the basis of computational tools (Wolfe et al., 2017) and
practical design guidelines (Ang and Yung, 2016). The hairpin with a
stem of 8 hybridized base pairs, i.e. Reporter 1, exhibited an obvious
signal increase compared with baseline (line 2), most likely resulting
from the instability of stem-loop structure, thereby triggering the HCR
reactions independently. The other three hairpins remained stable,
thereby showing the similar signal response as baseline (lines 3-5). The
reporter with a stem of 12 hybridized base pairs, i.e. Reporter 2, was
used in the following experiments. The formation of assembled products
was also be demonstrated by native PAGE (Fig. 2e), where the formed
HCR assemblies in lane 5 exhibited lower and variable migration speeds
than other short strands. Annealing of sequences showed a slight
improvement on the biosensor signal (Fig. S5a). For the sake of time and
cost saving, the concentrations of H1 and H2, temperature and optimal
reaction time for the viral recognition triggered HCR reactions were 5
uL, 37 °C, 0.5 h, respectively (Figs. S5b-d). We also compared the per-
formance of adopting two individual steps (i.e. CRISPR-Cas13a recog-
nition and HCR amplification) with that of merging them into one-pot.
The biosensor signal exhibited only half of the original value after
merging two steps together (Fig. 2f). Hence, one-pot reaction was not
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Fig. 2. Design and validation of Cas-HCR assay for SARS-CoV-2 detection. (a) crRNA specificity by using dual-labeled Reporter 1 beacon. (b) Electrophoretic analysis
of the cleavage ability of Cas13a/crRNA in the presence of target RNA.1: Synthetic target (1 pM); 2: Reporter 1 beacon (1.25 pM); 3: Cas13a (0.45 pM), crRNA_S
(0.225 pM), Reporter 1 beacon (1.25 pM); 4: Casl3a (0.45 uM), crRNA_S (0.225 pM), Reporter 1 beacon (1.25 pM), Synthetic target (1 pM). (c) Real-time kinetic
measurement of Casl3a reactions initiated by target RNA towards Reporter 1 beacon. (d) The signal generated by H1, H2 with/without reporters, referring to the
fluorescent value measured by the evanescent wave biosensor. 1#: without reporter; 2#: Reporter 1; 3#: Reporter 2; 4#: Reporter 3; 5#: Reporter 4. (e) Electro-
phoretic analysis of the Cas-HCR products. 1: DNA ladder; 2: Reporter 2 (1.25 pM); 3: H1 (1 pM); 4: H2 (1 pM); 5: Cas13a (0.45 pM), crRNA_S (0.225 pM), Reporter 2
(1.25 pM), Synthetic target (1 pM), followed by adding H1 (1 pL 10 pM), H2 (1 pL 10 uM), SPSC buffer (13 pL). (f) Performance analysis of one-pot and two-step Cas-
HCR assay on the evanescent wave biosensor. 1#: 30 min CRISPR followed with 1 h HCR; 2#: one-pot CRISPR and HCR reaction for 1 h; 3#: one-pot CRISPR and
HCR reaction for 1.5 h.



Y. Yang et al.

recommended even though prolonging the reaction time helped to
improve the signal to some extent. More investigations to develop a
common buffer that could accommodate both the CRISPR-mediated
recognition and the HCR amplification are needed (Ladha et al., 2020).

3.4. Signal detection using evanescent wave-induced emission

To reduce the cost of single detection, we used DTB molecules with
moderate binding affinity toward streptavidin to prepare a reusable
optical-fiber surface (Wang et al., 2019). Biotinylated HCR assemblies
were designed to be anchored onto DTB-functionalized fiber surface via
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the biosensing platform. Moreover, streptavidin-HCR complexes can be
effectively washed off to regenerate the DTB modified fiber surface. The
performances of DTB-functionalized optical fiber in governing the bal-
ance of HCR assembly capture and surface regeneration were evaluated.
Specifically, BSA-DTB conjugates with optimal molar ratios of 50 X were
synthesized and covalently immobilized on the fiber surface. The “glue”
streptavidin layer was robust enough to resist buffer elution (Wang
et al., 2019), which was applied before the HCR assembly injection to
guarantee the minimal interferences from unbound SA, and could be
efficiently washed off using washing buffer (0.5% SDS, pH 1.9) (Wang
et al., 2019).

streptavidin “glue”, providing approximately unified physical distances
for labeled fluorophores. Signals emitted by these Cy5.5-labeled HCR
assemblies under the evanescent wave excitation can be measured by
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Fig. 3. Performance evaluation of the Cas-HCR biosensing technique by using a home-made evanescent wave biosensor. (a) Representative real-time fluorescent
signal of original sensorgrams corresponding to different concentrations of the S genes of SARS-CoV-2.0: no target; 1-9: ten-fold diluted RNA from 10 aM to 1 nM. (b)
Sensitivities of this technique towards the S genes of SARS-CoV-2. Left inset: Standard curve towards S genes of SARS-CoV-2 (R? = 0.962) fitted by y = a-b x In (x +
). Right inset: Heat map of three concentration levels of S genes of SARS-CoV-2 spiked in RNA extracts of negative oropharyngeal swabs. The color bar ratio
represents the relative signal intensity calculated by Eq. 1 (c-d) Sensitivities of this technique towards the N and Orflab genes of SARS-CoV-2, respectively. Each data
point represents the average signal with standard deviation for independently triplicate experiments. Inset: Standard curves towards N genes (R* = 0.997) and Orflab
genes of SARS-CoV-2 (R? = 0.966), respectively, fitted by y = a-b x In (x + ). Gray shadow indicates three times of the standard deviation of blank samples, in which
the top edge represents the cutoff signal defined as the average fluorescence of blank samples plus three times of the standard deviation. And original sensorgrams
corresponding to ¢ and d were shown in Figs. S6 and S7, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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3.5. Performance evaluation of Cas-HCR biosensing technique

Based on the above investigation, the Cas-HCR assay can be run and
visualized on a home-made optical-fiber evanescent wave fluorescence
biosensor in approximately 1 h, which consists of an CRISPR-Cas13a
recognition reaction at 37 °C for 20 min, HCR amplification reaction
at 37 °C for 30 min and signal detection by using fiber at room tem-
perature for approximately 10 min. Given the specific high fluorescence
amplification toward biotinylated assemblies, the sensing performances
using crRNA_S, crRNA N and crRNA Orflab towards the synthetic
SARS-CoV-2 genes were compared. As expected, the original sensor-
grams corresponding to the different concentrations of SARS-CoV-2
genes demonstrated that the Cas-HCR assay using crRNA_S operated
reliably with biosensor signal deviations in the presence of 0.01 fM to 1
nM of SARS-CoV-2 target RNA sequence (Fig. 3a). A rapid signal
decrease after using washing buffer elution also indicated that the fiber
surface regeneration could be efficiently achieved. By plotting the
biosensor signals against the gene concentrations in Fig. 3b, a gradual
signal increase was observed with the increased gene concentrations.
The Cas-HCR biosensing technique could rapidly detect S genes of SARS-
CoV-2 at concentrations as low as 10 aM, i.e. approximately 6 copies/pL,
by obeying the similar rule that LOD was regarded as the minimum
concentration in which the signal was significantly different from the
cutoff one defined as the average signal of blank samples plus three
times of the standard deviation. The experimental data points were
further analyzed and fitted by a function of y = a-b x In (x + c), where y
was the signal and x was the gene concentration of SARS-CoV-2 (Left
inset of Fig. 3b). The correlation coefficient (R?) reached 0.962 over the
range of 0-1 nM. Using the similar approach, the performance of this
Cas-HCR biosensing technique using crRNA_N towards the N genes of
SARS-CoV-2 and crRNA_Orflab towards the Orflab of SARS-CoV-2 were
investigated, respectively. Results showed that this technique was able
to detect down to 100 aM, i.e. 60 copies/pL, SARS-CoV-2 N gene and 10
aM, i.e. 6 copies/pL, SARS-CoV-2 Orflab gene, respectively (Fig. 3c and
d). The R? of curve-fitting between the signal and the concentrations of
N genes and Orflab genes were 0.997 and 0.966, respectively, over the
range of 0-1 nM.

Besides, in light of the moderate binding affinity between DTB and
streptavidin and the strategy of immobilizing DTB molecule on the solid
surface (Wang et al., 2019), the optical-fiber allowed to be reused over
100 successive cycles with less than 2.5% signal decrease using washing
buffer (Fig. S8a). In general, we used the fiber for testing if we continued
the experiment within one month for no more than 150 successive cy-
cles. For example, three optical fibers were used to get all data in Fig. 3.
Moreover, we evaluated the carryover issue to treat the fiber with 4 nM
Cyb5.5-labeled streptavidin protein. By observing the sensorgram during
the binding, washing buffer elution, and equilibration buffer regenera-
tion as shown in Fig. S8b, the fluorescent signal went down to the
baseline when eluting with washing buffer for no more than 10 min, and
then equilibration buffer for 1 min, indicating the washing buffer was
effective to break the binding interaction between the DTB and strep-
tavidin, hence the potential carryover issue should be negligible to
ensure the surface regeneration efficiently.

Last, we investigated the application ability of this Cas-HCR bio-
sensing technique by detecting S genes of SARS-CoV-2 spiked in RNA
extracts of oropharyngeal swabs from three healthy donors. The SARS-
CoV-2 RNA was confirmed negative by the RT-qPCR technique. Right
inset of Fig. 3b shows the heat map of three concentration levels (10 aM,
100 aM and 1000 aM) of S genes of SARS-CoV-2 measure by using this
technique. The color bar ratio represents the relative signal intensity
calculated by Eq. 1, which showed significant difference from the con-
trol one and also good correlation between the target concentration and
Cas-HCR signal. Notably, we observed the decreased signal against the
same concentration in the oropharyngeal swabs compared with those
obtained in buffer, reflecting the possible matrix interference (Figs. S9
and S10). Despite the issue, we still observed signal discrimination
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against different concentrations of target in all oropharyngeal swab
samples. The comparable standard derivations both in oropharyngeal
swabs and buffers confirmed the satisfactory sensitivity and applica-
bility of the developed Cas-HCR biosensing platform for SARS-CoV-2
detection in clinical diagnostics.

Since the outbreak of COVID-19, many CRISPR-based technologies
have been developed for the detection of the SARS-CoV-2 gene, which
mainly rely on a pre-nucleic acid amplification step to achieve ultra-high
sensitivities (Chen et al., 2020; Huang et al., 2020b; Tian et al., 2021;
Wang et al., 2021; Xiong et al. 2020, 2021). The CRISPR biosensor
without pre-amplification only showed LODs at nM or pM level (Li et al.,
2019; Wang et al., 2020). Here, we presented a new strategy, which
employed the specific product of the CRISPR reaction to trigger the
enzyme-free HCR reaction for signal amplification. Notably, both LOD
and turnaround time of this technique were comparable to those of re-
ported CRISPR-based viral nucleic acid detections (Table S2). This
attempt provides a valuable reference for the subsequent development
of more post amplified CRISPR technologies.

4. Conclusion

In summary, a HCR coupled CRISPR-Cas13a-based biosensing tech-
nique was established to detect SARS-CoV-2 with high sensitivity and
low testing cost on a home-made optical-fiber evanescent wave fluo-
rescence biosensing platform. This technique combined the merits of not
only the prominent viral gene-specific recognition capability of CRISPR-
Cas13a system but also the cheap, enzyme-free and isothermal nucleic
acid amplification by HCR without the need of temperature cycling
operation to dramatically improve the detection sensitivity. Under the
optimized conditions, this technique provided a LOD of attomolar level
towards three specific genes (S genes, N genes and Orflab genes) of
SARS-CoV-2. Analysis of SARS-CoV-2 in negative oropharyngeal swabs
convincingly demonstrated the biosensing technique held a great po-
tential for point-of-care diagnosis of COVID-19. This attempt provides a
valuable reference for the subsequent development of more post
amplified CRISPR technologies.
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