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The CRISPR/Cas system is widely used for molecular diagnostics after the discovery of trans-cleavage activity,
especially now with the COVID-19 outbreak. However, the majority of contemporary trans-cleavage activity-
based CRISPR/Cas biosensors exploited standard single-strand DNA (ssDNA) reporters, which were based on the
FRET principle from pioneering research. An in-depth comparison and understanding of various fluorescent
readout types are essential to facilitate the outstanding analytical performance of CRISPR probes. We investi-
gated various types of fluorescent reporters of Casl2a comprehensively. Results show that trans-cleavage of
Cas12a is not limited to ssDNA and dsDNA reporters, but can be extended to molecular beacons (MB). And MB
reporters can achieve superior analytical performance compared with ssDNA and ds DNA reporters at the same
conditions. Accordingly, we developed a highly-sensitive SARS-CoV-2 detection with the sensitivity as low as 100
fM were successfully achieved without amplification strategy. The model target of ORF1la could robustly identify
the current widespread emerging SARS-CoV-2 variants. A real coronavirus GX/P2V instead of SARS-CoV-2 were
chosen for practical application validation. And a minimum of 27 copies/mL was achieved successfully. This
inspiration can also be applied to other Cas proteins with trans-cleavage activity, which provides new per-

spectives for simple, highly-sensitive and universal molecular diagnosis in various applications.

1. Introduction

The ongoing severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) pandemic has emerged as a major global healthcare and
economic threat. On the time of writing this article, As of 18 July 2022,
there have been 557,917,904 confirmed cases globally, reported to
WHO.[1,2] Timely, accurate surveillance and diagnostic tests are
necessary to control the current outbreak and prevent transmission.
Despite the urgency of the current pandemic, most available diagnostic
methods use RT-PCR or sequencing-based technologies to detect nucleic
acid-specific to SARS-CoV-2.[3-7] These methods are limited by the
requirement of large laboratory space, long detection time, high reagent
costs, and the potential for cross-contamination. Many efforts have been
made to develop new technologies that will simplify and speed up the
detection process, shorten detection time and improve detection accu-
racy.[8-16].

Clustered regularly interspaced short Palindromic Repeats (CRISPR)
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and CRISPR-associated (Cas) system is an acquired immune system
found in most bacteria and archaea.[17,18] Emerging
CRISPR/Cas-assisted SARS-CoV-2 assays are viewed as augment
gold-standard RT-PCR-based tests due to their advantages of simple
synthesis, convenient use, low cost, and strong specificity.[19,20] Tak-
ing advantages of indiscriminate single-stranded DNase activity of
Casl2a[21,22], extensive Casl2a-aid bioassays with unprecedented
analytical performances have been achieved. [23-27] Amongst them,
the fluorescence signal readout played a vital role benefit from its
excellent characteristics of qualitative and quantitative easily in a very
short time. [28] However, most current fluorescent reporters still used
the typical single-stranded DNA (ssDNA) reporter based on the principle
of fluorescence resonance energy transfer (FRET) from the pioneering
works[22,29,30]. The ssDNA reporters have a 5-nt (5'-TTATT-3') ssDNA
or 12-nt (5'-NNNNNNNNNNNN-3') random sequences labeled by fluo-
rophore and quencher. Upon activation of the Casl12a/crRNA complex
with the corresponding target, the ssDNA reporters would be cleaved,
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Scheme 1. The various fluorescent reporter structures of the assay, upon activation of the Cas12a/crRNA complex with the target, the FRET reporters would be

cleaved resulting in fluorescence recovery.

resulting in a recovery of fluorescence. The sensitivity is around 1 nM in
the absence of amplification for CRISPR probes.[31] Wang et al.
adjusted different parameters for experimental condition to find the
optimal value for the current experimental condition and using this
version as a basis for testing to the next experimental condition. The
detection limit, detection speed, and signal background ratio of the
unamplified targets were greatly improved.[32].

Molecular beacons (MB) are a class of small, single-stranded oligo-
nucleotide a fluorophore and a quencher at the two termini [27,33-35],
which has been widely used as hybridization-activated FRET probes, but
rarely applied in CRISPR-based assays. [27] FRET is a
distance-dependent process of energy transfer between two fluo-
rophores, with one serving as energy donor and the other as acceptor
[28,31,36]. The length of the fluorophore/quencher labeled ssDNA re-
porter is an important factor affecting analytical performance. The
longer the distance between the fluorophore and the quencher, the
lower the fluorescence quenching efficiency, resulting in an increase in
background noise. [37] Although the ssDNA reporters are common used
for research and applications, limiting selections of signal readout from
an application and probe diversification standpoint [13,25,38]. The
expansion of the substrate reporter library for CRISPR/Cas could be
significant for biosensing and biochemistry. On the basis of ssDNA re-
porter, we herein investigated and compared various fluorescent re-
porters of CRISPR/Cas systematically. Casl2a, one of Cas enzymes with
trans cleavage activity, was selected as model, a diverse set of Casl2a
substrates with alternating reporters were designed and studied,
including ssDNA, dsDNA, and MB. Moreover, we developed a sensitive
SARS-CoV-2 detection, and the analytical performance was enhanced by
introducing dual crRNA. We further explored the potential practical
application by an assay of real coronavirus GX/P2V instead of
SARS-CoV-2, due to its a high degree of similarity in gene sequence with
SARS-CoV-2, but no transmissibility to humans. These findings can also
apply to other Cas proteins, such as Cas 12b, Cas13, Cas14, which pro-
vides perspectives for simple and universal CRISPR designs in various

applications.
2. Material and methods
2.1. Materials and Reagents

All synthetic nucleic acid oligonucleotides of Tables S1-S4 dieth-
ylpyrocarbonate (DEPC)-treated water were purchased from Sangon
Biotech Co., Ltd. (Shanghai, China). Lba Casl2a and buffer 3.1 were
purchased from New England Biolabs (Beijing, China). RNase inhibitors
were purchased from Takara Biotechnology Co., Ltd. (Dalian, China).
The RNase-free environment throughout the experiments using DEPC-
treated water and RNase-free tips and tubes. GX/P2V beta coronavirus
was isolated by using Vero E6 cells.

2.2. Signal Readout properties of different fluorescent reporters

To a series of Eppendorf tubes, 0.5 pL of 250 nM Cas12a enzyme, 0.5
pL of 500 nM, 1 pL of 500 nM reporters (ssDNA, dsDNA, MB reporters),
15 pL of Buffer 3.1 and 1 pL of RNase inhibitor were transferred into the
tubes. And 2 pL of different concentration targets were added into the a
serious of tubes. Finally, the resulting mixture was put into the real-time
fluorescent PCR instrument and kept at 37 °C for 1 h.

2.3. Quantitative Assay of with Single or dual crRNA

1 pL of 20 pM crRNA (1 pM), 4 pL of 10 pM Cas12a (2 pM), 1 pL of 10
puM MB reporter (500 nM), 2 pL of target at different concentrations
(100 nM, 10 nM, 1 nM, 100 pM, 10 pM, 5 pM, 2 pM, 1 pM, 0), 11 pL of
Buffer 3.1, and 1 pL of RNase inhibitor were added to a series of 1.5-mL
tubes. Simultaneously, 1 pL 20 pM crRNA ORFla (1 pM), 1 pL 20 uM
crRNA-2 (1 pM), 4 pL 10 pM Casl2a (2 pM), 1 pL 10 pM MB reporter
(500 nM), 2 puL target at different concentrations (1 nM, 100 pM, 50 pM,
20 pM, 10 pM, 1 pM, 100 fM, 0), 10 pL of buffer 3.1 and 1 pL of RNase
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Fig. 1. The fluorescent curves of different types of reporters of Casl2a detection, the target at 10 nM, 1 nM, 100 pM and 0, respectively for all cases.

inhibitor were added to a series of 1.5-mL tubes. Finally, the obtained
mixture was put into a real-time fluorescence PCR instrument at 47 °C
for 1 h to collect the fluorescence signal.

3. Results and discussion

Extensive CRISPR/Cas12a-based bioassays with outstanding analyt-
ical performance have been developed. However, most fluorescent re-
porters are limited by ssDNA templated substrates from pioneering
works [22,29,30]. Although ssDNA reporters have been shown to be
effective for diagnostic applications, limiting selections to short ssDNA
may restrict its application and probe diversification. The expansion of
the DNA substrate library for probing Casl2a activity is essential in
diagnostics. However, only a few reporters were concerned and thor-
oughly investigated the fluorescence signal read-out.[13] In this work,
the cleavage properties of Cas12a with a variety of fluorescent substrates
were studied and compared. Scheme 1 illustrates the different reporter
formulations, upon activation of the Cas12a/crRNA complex with the
target, the FRET reporters would be cleaved resulting in a recovery of
fluorescence. FRET pairs labeled 5(6)-carboxyfluorescein (FAM) or
Texas Red as donor and BHQ1 or BHQ2 as quenchers. The ssDNA re-
porters are designed based on the length between fluorophores and
quencher with 5 nt, 8 nt,12 nt and 15 nt ssDNA. The dsDNA reporters are
designed based on the spacers between fluorophores and quenchers at
secondary structure after annealing. The MB reporters were designed
based on the number of bases on the stem and loop. Signal readout
properties of various fluorescent reporters including the real-time fluo-
rescence curves, background noise, signal-to-background ratio, fluo-
rescence recovery rate and cleavage rate of all fluorescent reporters
were compared under the same conditions.

Take COVID-19 ORF la gene 13328-13437 sequence as input tar-
gets, we first evaluated the analytical performance of Cas12a on several
lengths of ssDNA reporters. As shown in Figs. 1A and 2, the most
commonly used 5 nt ssDNA reporter (5’ -FAM-TTATT-BHQ1) with low
background noise and high signal-to-background ratio. The sensitivity
as low as 1 nM was achieved, the differences at concentrations of < 100
pM were found not to be statistically significant (Fig. S1), which was
comparable with the available literature.[31] When the length of ssDNA
increased from 5 nt to 8 nt, the lowest detectable concentration is
reduced to 100 pM. When continuing to increase the base length until 15
nt, the lowest detectable concentration did not decrease with it. In
comparison to the 5 nt ssDNA reporters at same conditions, the longer
distance between the fluorophores and quenchers leads to higher
background noise. The fluorescence recovery of 5 nt ssDNA reporters
was about 37% at 10 nM, while it achieved about 82% and 94% for 8 nt
ssDNA reporters and 12 nt reporters, respectively. The maximum
shearing rates were calculated to be 0.01645, 0.275, 0.162 and
0.135s ' at 10 nM for 5 nt, 8 nt, 12 nt and 15 nt ssDNA reporters, which
first increased and then decreased with the length raised. In contrast, the
rate of fluorescence recovery and shearing rates of 5 nt ssDNA reporter is
minimum, which might attribute the steric hindrance limited the
shearing activity, but further structural research is needed.

Although dsDNA reporters are widely used in biosensors, few were
found in CRISPR probes. Unlike short ssDNA probes applying the FRET
principle, dsDNA can provide more DNA sequence programmability as
well as the combination and arrangement of fluorophore and quencher.
Christopher et al. developed a variety of dsDNA fluorescent probes to
detect the cleavage activity of Cas12a[13]. When the target triggers the
cleavage activity of the Cas12a/crRNA complex, the dsDNA probe can
be cleaved like the ssDNA reporters, and the FRET groups are separated
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and released fluorescent signals for detection, which giving a new di-
rection to expand the DNA probe library. We observed that steric hin-
drance effect would increase reaction rate and signal in the ssDNA
reporters. To test whether such a phenomenon exists in dsDNA re-
porters, we designed 0, 5, and 15-nucleotide enzymatic cleavage sites in
dsDNA reporters, respectively. We labeled the fluorophores and
quenchers at two ends of the ssDNA and formed a dsDNA reporter
through complementary base pairing. As shown in Figs. 1E-1 G and 2,
the fluorescence recovery values reached equilibrium in a very short
time. The sensitivity of dsDNA probes is not significantly improved with
about 100 pM, but the background noise increased dramatically in
contrast to ssDNA reporters, leading to low signal-to-background ratio.
The fluorescence background noise increased and the
signal-to-background ratio reduced with the spacers enlarged between
the fluorophore and quencher, while the cleavage rate increased and
then decreased, indicating that the steric hindrance might works, which
is consistent with the phenomenon of ssDNA reporters. Moreover, we
added a dsDNA5 group for verification with equal distance between
fluorophores and quencher as dsDNA2 reporters, but increasing the
number of base pairs in the double strand makes the DNA structure more
stable (Fig. S2), the background signals and fluctuation of dsDNAS5 is
smaller and more stable, which is consistent with the FRET principle. On
the other hand, the FRET pairs in the middle or end of the dsDNA will
affect the quenching effect of dsDNA reporters. We explored whether
fluorophores and quenchers labeled in the middle or end of the dsDNA

could be used for Casl2a detection. Results showed that fluorophore
labeled at the ends of dsDNA producing lower fluorescence background
noise and shearing rate. These findings were beneficial for Casl2a
biosensor applications.

Molecular beacons (MBs) are specifically designed DNA hairpin
structures that are commonly used as FRET probes but are rarely used in
CRISPR-based fluorescent assays. We first investigated the feasibility of
Casl2a trans-cleave on MB reporters. Following the formation of the
Casl2a/crRNA complex, the addition of the targets activated the
cleavage activity, resulting in a dramatic recovery of fluorescence of the
hairpin structure. Inspired by ss- and ds-DNA reporters, stem-loop
structure of the MB inevitably influenced Casl2a nuclease activity
(Figs. 1I-L and 2). Specifically, we designed a hairpin structure with a 4-
nt loop, and 5-bp stem named MB1, the AAG® calculated by NUPACK is
— 4.43 kcal/mol.[39] The fluorescent signal can be significantly
distinguished from the blank with sensitivity as low as 100 pM (Fig. 1I).
We increased the number of bases in the loop region to verify the steric
hindrance of the Cas12a cleavage named MB2 with a 10-nt loop, and
5-bp stem, as shown in Fig. 1J, the AAG® calculated by NUPACK is
— 3.16 kcal/mol. [39] The sensitivity is 100 pM, and the background
noise and rate fluorescence recovery and cleavage rate rise obviously in
contrast to MB1. We further designed a stable hairpin structure with a
15-nt loop and a 11-bp stem named MB3 to reduce background signal
and steric hindrance of the enzyme cleavage reaction, AAG® calculated
by NUPACK is — 10.79 kcal/mol. The background signal and fluctuation
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were greatly reduced as expected, but the reaction rate decreased
meanwhile. It is speculated that the balance between the increase of the
stability of the stem region and the decrease of the steric resistance of the
loop region in MB reporters (Fig. 1K). In addition, we investigated the
impact of fluorophores on CRISPR probes (Fig. 1L). Results show that
using Texas Red-labeled hairpin structures has higher sensitivity and
lower background than FAM. These findings provide perspectives about
choosing appropriate reporters for simple and universal probe designs in
various applications.

Heatmaps are used to compare the overall analytical capabilities of
all reporters (Fig. 2D). In order to compare under a uniform standard, all
fluorescence values were divided by the background fluorescence value
of the 5 nt ssDNA reporters to get the fluorescence ratio. The larger the
fluorescence ratio, the darker the area where the reporters are located,
and vice versa, the lighter the color. By comparing ssDNA, dsDNA, and
MB reporters, we found that the 8 nt ssDNA and the MB4 reporters had
darker colors at higher concentrations, and even at lower concentra-
tions, the color of this area is also significantly different from the control
area. Although 5 nt ssDNA reporter showed a high signal-to-background
ratio at 10 nM, the lowest detectable concentration basically was merely
1 nM under the same conditions. Moreover, the MB4 reporters could
detect target concentrations as low as 1 pM with excellent signal-to-
background ratio while the 8 nt ssDNA reporters was 100 pM with
faster cleavage speed. The above results indicate that Cas12a can trans-
cleave the MBs reporters with outstanding analytical performance,
making it a good candidate for CRISPR-Cas12a probes. Consequently,
we developed a highly-sensitive SARS-CoV-2 detection using MB as
signal read-out reporters.

To achieve the excellent analytical performance, the experimental
conditions are optimized, including the amount of the MB reporters,
temperature, and the ratio of Casl2a between crRNA. Collateral cleav-
age efficiency of the activated Casl2a nuclease represents an ability to
cut all reporters around it. We first optimized MB reporter’s concen-
tration because the reporter concentration plays a crucial role in fluo-
rescence readout. We set the concentration of MB reporters at 500 nM
and 5 pM respectively. The higher the concentration of reporters, the
shorter the threshold time, but the sensitivity was not improved signif-
icantly (Fig. S3). To save reagents and costs, the amount of MB reporters

was optimized as 500 nM. It is reported that reaction temperature will
affect the collateral cleavage activity of Casl12a. Therefore, we investi-
gated the trans-cleavage efficiency of Cas12a at 37 °C, 42 °C, 47 °C, and
52 °C, respectively. As shown in Fig. S4, a significant fluorescence re-
covery at all temperatures was found. Taking advantages of stem-loop
structures in MB, the fluorescence recovery value increases gradually
with the increase in temperature, and the background signal does not
increase significantly. It reaches the peak value at 47 °C, and then de-
creases gradually. It is likely attributed that the MB reporters are cleaved
rapidly by highly activated Cas12a and easily disintegrated at 47 °C.
Therefore, the optimal reaction temperature is 47 °C for subsequent
experiments. In addition, different proportions of Cas12a and crRNA are
essential to the analytical performance of the CRISPR probes. Fixed the
target concentration at 10 nM and 100 nM, we explored the fluores-
cence value when the ratio of Casl2a and crRNA was 0.5, 1, and 2,
respectively (Fig. S5). The fluorescence change was remarkable when
the ratio of Cas12a to crRNA was 2 in both 10 nM and 100 nM cases. In
comparison, fluorescence recovery values quickly reach a saturation
state at the target of 100 nM. Because of enough targets activating the
trans-cleavage activity of Cas12a, the 500 nM MB reporters were wholly
digested. The above results suggested that the optimal ratio of Cas12 to
crRNA was 2.

With the optimized conditions of MB reporter (500 nM), incubation
temperature (47 °C), and the ratio of Casl2a to crRNAs (2:1), we
established a CRISPR biosensor for SARS-COV-2 detection with MB
fluorescent reporters. Taking the ORF1a gene fragment as model target,
as shown in Fig. 3A, with the increase of the concentration, the fluo-
rescence recovery value gradually increased, which was positive with
the target concentration. The sensitivity as low as 1 pM were success-
fully achieved without amplification strategy. To improve the accuracy
of clinical diagnosis, it is usually select two genes as targets for COVID-
19 practical applications. The Chinese CDC recommends ORFlab and
the N gene fragment as targets. We further evaluated the proposed
probes by targeting the N gene from28881 to 28979 in the SARS-CoV-2
genome map (Fig. 3B). There is a good relationship between the fluo-
rescence signal and the target concentration. The limit of detection was
achieved at 1 pM without DNA amplification. The above results strongly
demonstrated that the proposed method could realize the unbiased
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highly sensitive detection of SARS-CoV-2,
applications.

It is reported that the introduction of dual crRNAs enables highly
sensitive detection [19,40]. We investigated the feasibility of dual
crRNAs using MB reporters inspired by this. The crRNA1 was designed
with the PAM site (5'-TTTG-3') limitation, and crRNA2 was not. With the
conditions of MB reporters at 500 nM, incubation temperature at 47 °C,
and the ratio of Casl2a to crRNAs at 0.5, fluorescence curves of dual
crRNAs showed a faster fluorescence response than single crRNA1 and
crRNA2 (Fig. S6). However, the sensitivity was not improved. It’s likely
attributed that crRNAs could not combine with limited Cas12a to exert
trans-cleavage activity when the concentration of Cas 12a is too low.
Under the conditions of the ratio of Cas12a (2 pM), dual crRNA (1 pM),
MB reporter (500 nM), and incubation temperature (47 °C), The sensi-
tivity as low as 100 fM was successfully achieved for the ORFla gene,
increasing 10 times over single crRNA1 and 1000 times (Fig. S7) over
single crRNA2 without amplification as expected (Fig. 3C). The
approximate 100 fM sensitivity achieved with the proposed method is by
far among the highest without involving the amplification strategy or
signal enhancement for CRISPR fluorescent probes (Table S5).

Since the SARS-COV-2 presents a similar syndrome to the influenza

superior for practical

virus and coronavirus, which may complicate the diagnosis and clinical
management of these respiratory infectious diseases, especially during
flu season. Sequence alignment of SARS-CoV-2 with corresponding sites
in related beta coronaviruses that cause middle east respiratory syn-
drome (MERS-CoV), Human coronavirus (HCoV-HKU1) and human
coronaviruses OC43 (HCoV-OC43) were shown in Fig. 4 and S8. To
evaluate the detection specificity, we tested the proposed method using
these three viruses and SARS-CoV-2. Only SARS-CoV-2 showed a
significantly increased fluorescence signal which resulted from the
cleaved MB reporters due to activated Casl2a/crRNA complex. In
contrast, only weak fluorescence signals were observed without
noticeable difference between the control group. Moreover, we found
that the target region of ORFla could robustly identify multiple
emerging SARS-CoV-2 variants by nucleotide sequence alignment of
wild SARS-CoV-2 with five emerging variants. The alignment was per-
formed using CLC Genomics Workbench 9 and nucleotide sequence of
wild and variants of SARS-CoV-2 are downloaded from NCBI. Alignment
of target sequence showed that no mutations were identified for all
variants in target region. Results verified that the proposed method
shows a high specificity with SARS-CoV-2 detection.

Given the outstanding performance, we further explored the
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Fig. 5. (A) Extracted GX/P2V viral RNA. (B) Real-time fluorescence intensity of GX P2Vgene fragment at 47 °C.

feasibility of SARS-CoV-2 assay in real samples. Since GX/P2V shares
over 85.8% of gene similarity with SARS-COV-2 and has no pathoge-
nicity to humans, GX/P2V was used for clinical validation for the safety
of experimental operators.[41,42] 110 bp gene sequence at the location
from 26719 to 26828 in the GX/P2V genome map were selected as
model target. GX/P2V viral RNA was extracted from 200 pL of the cell
supernatant using an equal volume of lysis buffer and 15 pL of
25 mg/mL magnetic beads. Then the obtained composite was directly
used as a template to amplify the target DNA. As shown in Fig. 5, fluo-
rescence intensity is proportional to the concentration of the target, and
as low as 27 copies/mL was successfully achieved. These results firmly
demonstrated the potential of the proposed method in practical appli-
cations, which provides perspectives for simple and universal CRISPR
probes and assay kits in various application scenarios.

4. Conclusions

In summary, we discovered that the trans-cleavage of Cas12a is not
limited to ssDNA, dsDNA reporters but can be extended to MB reporters.
The properties of various types of fluorescent reporters were systemat-
ically investigated and compared. Cas12a biosensors based on MB re-
porters showed outstanding analytical performance compared with
ssDNA and ds DNA reporters. The high sensitivity of 100 fM achieved
was by far among the highest level without involving the amplification
strategy or signal enhancement. Moreover, the model target region of
ORF1la could robustly identify the current widespread emerging SARS-
CoV-2 variants by nucleotide sequence alignment. A minimum of 27
copies/mL viral RNA of GX/P2V showing the great potential for prac-
tical applications. This work expands the choices of CRISPR-based
fluorescent biosensor and should find potential applications in clinical
diagnosis.
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