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ABSTRACT: The development of an extensive toolkit for
potential point-of-care diagnostics that is expeditiously adaptable
to new emerging pathogens is of critical public health importance.
Recently, a number of novel CRISPR-based diagnostics have been
developed to detect SARS-CoV-2. Herein, we outline the
development of an alternative CRISPR nucleic acid diagnostic
utilizing a Cas13d ribonuclease derived from Ruminococcus
flavefaciens XPD3002 (CasRx) to detect SARS-CoV-2, an approach
we term SENSR (sensitive enzymatic nucleic acid sequence
reporter) that can detect attomolar concentrations of SARS-CoV-
2. We demonstrate 100% sensitivity in patient-derived samples by
lateral flow and fluorescence readout with a detection limit of 45
copy/μL. This technology expands the available nucleic acid diagnostic toolkit, which can be adapted to combat future pandemics.
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Following emergence from China in late 2019,1−3 severe
acute respiratory syndrome coronavirus 2 (SARS-CoV-

2)1,4 has spread to almost every country despite unprecedented
control efforts.5 Compared to H1N1, Ebola, MERS, and SARS-
CoV-1 outbreaks, this novel coronavirus represents the first
pandemic characterized by widespread global transmission
coupled with significant mortality. Robust identification and
isolation of all infected individuals are essential for curtailing
disease transmission. The ongoing SARS-CoV-2 pandemic
presents an unparalleled global public health emergency, which
spurred the urgent development of molecular diagnostics and
therapeutics for timely patient identification, isolation, and
treatment. The economic, health, and societal damage wrought
by SARS-CoV-2 highlights the importance of expanding and
improving on current diagnostic technologies to identify and
prevent future pandemics.
Detection of nucleic acids from pathogens is typically

accomplished using real-time polymerase chain reaction (RT-
qPCR)methodologies. RT-qPCR diagnostics are highly specific
and sensitive, detecting nucleic acids consistently at low copy
numbers.6 However, these diagnostics are often time-consuming
and require specialized laboratory equipment, limiting the ability
to expand RT-qPCR diagnostics into point-of-care settings.7

Therefore, alternative technologies with the potential to yield
cost- and time-effective point-of-care diagnostics demand
investment.

CRISPR-Cas nucleases can be easily programmed to target
nucleic acids in a sequence-specific manner,8−10 making them
prime candidates for the detection and diagnosis of genetic
material and therefore comprise the CRISPR diagnostics
(CRISPRDx) pipeline.11−14 These systems rely on Type II
Cas enzymes to physically bind target sequences15 or collateral
cleavage by Type V or Type VI nucleases to detect DNA13,14,16

or RNA species, respectively.11,12,17 Since the pandemic onset,
an array of innovative diagnostics and prophylactics relying on
these effectors have been adapted to detect or target SARS-CoV-
2 with unprecedented speed,15,18−29 most notably represented
by the DETECTR (DNA endonuclease-targeted CRISPR trans
reporter)13,14 and SHERLOCK (specific high-sensitivity
enzymatic reporter unLOCKing)11,12 systems (summarized in
Figure S1, Table S1). To maximize all of the capabilities of and
expand the CRISPRDx toolkit, it is important to evaluate all Cas
enzymes that can complement or supplement existing systems.
Similar to Cas ribonucleases used in CRISPRDx systems,

Cas13d effectors, such as RfxCas13d (CasRx), exclusively target
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RNA species and possess target-dependent collateral cleavage
activity.30−32 Cas13d enzymes do not require a protospacer
flanking sequence (PFS),9,30,32,33 thus presenting an advantage
for flexible targeting. While the genetic modulatory effects of

CasRx have been thoroughly characterized in Drosophila,
zebraf ish, and human cells,30,31,34,35 and its putative prophylactic
properties against SARS-CoV-2 have been demonstrated,25 its
potential as a diagnostic system has not yet been explored.

Figure 1.Harnessing SENSR to detect evidence of SARS-CoV-2 viral transcripts. (A) Overview of assay workflow. Following extraction of viral RNA,
the detection protocol requires two distinct reactions, and the readout may be performed in two different methods: fluorescence or lateral flow. In the
first reaction, specific target sequences within the viral RNA are reverse transcribed (RT) into cDNA and amplified by RPA at 42 °C for 30 min. During
amplification, a T7 promoter is incorporated into the 5′ terminus of the amplicons (T7, purple). In the next reaction, both in vitro transcription (IVT)
and CasRx collateral cleavage occur simultaneously (pink). Recognition and cleavage of the target RNA sequence (purple) complementary to the
gRNA (emerald) induce collateral cleavage of bystander RNA molecules. Collateral cleavage of a modified probe conjugated to 6-FAM, and a
fluorescence quencher facilitates readout by fluorescence (top right). Collateral cleavage of a modified probe conjugated to 6-FAM, and biotin
facilitates readout by lateral flow assay (bottom right). (B) Schematic of the SARS-CoV-2 genome, RPA reagents, gRNA target sites, and synthetic
amplicon position. The S (Spike) and N (Nucleocapsid) genes are enlarged to depict the design schematic in more detail (sage and blue, respectively).
The schematic depicts the relative position of the RT-RPA primers and gRNAs used in the amplification and cleavage reactions, respectively. The
gRNA target map outlines all six gRNAs tested through the course of this work, with their relative positions. The S-gene is 3822 nt in length, while the
N-gene is 1260 nt in length. Synthetic target amplicon denotes the length of the synthetic viral genome fragment used in SENSR assays and its relative
position within the gene coding sequence. (C) Preliminary characterization of S-targeting gRNAs (gRNA-S1, -S2, and -S3) in a SENSR fluorescence
assay. Synthetic Spike gene templates (10 000 copy/μL) were subjected to RT-RPA for each respective gRNA tested and then transferred into a CCR.
Data were acquired for 60 min and plotted by normalizing individual experimental data points to averaged data of controls at each time point. Half-
maximum fluorescence (HMF) was then calculated to determine which gRNA resulted in the fastest cleavage of the fluorescent probe. Intersecting
lines represent the location of HMF for each group. (D) Preliminary characterization of N-targeting gRNAs (gRNA-N1, -N2, and -N3) in a SENSR
fluorescence assay. Synthetic Nucleocapsid gene templates (10 000 copy/μL) were subjected to RT-RPA for each respective gRNA tested and then
transferred into a CCR. Data were acquired, plotted, and analyzed identical to the method described for S-targeting guides. Intersecting lines represent
the location of HMF for each group.
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Herein, we report the first use of CasRx as a molecular
diagnostic, developing a unique system we term SENSR
(sensitive enzymatic nucleic acid sequence reporter) and
demonstrate robust detection of SARS-CoV-2 viral sequences.
We exploit the collateral cleavage activity of CasRx to detect
SARS-CoV-2 in both synthetic templates as well as in patient-
derived samples via fluorescence and paper-based LF readouts.
To maximize specificity, we performed an extensive bio-
informatic analysis to identify novel conserved and specific
viral targets to minimize false-negative and false-positive rates,
respectively. We demonstrate that within a detection limit of 45
copy/μL, SENSR exhibits 100% sensitivity by both fluorescence
and LF readouts, detecting SARS-CoV-2 in 60 min or less total
reaction time. The detection limit of SENSR is comparable to
previously established CRISPRDx systems,20,23,2420,23,24 and the
system presents promise for improvement.

■ RESULTS
SENSR Workflow. Derived from protocols originally

developed for (Figure S1, Table S1) Cas13a and
Cas13b,11,12,20,33 we established a two-step nucleic acid
detection protocol using recombinant CasRx (Figure S2).
Target sequences are first amplified in a 30 min isothermal
preamplification reaction by combining reverse transcription
with recombinase polymerase amplification (RT-RPA).36 The
RT-RPA reaction produces numerous dsDNA amplicons
containing a gRNA target site and an upstream T7 promoter
sequence. Next, the RT-RPA reaction is transferred into a
second reaction, termed CasRx cleavage reaction (CCR),
containing a T7 polymerase and the CasRx ribonucleoprotein.
In the CCR, the dsDNA amplicons are transcribed into ssRNA
molecules to be cleaved by CasRx. This initial cleavage event
initiates the collateral cleavage activity of CasRx, resulting in the
cleavage of a bystander ssRNA probe. Collateral cleavage of the
probe is analyzed by either fluorescence or lateral flow (LF)
readouts, thus indicating the presence or absence of SARS-CoV-
2 genomic sequences (Figures 1A and S3).
Target Selection andValidation.Diagnostics require high

specificity to limit the probability of false positives from the
detection of random nucleic acids. To ensure the specificity of
our target sites, we established a bioinformatic pipeline and
searched for 30 nt sequences conserved across the first 433
published SARS-CoV-2 genomes (available at Genbank on April
7th, 2020) and without homology to other coronaviruses (ViPR,
Virus Pathogen Resource, n = 3164). This search yielded a panel
of gRNA target sites (n = 8846) less likely to result in false
positives or negatives due to sequence constraints (Figure S4,
Tables S2 and S3). Aligning with previously established
diagnostics, we selected the Spike (S) and Nucleocapsid (N)
genes as the targets of SENSR for system validation.20,23,37,38

The bioinformatic analysis revealed multiple specific sequences
within the S-gene (n = 1568) and theN-gene (n = 150), to which
we designed three guides for each gene (S: gRNA-S1, -S2, -S3;
N: gRNA-N1, -N2, -N3) (Figure 1B, Tables S2 and S4). To
validate these gRNAs against SARS-CoV-2, we generated
synthetic ssRNA gene fragments mimicking portions of the
Spike and Nucleocapsid genomic sequences (Figure 1B, Table
S4) and assessed CasRx cleavage activity in vitro. Initial
characterization of on-target cleavage revealed degradation of
target transcripts for all guides tested (Figure S5A,B), motivating
further assessment of all candidates.
To select the best candidate for each target gene, we tested

each gRNA in a preliminary SENSR fluorescence reaction

(Figure 1A) against a high-copy number of synthetic template
(10 000 copy/μL). Fluorescence data acquired were then
analyzed to determine the time each gRNA reached its half-
maximum fluorescence (HMF). HMF values were calculated by
fitting a nonlinear regression to the fluorescence data acquired
over 1 h. The equation for the nonlinear regression was then
used to solve for the time HMF occurred (see Supporting
Information). From the analysis, gRNA-S3 (t = 5.91 min) of the
S-targeting group and gRNA-N1 (t = 12.55 min) of the N-
targeting group resulted in the fastest HMF times and were
selected for downstream analysis (Figure 1C,D).

Optimization of SENSR. We and others have recently
demonstrated that on-target cleavage activates a secondary
collateral cleavage property of CasRx.30,31,34 We sought to
exploit the collateral cleavage activity of CasRx to cleave a
bystander fluorescent probe in trans, facilitating detection of
SARS-CoV-2 by fluorimetry (Figure S3). A previous study has
demonstrated that each Cas13 enzyme exhibits select di-
nucleotide sequence preferences for collateral cleavage;12

however, no such analysis has been performed on CasRx. To
develop a probe cleavable by CasRx, we generated ten custom 6
nucleotide ssRNA probes, with variable di-nucleotide sequen-
ces, each conjugated to a 5′ fluorescent molecule (6-FAM) and a
3′ fluorescence quencher (FQ), whereupon separation follow-
ing cleavage results in detectable fluorescence signal (Figure
S6A, Table S4). Following the incubation of CasRx with gRNA-
N1 in the presence or absence of the synthetic N-gene, the poly-
U and CU/UC probes yielded significant and detectable
fluorescence compared to the no-template control (NTC)
(poly-U and CU/UC: p < 0.0001). However, the fluorescence
signal increase over noise in the poly-U group was significantly
higher than that of the CU/UC group (p < 0.0001), suggesting a
preference for poly-U stretches by CasRx and motivating the use
of the poly-U probe in the remainder of the experiments (Figure
S6B,C, Table S4).
Following probe selection, we set to optimize the SENSR

reaction conditions for the amplification and cleavage reactions.
We first evaluated how varying the volume of sample input into
the RT-RPA reaction affected the detection of a target. To do so,
we diluted the syntheticNucleocapsid template to 1000 copy/μL
and added the templates to the RT-RPA reaction at 10, 20, 28.5,
39, 47, and 52% v/v (Table S5). After amplification, the samples
were then transferred to the CCR and targeted by gRNA-N1.
From the analysis, we found the 28.5% volume input group
resulted in the fastest detection time compared to all other
conditions tested (HMF = 7.85 min) and selected 28.5% sample
input as our optimized condition (Figure S7A,B). We next set
out to determine how varying the volume of RT-RPA transferred
into the CCR influenced the speed of detection. We
accomplished this by amplifying 1000 copy/μL of the synthetic
Nucleocapsid template, transferring varied volumes of RT-RPA
into the CCR, and targeting the amplicons with gRNA-N3
(Table S6). From the analysis, we found that 1 and 10 μL RT-
RPA volume added resulted in the two fastest detection times,
respectively (1 μL: HMF = 19.23 min; 10 μL: HMF = 30.3 min)
(Figure S7C). However, upon further analysis, we found 1 μL
RT-RPA volume added resulted in significantly lower signal over
noise compared to 5, 7.5, and 10 μL volume added (5 μL: p =
0.0131, 7.5 μL: p = 0.0021, 10 μL: p = 0.0001) (Figure S7D).We
therefore selected 10 μL RT-RPA volume added as our
optimized condition for a standard protocol.
In an effort to identify the optimal time to detection for

SENSR, we further evaluated the system by varying the
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amplification time and assessing the effect on time to detection.
We tested three different amplification times (15, 30, and 45
min) using the best candidate guides identified in the
preliminary analysis (gRNA-S3 and gRNA-N1). From the
analysis, we observed that gRNA-S3 resulted in rapid detection
regardless of amplification time, where the 30 min amplification
group demonstrated the fastest detection time tested (HMF =
4.22 min) (Figure S8A).We also found that the fastest detection

time for gRNA-N1 was after 30 min of amplification (HMF =
13.25 min) (Figure S8B). To confirm that 30 min is the best
amplification time regardless of the gRNA used, we further
evaluated the fluorescence signal increase for each amplification
group. We found no significant difference in fluorescence signal
between all amplification times for gRNA-S3 (15 vs 30 m: p =
0.5576, 15 vs 45 m: p = 0.9935, 30 vs 45 m: p = 0.2735);
however, for gRNA-N1, fluorescence signal in the 15 min

Figure 2. SARS-CoV-2 detection by SENSR via fluorescence and lateral flow assay. (A) Analysis of the limit of detection (LoD) for gRNA-S3 targeting
the Spike gene. Synthetic S-gene templates were diluted on a logarithmic scale from 10 000 to 10 copy/μL. The fluorescence signal plotted represents
the fluorescence signal* at 60 min subtracted by the initial fluorescence signal recorded. A.U.; arbitrary units. Data represents mean ± SD from
quadruplicatemeasurements. Significance is representative of Dunnett’s multiple comparisons test for experimentals compared toNTC (10 000, 1000,
100) p < 0.0001, (10) p = 0.0461. (B) Analysis of the limit of detection (LoD) for gRNA-N1 targeting the Nucleocapsid gene. Synthetic N-gene
templates were diluted on a logarithmic scale from 10 000 to 10 copy/μL. The fluorescence signal plotted represents the final data acquired at 60 min
subtracted by the initial fluorescence signal recorded. A.U.; arbitrary units. Data represents mean± SD from quadruplicate measurements. Significance
is representative of Dunnett’s multiple comparisons test for experimentals compared to NTC (10 000, 1000, 100) p < 0.0001. (C) LoD analysis of
lateral flow (LF) for gRNA-S3 targeting the Spike gene. Synthetic S-gene templates were diluted on a logarithmic scale from 10 000 to 10 copy/μL.
CasRx detection reaction incubated for 30 min prior to addition of dipstick and imaging results. Positive results were indicated by increased saturation
of the top band (arrow). (D) LoD analysis of lateral flow (LF) for gRNA-N1 targeting theNucleocapsid gene. Synthetic N-gene templates were diluted
on a logarithmic scale from 10 000 to 10 copy/μL. CasRx detection reaction incubated for 30 min prior to addition of dipstick and imaging results.
Positive results were indicated by increased saturation of the top band (arrow).
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amplification group was significantly lower than 30 and 45 min
amplification times (15 vs 30 m and 15 vs 45 m: p < 0.0001)
(Figure S8C,D). We therefore selected 30 min amplification as
the standard time of amplification for future fluorescence
experiments.
Fluorescence Limit of Detection. Following optimization

of SENSR fluorescence reaction parameters, we moved on to
determine the limit of detection (LoD) for gRNA-S3 and
gRNA-N1 via serial dilution of the synthetic RNA templates
from 10 000 to 0 copy/μL added directly into RT-RPA
reactions. For both gRNA-S3 and gRNA-N1, we observed a
significant increase in fluorescence signal above the noise for
10 000, 1000, and 100 copies compared to the NTC (Figure
2A,B). Interestingly, we also observed significantly higher
fluorescence at 10 copies for gRNA-S3 (Figure 2A); however,
this signal increase was not comparable to the increase observed
in higher copy groups (Dunnett’s multiple comparisons test;
10 000, 1000, 100 copies vs 10: p < 0.0001). We therefore
determined the LOD for synthetic RNA to be 100 copy/μL for
both gRNA-S3 and gRNA-N1, indicating that SENSR exhibits
attomolar analytical sensitivity comparable to other CRISPRDx
systems.11,13 These results demonstrate that CasRx can robustly
detect and report the presence of synthetic SARS-CoV-2 RNA
via fluorescence readout.

Lateral Flow Assay Development. Collateral cleavage by
CasRx can additionally be exploited to detect SARS-CoV-2
RNA by LF readout, which facilitates detection by simple paper
test strips and eliminates the need for expensive laboratory
equipment (Figures 1A and S3). Similar to previously developed
assays,12,33 we generated a 6 nt ssRNA probe modified with 5′ 6-
FAM and 3′ biotin (Bio) compatible with Millenia HybriDetect
LF strips (Table S4). In brief, collateral cleavage results in
separation of 6-FAM from biotin, detectable following capillary
action down a paper dipstick imprinted with streptavidin and
anti-FAM secondary antibodies at distant ends (Figure 1A). An
increase in the saturation of the upper band, or lack thereof,
indicates a positive or negative result, respectively (summarized
in Figures 1A and S3).
LF protocols only allow one-time point for assessing

detection, and we therefore optimized the SENSR protocol by
varying the amplification and cleavage times for our LF assay.
We amplified the synthetic SARS-CoV-2 template for 15, 30, or
45 min and then proceeded to incubate the CCR for 15, 30, or
45 min. We observed cleavage of the LF probe at all
amplification times in all cleavage times tested with clear
evidence that extended cleavage time enhances detection, while
extended amplification time does not have a dramatic effect on
detection (Figure S9). In an effort to keep the total processing

Figure 3. SENSR detection of positive SARS-CoV-2 validated patient samples. (A) SENSR fluorescence analysis of RT-qPCR validated patient
samples using gRNA-S3 for detection. Signal-to-noise (S/N) ratio of 30 positive and five negative samples are shown. Positive samples are listed in
order from lowest to highest Ct value for S-gene. Open circles represent Ct value of S- (light green), N- (blue), and Orf1ab (gray). The five negative
samples are negative samples with the highest calculated S/N ratio among all negative samples analyzed. The dashed line represents the S/N threshold
= 2.22. Asterisks represent a S/N> 2.22. (B) Lateral flow-based detection of the 30 positive and five negative samples. The top band (arrow) represents
the test band and, the bottom, the control band. An increase in the saturation of the top band indicates a positive detection of SARS-CoV-2 in the
sample. The vertical dashed line indicates the detection limit. The result of detection is indicated below each test strip. (C) Summary of fluorescence
and lateral flow detection results for the RT-qPCR validated positive and negative patient samples.

ACS Sensors pubs.acs.org/acssensors Article

https://doi.org/10.1021/acssensors.1c01088
ACS Sens. XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/acssensors.1c01088/suppl_file/se1c01088_si_004.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.1c01088/suppl_file/se1c01088_si_004.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.1c01088/suppl_file/se1c01088_si_001.xlsx
https://pubs.acs.org/doi/suppl/10.1021/acssensors.1c01088/suppl_file/se1c01088_si_004.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssensors.1c01088/suppl_file/se1c01088_si_004.pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c01088?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c01088?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c01088?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.1c01088?fig=fig3&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.1c01088?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


time within 1 h, we chose 30 min amplification and 30 min
cleavage for our standard protocol. This decision was driven by
fluorescence evidence, suggesting that gRNA-N1 requires at
least 30 min of amplification to increase the rate of probe
cleavage for sufficient detection at lower copy numbers (Figure
S8B).
Using this optimized protocol, we then determined the LoD

of SENSR in a LF assay format by performing a serial dilution of
the synthetic RNA templates from 10 000 to 0 copy/μL added
directly into RT-RPA reactions. We determined the LoD for
each gRNA detecting synthetic RNA to be 100 copy/μL, where
gRNA-S3 exhibited significantly more probe cleavage compared
to gRNA-N1 (Figure 2C,D, Supporting Information Video 1).
These results confirm that SENSR, like other CRISPRDx
systems, can be adapted for readout by LF, indicating the
potential for future point-of-care applications.
SENSR Detection of SARS-CoV-2 from Patient Isolates.

Previously, we analyzed a set of RT-qPCR-verified patient
samples using a preliminary protocol for SENSR and targeting a
different segment of the N-gene (Tables S4, S6, and S7). We
observed only moderate detection of patient samples, with 92%
of samples detected for Ct ≤ 20. The highest Ct value detected
was 27.5, and we observed a 23 and 28% false-negative rate forCt
≤ 27.5 for fluorescence and lateral flow, respectively (Figure
S10). Furthermore, this version of SENSR took nearly 2 h to
obtain results from both readouts. Therefore, we further
optimized SENSR and improved the sensitivity and time to
detection, as previously described (Figures S7−S9).
Following optimization, we set out to determine the ability of

SENSR to detect SARS-CoV-2 from clinically verified patient
samples. Samples were analyzed by RT-qPCR, targeting the N-,
S-, and Orf1ab-genes (Table S7), and accordingly, we selected
gRNA-S3 and gRNA-N1 to directly compare detection by
SENSR to RT-qPCR. We performed fluorescence and LF
analysis on 60 total samples: 30 positive (n = 30) (Ct range: 13−
34) and 30 negative samples. The Ct values of the positive
patient samples were distributed as follows: 13.3% (4) <17*,
23.3% (7) between 17 and 22, 16.7% (5) between 22* and 29*,
and 46.7% (14) between 29 and 34.
From the patient samples tested, we observed considerably

different results from each gRNA applied. gRNA-N1 performed
less effectively than gRNA-S3, detecting only 17/30 positive
samples by fluorescence and 16/30 samples by LF (Figure S11,
Table S7), whereas gRNA-S3 detected 21/30 positive samples
by fluorescence, 20/30 samples by LF (Figure 3, Table S7).
gRNA-S3 exhibited a 0% false-positive rate in both readouts,
while gRNA-N1 resulted in a 3.3% false-positive rate by
fluorescence readout (Figures 3, S11, and S12). Furthermore,
each gRNA resulted in different detection limits based on copy
number values extrapolated from the RT-qPCR standard curve
(Figure S13). To elaborate, gRNA-S3 detected SARS-CoV-2 in
100% of samples (18/18) by both readouts for samples with a Ct
≤ 29.83 (45 copy/μL), whereas gRNA-N1 detected vRNA in
94% (16/17) and 88% (15/17) of samples for fluorescence and
LF, respectively, for samples with Ct ≤ 29.28 (87 copy/μL)
(Figures 3, S11A, and S13, Table S7).
LF-based detection methods are limited to one detection

point; however, fluorescence data are acquired multiple times
during incubation of the CCR. Therefore, we further evaluated
the fluorescence data to find the time each sample crossed the
signal-to-noise (S/N) threshold, thus determining a positive
result. We found gRNA-S3 detected SARS-CoV-2 in patient
samples between 30.58 and 40.98 min total reaction time (RT-

RPA + CCR) and on average detected vRNA within 33.05 min.
gRNA-N1 detected vRNA in patient samples between 30.76 and
59.86 min total reaction time 34.27 min on average (Table S8).
Taken together, these results demonstrate that SENSR rapidly
detects SARS-CoV-2 from patient isolates and exhibits
sensitivity comparable to previously established CRISPRDx
systems.20

■ DISCUSSION

Complementing the rapidly expanding CRISPRDx toolkit, here
we outline the use of CasRx to detect SARS-CoV-2. The
development of SENSR establishes proof-of-principle that
Cas13d ribonucleases can be adapted for nucleic acid
diagnostics. Identifying targets conserved and specific to
SARS-CoV-2, we applied SENSR and demonstrated detection
with attomolar sensitivity by both fluorescence and lateral flow
readouts comparable to previously developed systems.20,24,39

Furthermore, we determined the CasRx collateral cleavage
sequence preference for uracil stretches over all other di-
nucleotide combinations, demonstrating promise for multi-
plexing applications.12,33 Together, these results demonstrate
and provide evidence that SENSR can be adapted and further
optimized for the detection of a multitude of pathogens (Figure
S14).
Comparatively, SENSR may present a worthy advancement

for the CRISPRDx toolkit due to the fundamental properties of
Cas13d effectors. Similar to LwaCas13a used in SHERLOCK
systems, Cas13d effectors are more flexible than most Cas
enzymes as they lack a protospacer flanking sequence (PFS)
requirement,17,30,32 permitting targeting of any sequence.
Moreso, we demonstrate SENSR exhibits comparable sensitivity
to SHERLOCK,20 suggesting CasRx as a viable alternative to
LwaCas13a for nucleic acid detection. CasRx also presents great
potential for multiplexing applications with other Cas13
effectors due to the uracil-specific collateral cleavage activity.12

Due to the stringent criteria required for diagnostics, further
optimization in advance of deployment is necessary. However,
the flexible targeting, multiplexing capabilities, and sensitivity of
SENSR present a potentially viable technology for disease
diagnosis and establish an alternative Cas effector subtype for
nucleic acid detection.
SENSR presents great promise for future applications;

however, improvements to the system may be necessary. For
instance, RT-RPA is less sensitive than RT-LAMP,40 and
therefore, alternative isothermal amplification methods could
further improve sensitivity. Although RT-LAMP is likely to
improve sensitivity, the requirement of two separate reactions
remains problematic, as this increases the likelihood of
contamination due to sample transfers.41 Direct detection of
RNAwith CasRx could reduce the need for multiple transfers, as
has been demonstrated with LbuCas13a.42 However, CasRx
direct detection only demonstrated picomolar sensitivity
(Figure S15), whereas SENSR exhibits attomolar sensitivity
a significant increase in sensitivity largely due to the
preamplification via RT-RPA. Furthermore, considerable
variation in sensitivities have been reported for different
Cas13 enzymes, and detection accuracy of LbuCas13a at 100
copy/μL drops 20% using direct detection in a POC format.42

Finally, differences in gRNA sensitivities were observed in our
analysis of infected patient samples, and thus improvements to
gRNA screening and selection could expedite the response time
to future disease outbreaks.43
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Optimizing workflow, deployment, and distribution while
taking steps to reduce the risk of contamination is imperative to
develop SENSR to its full potential. We demonstrate that
detection with CasRx is a viable alternative for nucleic acid
detection and could be further improved to become a powerful
molecular diagnostic with numerous applications. Establishing
these tools and frameworks now could expedite response times
and help prevent future outbreaks, avoiding the economic and
health consequences that have resulted from poor preparedness
to the current pandemic.

■ MATERIALS AND METHODS
In Vitro gRNA Cleavage Assays. Preliminary in vitro cleavage

assays were prepared with RNA templates for S-gene (1000 ng) or N-
gene (1200 ng), followed by the addition of CasRx (110.8 ng) and 10
ng of each gRNA in a 2:1 molar ratio. Reactions were prepared in 20
mM HEPES pH 7.2 and 9 mMMgCl2, incubated at 37 °C for 1 h, and
then denatured at 85 °C for 10 min in 2× RNA loading dye (New
England Biolabs, #B0363) and loaded on 2% TBE agarose gel stained
with SYBR gold nucleic acid stain (Invitrogen #S11494).
RT-RPA Amplification of Viral Genomic Sequences. RT-RPA

primers were designed to amplify 30 bp gRNA spacer regions flanked by
30 bp priming regions from the synthetic vRNA template while also
incorporating a T7 promoter sequence into the 5′ end of the dsDNA
gene fragment with +2 G’s, thus increasing the transcription efficiency
(Figure 1B).44 RT-RPA was performed at 42 °C for 30 min by
combining M-MuLV-RT (NEB #M0253L) with TwistAmp Basic
(TwistDx #TABAS03KIT). All RT-RPA primer sequences can be
found in Table S1. Final conditions for optimized (28.5% sample input)
RT-RPA protocol in 10 μL reaction: 5.9 μL rehydration buffer, 0.35 μL
primer mix (10 μMeach), 0.4 μL RT (200 U/μL), 0.5 μLMgOAc (280
mM), and 2.85 μL vRNA.
Fluorescence-Based Detection of SARS-CoV-2. We developed

an IVT-coupled cleavage assay with a fluorescence readout using 6-
carboxyfluorescein (6-FAM) as our fluorescent molecule. We
developed a 6 nt poly-U probe conjugated to a 5′ 6-FAM and a 3′
IABlkFQ (FRU, Table S4) and custom-ordered from IDT. Probes with
variable di-nucleotide repeat sequences were ordered from IDT and can
be found in Table S4. Direct detection experiments were performed in
20 μL reactions as follows: 13.32 μL water, 0.4 μL HEPES pH 7.2 (1
M), 0.24 μL MgCl2 (1 M), 2 μL CasRx (55.4 ng/μL), 1 μL RNase
inhibitor (40 U/μL), 1 μL gRNA (10 ng/μL), and 1 μL FRU probe (2
μM). Optimized fluorescence protocol (10 μL): 2.82 μL water, 0.4 μL
HEPES pH 7.2 (1 M), 0.18 μL MgCl2 (1 M), 1 μL rNTPs (25 mM
each), 2 μL CasRx (55.4 ng/μL), 1 μL RNase inhibitor (40 U/μL), 0.6
μL T7 Polymerase (50 U/μL), 1 μL gRNA (10 ng/μL), and 1 μL FRU
probe (2 μM). This was followed by the addition of 10 μL (100% RT-
RPA reaction vol) of the RT-RPA preamplification reaction (described
above), which initiates detection following incubation at 37 °C for 60
min. Experiments were immediately run on a LightCycler 96 (Roche
#05815916001) at 37 °C. Acquisition protocol: 5 s acquisition followed
by 5 s incubation for the first 15min, followed by 5 s acquisition and 55 s
incubation for up to 45 min. Fluorescence readouts were analyzed by
normalization to NTC at each respective time point or through
background-subtracted fluorescence by subtracting the initial fluo-
rescence value from the final value.
Lateral Flow Detection of SARS-CoV-2. For lateral flow-based

detection, we modified the HybriDetect system to detect the presence
of SARS-CoV-2 sequences using SENSR.24 In brief, we designed a
ssRNA probe composed of a 6 nt poly-U probe conjugated on opposite
ends with a 5′ 6-FAM and a 3′ biotin, which was custom-ordered from
IDT (LFRU, Table S4). Following incubation of 2.82 μL water, 0.4 μL
HEPES pH 7.2 (1M), 0.18 μLMgCl2 (1M), 2 μLCasRx (55.4 ng/μL),
1 μL gRNA (10 ng/μL), 10 μL RT-RPA reaction mix, 0.6 μL T7 RNA
polymerase (50 U/μL), 1 μL rNTPs (25 mM each), and 1 μL LFRU
probe (20 μM), at 37 °C for 30 min. Typically, 80 μL of HybriDetect
assay buffer was added to each reaction. Next, the lateral flow dipstick
was placed into the reaction and allowed to flow upward by capillary

action for a maximum of 3 min. The presence or absence of upper or
lower bands was analyzed to detect the evidence of SARS-CoV-2 by
collateral cleavage. The presence of a solitary upper band or both an
upper and lower band was interpreted as a positive result; a solitary
lower band with a faint upper band was interpreted as a negative result.

LoD Analysis. For SENSR LoD analysis against synthetic RNA,
synthetic templates were serially diluted on a logarithmic scale.
Template stock concentrations were analyzed via a NanoDrop prior to
dilutions. Dilution scales were calculated using NEBioCalculator for
each respective template. For fluorescence analysis, the LoD was
determined by statistical significance of the lowest copy number
experimental group compared to the NTC. For lateral flow analysis, the
LoD was determined by noticeable saturation of the upper test band
compared to the NTC.

LoD for RT-qPCR was performed by spiking viral particles into
verified SARS-CoV-2 negative samples contained in viral transport
media (VTM) at specified copy numbers. Typically, 2 μL of the
extracted sample was run for the assay; therefore, all copy/μL values
must be multiplied by 2 (Figure S13A).

SENSR detection limit in patient samples was calculated by
performing nonlinear regression analysis and fitting a semi-log function
(y = b + m*log(x), where b is the y-intercept and m is the slope) to the
data where x values are treated as log and y values as linear (Figure
S13A). We then solved for x to generate a function for calculating the
copy/μL based on Ct value (x = 10(y−b)/m). Copy/μL values were then
calculated by entering the Ct value of each sample for y and multiplying
x by 2 (for each μL added).

SENSR Detection of Patient Samples. Fluorescence and LF
assays were run against SARS-CoV-2 positive (N = 30) and negative (N
= 30) samples. Samples were amplified for 30 min RT-RPA reaction at
28.5% v/v. Then, 10 μL of RT-RPA reaction was incubated in a CCR
reaction, as previously described. Fluorescence data for analysis were
acquired on LightCycler 96 (Roche #05815916001), following the
protocol previously described. Data were processed by generating
background-subtracted fluorescence for each replicate by subtracting
the final (30 min) fluorescence value from the initial (0 min)
fluorescence value. Noise was set as the average of the four NTC
background-subtracted values. S/N was then calculated by dividing the
background-subtracted value for each sample by the noise. To account
for 99.9% of expected negative sample S/N measurements, the S/N
threshold was set at μ + 3.5σ of the negative samples. Samples were
determined to be positive if S/N > 2.22 for gRNA-S3 and positive if S/
N > 3.51 for gRNA-N1. Time to detection was calculated by calculating
S/N at each time point, whereN is equal to the average of NTC after 30
min.

Lateral flow analysis was run in parallel to fluorescence analysis. The
samples were amplified via RT-RPA for 30 min at 28.5% v/v. Then, 10
μL of RT-RPA was transferred to the cleavage reaction with LFRU and
incubated at 37 °C for 30 min. LF analysis was then performed with 3
min incubation of strips. Images were taken using an iPhone 12 mini.
Positives and negatives were determined in comparison to the NTC
samples and using a positive control (synthetic template) as a standard.
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