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Digital CRISPR/Cas-Assisted Assay for Rapid and Sensitive
Detection of SARS-CoV-2

Joon Soo Park, Kuangwen Hsieh, Liben Chen, Aniruddha Kaushik, Alexander Y. Trick,
and Tza-Huei Wang*

The unprecedented demand for rapid diagnostics in response to the
COVID-19 pandemic has brought the spotlight onto clustered regularly
interspaced short palindromic repeats (CRISPR)/CRISPR-associated systems
(Cas)-assisted nucleic acid detection assays. Already benefitting from an
elegant detection mechanism, fast assay time, and low reaction temperature,
these assays can be further advanced via integration with powerful,
digital-based detection. Thus motivated, the first digital CRISPR/Cas-assisted
assay—coined digitization-enhanced CRISPR/Cas-assisted one-pot virus
detection (deCOViD)—is developed and applied toward SARS-CoV-2
detection. deCOViD is realized through tuning and discretizing a one-step,
fluorescence-based, CRISPR/Cas12a-assisted reverse transcription
recombinase polymerase amplification assay into sub-nanoliter reaction wells
within commercially available microfluidic digital chips. The uniformly
elevated digital concentrations enable deCOViD to achieve qualitative
detection in <15 min and quantitative detection in 30 min with high
signal-to-background ratio, broad dynamic range, and high sensitivity—down
to 1 genome equivalent (GE) µL−1 of SARS-CoV-2 RNA and 20 GE µL−1 of
heat-inactivated SARS-CoV-2, which outstrips its benchtop-based counterpart
and represents one of the fastest and most sensitive CRISPR/Cas-assisted
SARS-CoV-2 detection to date. Moreover, deCOViD can detect RNA extracts
from clinical samples. Taken together, deCOViD opens a new avenue for
advancing CRISPR/Cas-assisted assays and combating the COVID-19
pandemic and beyond.
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The crucial but unmet need for rapid and
sensitive nucleic acid detection assays for
diagnostic testing of highly infectious dis-
eases has become front and center as the
COVID-19 pandemic[1–3] continues to dev-
astate. The global scientific community has
responded with unprecedented urgency to
develop assays that can rapidly and sen-
sitively detect the causative SARS-CoV-
2 virus and curb the spread of COVID-
19.[4–6] As a result, a plethora of assays,[7–11]

including standardized assays based on
reverse transcription PCR (RT-PCR)[12,13]

and emerging isothermal assays based
on reverse transcription loop mediated
isothermal amplification (RT-LAMP),[14–21]

have been reported within a remarkably
short period of time. Among the emerg-
ing assays, those incorporating clustered
regularly interspaced short palindromic
repeats (CRISPR)/CRISPR-associated sys-
tems (Cas)[22–32] (e.g., DETECTR[22] and
SHERLOCK[31,32]) have attracted particu-
lar attention due to their elegant detec-
tion mechanism, fast turnaround time,
and potential circumvention of instrument-
intensive thermocycling. However, despite
these advantages and rapid advances, with
the exception of two recently reported
one-step CRISPR/Cas-assisted assays,[23,31]

current CRISPR/Cas-assisted assays remain hampered by a req-
uisite but separate preamplification step. The resulting multi-
pot and multistep assay format has precluded them from digi-
tal detection—a powerful detection approach that has enhanced
the diagnostic capabilities of PCR[33–36] and LAMP.[37] Indeed, to
date, no CRISPR/Cas-assisted assay has been implemented in
digital detection format, nor have the potential enhancements
from digitization been realized or explored.

In response, we have developed digitization-enhanced
CRISPR/Cas-assisted one-pot virus detection (deCOViD)—the
first digital CRISPR/Cas-assisted assay that can detect SARS-
CoV-2 RNA and heat-inactivated SARS-CoV-2 (Figure 1). In
deCOViD, SARS-CoV-2 RNA and inactivated SARS-CoV-2 can
be fluorescently detected by a single-step assay that integrates
reverse transcription, recombinase polymerase amplification
(RPA),[38] and CRSIPR/Cas12a-based detection.[39] Within the
assay, RNA targets are reverse transcribed and amplified via
RT-RPA into DNA amplicons, which activate Cas12a-guide RNA
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Figure 1. Overview of digitization-enhanced CRISPR/Cas-assisted one-
pot virus detection (deCOViD). SARS-CoV-2 RNA and inactivated SARS-
CoV-2 virus can be detected by a single-step CRISPR/Cas12a-assisted
reverse transcription recombinase polymerase amplification (RT-RPA) as-
say, which produces DNA amplicons from RNA targets to activate Cas12a-
based cleavage of fluorogenic reporters in a single step. Importantly, com-
pared to microliter-scale bulk assay, deCOViD takes advantage of assay
digitization to elevate the RNA concentration in sub-nanoliter digital re-
action wells and facilitate rapid amplification, leading to faster detection
time for low target concentrations, higher signal-to-background (S/B) ra-
tio, wider dynamic range, and better sensitivity.

complexes to cleave single-stranded DNA fluorogenic reporters
and yield fluorescence.[39] This single-step assay is then fine-
tuned to ensure that it can be easily loaded into commercially
available microfluidic digital chips and reliably discretized
within digital reaction wells. Upon assay digitization within dig-
ital reaction wells, every copy of the target is isolated at a locally
elevated concentration, facilitating rapid amplification that is
independent of the sample concentration. This advantageous
mechanism therefore empowers deCOViD to outperform its
bulk counterpart in detecting SARS-CoV-2 and potentially other
RNA and even DNA targets with accelerated detection time,
enhanced signal-to-background ratio, widened dynamic range,
and improved sensitivity.

We first established a prerequisite bulk-based single-step
CRISPR/Cas12a-assisted RT-RPA assay that can detect SARS-
CoV-2. We adopted the RPA primers and the Cas12a guide RNAs
(Table S1, Supporting Information) from a recently reported one-
pot CRISPR/Cas12a-assisted RT-RPA assay that uses two Cas12a
guide RNAs to detect a fragment of the SARS-CoV-2 N gene[23]

and employed Alexa647-labeled fluorogenic reporter from our
previous work.[40] We elected to test this assay against standard-

ized synthetic SARS-CoV-2 RNA from NIAID BEI Resources
(NR-52358) rather than an RNA sequence in vitro transcribed in
house. Performed in a benchtop real-time qPCR instrument un-
der an isothermal condition, this bulk assay successfully detected
200, 100, and 50 genome equivalents (GE) µL−1 RNA, as indi-
cated by strong fluorescence signals above the no-RNA control
(i.e., 0 GE µL−1) at 60 min (Figure 2a). In addition to detecting
the standardized SARS-CoV-2 RNA for the first time, we made
two notable improvements for this bulk assay. First, we elevated
the reaction temperature to 42 °C (Figure S1a, Supporting Infor-
mation) to improve reverse transcription efficiency in the assay.
We also added 0.01 mg mL−1 bovine serum albumin to our as-
say (Figure S1b, Supporting Information) to reduce adsorption
of enzymes to reaction tube walls.

For actualizing deCOViD, we digitized the bulk CRISPR/
Cas12a-assisted RT-RPA assay in QuantStudio 3D Digital PCR
20K Chip with 0.7 nL digital reaction wells. QuantStudio digi-
tal chip offers an attractive option for assay digitization thanks
to its commercial availability, simple and fast digitization work-
flow, and compatibility with fluorescence microscopy—our pre-
ferred detection method for this proof-of-concept study. Robust
assay loading and discretization into QuantStudio chips could be
completed with ≈5 min hands-on time per chip, and was further
facilitated by adding 0.1% Tween-20 in the reaction mix, which
reduced its viscosity without compromising its detection perfor-
mance (Figure S2, Supporting Information). We also verified that
no amplification would occur at room temperature during assay
digitization (Figure S3, Supporting Information). After digitizing
200, 100, and 50 GE µL−1 RNA into QuantStudio chips and heat-
ing at 42 °C for 60 min, we detected digital reaction wells with
strong fluorescence (i.e., positive) via fluorescence microscopy.
Importantly, we found fewer positive reaction wells as the RNA
concentration decreased, indicating that single copies of RNA
were indeed digitized and amplified (Figure 2b and Figure S4,
Supporting Information). Finally, we detected 0 positive reaction
well from the no-RNA control. These results offer strong initial
validation for deCOViD.

We subsequently acquired and compared real-time amplifica-
tion curves from both the bulk assay and deCOViD at different
RNA concentrations to illustrate the benefit of assay digitization.
For the bulk assay, we used the benchtop real-time qPCR instru-
ment to acquire the amplification curves. Samples with 200 RNA
GE µL−1 yielded amplification curves that plateaued at ≈40 min,
whereas samples with 100 RNA GE µL−1 yielded noticeably flat-
ter amplification curves that plateaued at ≈60 min (Figure 2c).
These results suggest that the bulk reaction rate slows with re-
duced RNA concentration. For deCOViD, we employed a custom-
assembled miniature heater that is compatible with fluorescence
microscopy (Figure S5, Supporting Information) to simultane-
ously measure the fluorescence intensities from ≈800 digital re-
action wells as a function of time (Figure S6, Supporting Informa-
tion). All resulting deCOViD amplification curves from both 200
and 100 RNA GE µL−1 rose sharply and plateaued in ≈40 min,
suggesting comparable amplification speeds between the two
target concentrations (Figure 2d). The contrasting bulk and de-
COViD results illustrate that, by digitizing each RNA molecule
within a digital reaction well at a uniform concentration, the am-
plification speed of deCOViD becomes independent of the sam-
ple RNA concentration.
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Figure 2. Comparison of bulk CRISPR/Cas12a-assisted RT-RPA and deCOViD. Detection of various concentrations of SARS-CoV-2 RNA (in genome
equivalent (GE) µL−1) is successful at 60 min via both a) bulk CRISPR/Cas12a-assisted RT-RPA, which yields higher fluorescence signals than the no-
RNA control, and b) deCOViD (i.e., digital CRISPR/Cas12a-assisted RT-RPA), which outputs serially reduced number of positive reaction wells with
strong fluorescence and no positive reaction wells for the no-RNA control. Real-time amplifications curves from samples with 200 and 100 GE µL−1

RNA reveal that c) the bulk assay speed decreases from the reduced sample concentration, but d) deCOViD maintains consistent assay speed from
both sample RNA concentrations, while also allowing qualitative detection in <15 min by detecting the early positive reaction wells. Compared to the
bulk assay, assay digitization in deCOViD facilitates e) faster and RNA concentration-independent time-to-positive (i.e., the time at which the sample
fluorescence signal surpasses the predefined threshold) and f) higher signal-to-background (S/B) ratios at 30 min reaction time across various sample
concentrations. Data in (a), (e), and (f) presented as mean ± SD, n = 3 (bulk) or n > 3 (deCOViD).
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Quantitative analysis of real-time detection results further con-
firms the advantages of deCOViD in amplification speed and
signal-to-background ratio. As the RNA concentration decreased
from 200, 100 to 50 GE µL−1, the average time-to-positive (i.e.,
the time at which the sample fluorescence signal surpasses the
predefined threshold) for the bulk assay increased from 19.3 ±
1.5, 22.0 ± 1.7 to 36.7 ± 2.1 min (Figure 2e and Figure S7a, Sup-
porting Information). In contrast, the average time-to-positive for
deCOViD remained consistent across the three RNA concentra-
tions at 21.0 ± 4.1, 15.6 ± 4.3, and 19.6 ± 4.6 min (Figure 2e and
Figure S7b, Supporting Information). These results show that
deCOViD retains consistently rapid detection even as the RNA
concentration decreases. This advantage is especially useful for
qualitative detection, which could be achieved in <15 min—as
soon as the first few reaction wells became positive—even for 50
RNA GE µL−1 (Figure S7b, Supporting Information). We further
note that, as positive reaction wells across different RNA con-
centrations were all detectable within 30 min (Figure S8, Sup-
porting Information), we could shorten the assay time to 30 min
for quantitative detection and deCOViD could still retain higher
signal-to-background ratio than the bulk assay and achieve robust
detection (Figure 2f).

With the shortened 30 min assay time, we proceeded to
demonstrate improved detection capability of deCOViD by chal-
lenging both the bulk assay and deCOViD with titrations
of synthetic SARS-CoV-2 RNA. Relying on fluorescence in-
tensity measurements, the bulk assay could detect down to
10 GE µL−1 (Figure 3a, Bulk). On the other hand, deCOViD
quantifies the fraction of positive reaction wells (i.e., percent
positive) and was able to detect 1 GE µL−1 (equivalent to
≈15 GE), or a tenfold improvement in the limit of detection
(Figure 3a, deCOViD). The speed and sensitivity of deCOViD
outstrip most CRISPR/Cas-assisted SARS-CoV-2 assays, includ-
ing DETECTR[22] and SHERLOCK[31,32] (Table S2, Supporting
Information). Of note, we found that deCOViD was ≈4–5-
fold less sensitive than digital RT-PCR (Figure S9, Supporting
Information), but its 30 min assay time and isothermal reac-
tion condition significantly offer significant advantages. More-
over, deCOViD widened the dynamic range for quantitative de-
tection. The signal from the bulk assay saturated at ≈280 GE
µL−1 (Figure S10a, Supporting Information), rendering quantita-
tive detection above this concentration impossible. On the other
hand, deCOViD displayed linearly correlated detection beyond
500 GE µL−1 (Figure S10b, Supporting Information). These re-
sults show that deCOViD enhances the assay sensitivity, quantifi-
cation, and dynamic range—a clear illustration for the benefits of
digitization.

We also showed that deCOViD outperformed the bulk assay in
directly detecting heat-inactivated SARS-CoV-2 without RNA ex-
traction. For this demonstration, we spiked 2500, 500, 100, and
20 GE µL−1 of heat-inactivated SARS-CoV-2 from NIAID BEI
Resources (NR-52350) directly into both the bulk assay and de-
COViD. The bulk assay detected 100 GE µL−1 (Figure 3b, bulk),
while deCOViD detected 20 GE µL−1 (Figure 3b, deCOViD), or a
fivefold improvement. We note that heat-inactivated SARS-CoV-2
was directly detected by both the bulk assay and deCOViD with-
out any preparatory RNA extraction steps. Our results reveal the
feasibility of directly detecting heat-inactivated SARS-CoV-2 with
a CRISPR/Cas-assisted assay, a capability similar to previously

reported RNA extraction-free detection of heat-inactivated SARS-
CoV-2 via RT-PCR.[41]

Finally, we demonstrated the feasibility of clinical sample test-
ing. For this initial demonstration, we tested four RNA extracts
from clinical nasopharyngeal swabs via both the bulk assay and
deCOViD. The four samples, including two SARS-CoV-2 positive
samples, one SARS-CoV-2 negative sample, and one influenza
sample, were first confirmed via an in-house RT-qPCR assay that
uses the US CDC-approved SARS-CoV-2 primers and probes[42]

(Figure S11, Supporting Information). Both the bulk assay and
deCOViD yielded higher signals from the two positive samples
than those from the negative sample—indicating successful de-
tection results that agree with RT-qPCR (Figure 3c). In addi-
tion, for the influenza sample, both the bulk assay and deCOViD
yielded signals that are indistinguishable from those from the
negative sample, which matches RT-qPCR while also illustrating
the specificity of both methods (Figure 3c and Figure S11, Sup-
porting Information). Finally, as a demonstration, we diluted one
of the positive samples by twofold and challenged both the bulk
assay and deCOViD. This diluted sample became undetectable
to the bulk assay but was detected by deCOViD (Figure S12, Sup-
porting Information). These results thus provide additional sup-
port for the improved sensitivity of deCOViD over the bulk assay.

In conclusion, we have developed the first digital CRISPR/Cas-
assisted assay, deCOViD, that can rapidly and sensitively detect
both SARS-CoV-2 RNA and heat-inactivated SARS-CoV-2. Suc-
cessful digitization of a fine-tuned single-step CRISPR/Cas12a-
assisted RT-RPA assay in commercial QuantStudio digital chip,
coupled to successful development of digital real-time detection
capability by incorporating a miniature heater, allows us to realize
deCOViD and demonstrate enhancements in assay time, signal-
to-background ratio, dynamic range, and sensitivity over the bulk
assay. As a result, deCOViD can accelerate qualitative detection to
<15 min and achieve quantitative detection down to 1 GE µL−1

RNA and 20 GE µL−1 heat-inactivated SARS-CoV-2 without RNA
extraction in 30 min—among the fastest and the most sensitive
CRISPR/Cas-assisted SARS-CoV-2 assays to date. In addition to
building upon our initial demonstration of clinical sample testing
and conducting a more thorough clinical validation, we see sev-
eral routes for advancing deCOViD. First, we can further improve
the speed and sensitivity of deCOViD by optimizing the concen-
trations of RPA primers, Cas12a effector, Cas12-guide RNAs, and
fluorogenic reporter in custom digital chips with greater total
analysis volume and rapid digitization workflow.[43–45] We also
envision enhancing the user-friendliness of deCOViD by predig-
itizing and drying magnesium acetate (the chemical that initiates
RPA) in digital chips.[46] Second, we can replace fluorescence mi-
croscopy with mobile phone-based fluorescence detection[47,48]

and couple to our miniature heater to make a portable device
with the potential for point-of-care use. Third, as the relationship
between SARS-CoV-2 viral load and COVID-19 state remains in-
completely understood, we suspect that our highly quantitative
deCOViD may provide a new tool in such studies. Finally, as de-
COViD can be readily designed for other DNA or RNA targets, we
foresee applying deCOViD toward other diseases. Based on the
encouraging results and potential for improvement, we believe
deCOViD can open a new avenue for advancing CRISPR/Cas-
assisted diagnostic assays and provide a new tool for combating
the COVID-19 pandemic and beyond.
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Figure 3. Detection of SARS-CoV-2 RNA, heat-inactivated SARS-CoV-2, and clinical samples in 30 min. a) In detecting SARS-CoV-2 RNA, the bulk assay
can detect ten genome equivalent (GE) µL−1, while deCOViD can detect 1 GE µL−1, or a tenfold improvement. This RNA detection sensitivity also
outstrips existing CRISPR/Cas-assisted assays. b) In detecting heat-inactivated SARS-CoV-2, the bulk assay can detect 100 GE µL−1, while deCOViD can
detect 20 GE µL−1, or a fivefold improvement. Notably, both assays can readily detect heat-inactivated SARS-CoV-2 without RNA extraction. c) When
testing RNA extracts from clinical nasopharyngeal swabs, both the bulk assay and deCOViD can differentiate positive samples from the negative sample
and the influenza sample. Data in (a) and (b) presented as mean ± SD, n = 3.
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