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A B S T R A C T   

Rapid diagnostics of adventitious agents in biopharmaceutical/cell manufacturing release testing and the fight 
against viral infection have become critical. Quantitative real-time PCR and CRISPR-based methods rapidly 
detect DNA/RNA in 1 h but suffer from inter-site variability. Absolute quantification of DNA/RNA by methods 
such as digital PCR reduce this variability but are currently too slow for wider application. Here, we report a 
RApid DIgital Crispr Approach (RADICA) for absolute quantification of nucleic acids in 40-60 min. Using SARS- 
CoV-2 as a proof-of-concept target, RADICA allows for absolute quantification with a linear dynamic range of 
0.6–2027 copies/μL (R2 value > 0.99), high accuracy and low variability, no cross-reactivity to similar targets, 
and high tolerance to human background DNA. RADICA’s versatility is validated against other targets such as 
Epstein-Barr virus (EBV) from human B cells and patients’ serum. RADICA can accurately detect and absolutely 
quantify EBV DNA with similar dynamic range of 0.5–2100 copies/μL (R2 value > 0.98) in 1 h without thermal 
cycling, providing a 4-fold faster alternative to digital PCR-based detection. RADICA therefore enables rapid and 
sensitive absolute quantification of nucleic acids which can be widely applied across clinical, research, and 
biomanufacturing areas.   

1. Introduction 

Methods to rapidly detect and absolutely quantify adventitious 
agents such as viruses are needed to monitor and halt the spread of in-
fectious diseases, to accelerate the virus-related research, and critical in 
biosafety release testing in biopharmaceutical and cell manufacturing 

process [1–3]. Regulatory guidelines from the United States Food and 
Drug Administration (FDA) often mandate the identification of live 
adventitious agents, i.e. their replication competency [4] that can 
benefit from the rapid diagnostic methods that allow their absolute 
quantification. Reverse transcription-quantitative polymerase chain re-
action (RT-qPCR) is considered a gold standard for viral detection [5]. 
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However, quantification by RT-qPCR relies on the use of accurate and 
stable external standards or references, with a 20–30% variability re-
ported even within trained laboratories or testing sites [2,6,7]. Thus, an 
absolute quantification method with improved speed is needed for 
establishing reference benchmarks, and for allowing reliable cross-site 
standardized comparisons in international research collaborations, 
global health surveillance, and food and drug safety super-
vision/surveillance [8,9]. We hypothesize that a rapid, sensitive and 
specific diagnostics method capable of absolute quantification of viral 
nucleic acids can be developed by integrating the CRISPR-based 
isothermal amplification and digital PCR (dPCR)-based partitioning 
approaches. 

dPCR is increasingly being used as a highly accurate and sensitive 
method for absolute quantification of nucleic acids [2,8,10,11]. Since 
thousands of PCR reactions take place in individual partitions inde-
pendently, absolute quantification by dPCR is more robust than 
RT-qPCR, less sensitive to inhibitors and poor amplification efficiency 
[2,7]. dPCR-based viral detection can quantitatively detect SARS-CoV-2 
in the COVID-19 patient samples with reduced inter-site variability, 
with fewer false negatives and false positives than using RT-qPCR 
[12–14]. dPCR has also been applied to study the aerodynamic trans-
mission of SARS-CoV-2 [15]. The main drawback of dPCR; however, is 
the relatively long reaction time (~4 h), which hinders wider applica-
tions [8]. 

Isothermal amplification is a faster approach to amplify the target 
nucleic acids at a constant temperature, thereby reducing reaction time, 
and may employ recombinase polymerase amplification (RPA) or loop- 
mediated isothermal amplification (LAMP) [16,17]. To reduce the 
nonspecific amplification of RPA or LAMP, RNA-guided CRISPR/Cas 
system were used to tag the specific sequence of the target DNA/RNA. In 
the RNA-guided CRISPR/Cas system, Cas12a and Cas13a effectors are 
exploited for their collateral cleavage activity, i.e., the degradation of 
nonspecific fluorescently-tagged reporter oligos (FQ reporter), once the 
Cas protein finds and cleaves a specific DNA/RNA target [18,19]. By 
combining RPA- or LAMP-mediated isothermal amplification of target 
molecules with CRISPR/Cas biosensing, researchers have developed 
SHERLOCK, HOLMES and DETECTR to detect dengue virus and human 
papillomavirus, as well as SARS-CoV-2 [20–28]. However, the 
non-quantitative nature and complex multiple operations of 
CRISPR-based methods prevent their widespread use. After we have 
reported this work in MedRxiv, three digital CRISPR-based methods 
were reported to detect SARS-CoV-2 [29–31], two without demon-
strating absolute quantification and one is limited to RNA detection. 

We report here a RApid DIgital Crispr Approach (RADICA) that offers 
absolute quantification of nucleic acids in 40-60 min, which is four times 
faster than dPCR. This method combines the advantages of quantitative 
dPCR, rapid isothermal amplification, and specific CRISPR/Cas-based 
detection into a one-pot reaction system that partitions individual re-
actions into ten thousand compartments on a high-density chip. We 
validated this method using DNA containing the N (nucleoprotein) gene 
of SARS-CoV-2 and showed a linear signal-to-input response of R2 value 
> 0.99, with comparative sensitivity and accuracy to dPCR. The method 
is highly specific to the target nucleic acids, without cross-reactivity to 
other similar targets, and is insensitive to human background DNA. The 
broad applicability of RADICA was demonstrated in the absolute 
quantification of Epstein-Barr virus from virus-infected human B cells 
(R2 value > 0.98) and validated in monitoring the EBV cell-free DNA in 
145 human serum. RADICA is a rapid and sensitive diagnostics method 
for the accurate detection and absolute quantification of nucleic acids in 
40-60 min, with potential for wide applications. 

2. Materials and methods 

2.1. Materials 

Preparation of primers and DNA targets: Oligonucleotides (primers), 

ssDNA-FQ reporters, SARS-CoV-2 N gene-containing G-Block dsDNA, 
SARS-CoV-2, SARS-CoV, and MERS N gene-containing plasmids were 
synthesized by or purchased from Integrated DNA Technologies. The 
sequences related to this study are listed in Supplementary Table 1. The 
SARS-CoV-2 N gene-containing plasmid (IDT) was linearized using 
FastDigest ScaI (Thermo Scientific) and then used as DNA targets. The 
SARS-CoV-2 N gene-containing plasmid was used as a template to 
amplify the N gene using primer N-RNA-F/N-RNA-R by Platinum™ 
SuperFi II PCR Master Mix (Invitrogen). The PCR product was purified 
by QIAquick PCR Purification Kit (QIAGEN) and used as RNA synthesis 
templates. 

Synthetic RNA target: Since N-RNA-F has a T7 promoter sequence, 
the amplified DNA using N-RNA-F/R primer will contain a T7 promoter 
upstream of gene N. The T7 tagged N gene dsDNA was transcribed into 
SARS-CoV-2 RNA using HiScribe™ T7 High Yield RNA Synthesis Kit 
(New England Biolabs) according to the manufacturer’s protocol. The 
synthesized RNA (N gene) was purified using the Monarch® RNA 
Cleanup Kit (New England Biolabs) after treatment with DNase I (RNase- 
free, New England Biolabs). The synthetic RNA covering 99.9% of the 
bases of the SARS-CoV-2 viral genome were purchased from Twist 
Bioscience (Genbank ID: MN908947.3). 

crRNA preparation: Constructs were ordered as DNA from Integrated 
DNA Technologies with an appended T7 promoter sequence. crRNA 
ssDNA was annealed to a short T7 primer (T7-3G IVT primer [32] or 
T7-Cas12scaffold-F [33]) and treated with fill-in PCR (Platinum™ 
SuperFi II PCR Master Mix) to generate the DNA templates. These DNA 
were used as templates to synthesize crRNA using the HiScribe™ T7 
High Yield RNA Synthesis Kit (New England Biolabs) according to 
published protocols [32,33]. The synthesized crRNA was purified using 
the Monarch® RNA Cleanup Kit (New England Biolabs) after treatment 
with DNase I (RNase-free, New England Biolabs), Thermolabile Exonu-
clease I (New England Biolabs), and T5 Exonuclease (New England 
Biolabs). 

2.2. Primer and crRNA design 

SARS-CoV-2 primers and crRNA were designed based on previously 
published papers [26] or 264 SARS-CoV-2 genome sequences from 
GISAID [34,35]. Other human-related coronavirus sequences were 
downloaded from NCBI. UGENE software was used to analyze and align 
viral genomes (MUSCLE or Kalign). Consensus sequences (threshold: 
90%) of 264 SARS-CoV-2 genomes, 328 SARS-CoV, 572 MERS-CoV, 70 
Human-CoV-229E genomes, 48 Human-CoV-HKU1 genomes, 71 
Human-CoV-NL63, and 178 Human-CoV-OC43 were exported sepa-
rately from UGENE and used for specificity analysis. 

Epstein-Barr virus primers and crRNA were designed based on 
consensus sequences of 16 virus genomes, including both type I and type 
II EBV (NCBI: AP015016.1, AY961628.3, HQ020558.1, JQ009376.2, 
KC207813.1, KC207814.1, KC440851.1, KC440852.1, KC617875.1, 
KF373730.1, KF717093.1, KP735248.1, LN827800.1, NC_007605.1, 
NC_009334.1, V01555.2). 

2.3. Digital PCR quantification 

SARS-CoV-2 N gene quantification: The G-block dsDNA, plasmid, 
dsDNA and RNA concentrations were quantified by dPCR. Serial di-
lutions of targets were mixed with 500 nM CHNCDC-geneN-F, 500 nM 
CHNCDC-geneN-R, 250 nM CHNCDC-geneN-P, 1x TaqMan™ Fast Virus 
1-Step Master Mix (for RNA, Applied Biosystems) or TaqMan™ Fast 
Advanced Master Mix (for DNA, Applied Biosystems), 1x Clarity™ JN 
solution (JN Medsys). For RNA samples, the reaction mixture was 
incubated at 55 ◦C 5 min before partitioning the reaction mix on 
Clarity™ autoloader. Then the reaction partitions were sealed with the 
Clarity™ Sealing Enhancer and 230 μL Clarity™ Sealing Fluid, followed 
by thermal cycling using the following parameters (ramp rate = 1 ◦C/s): 
95 ◦C for 15 min (one cycle), 95 ◦C 50 s and 56 ◦C 90 s (40 cycles), 70 ◦C 
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5 min (one cycle). The endpoint fluorescence of the partitions was 
detected using Clarity™ Reader and the final DNA copy numbers were 
analyzed by Clarity™ software. 

EBV quantification: Serial dilutions of EBV DNA were used for dPCR 
quantification by Clarity™ Epstein-Barr Virus Quantification Kit (JN 
Medsys) or primers and probes from published papers [36,37] with 
TaqMan™ Fast Advanced Master Mix (Applied Biosystems), 1x Clarity™ 
JN solution (JN Medsys) according to the manufacturer’s protocol. 

2.4. Cas12a bulk assay without preamplification 

Unless otherwise indicated, 50 nM EnGen® Lba Cas12a (New En-
gland Biolabs), 50 nM crRNA, and 250 nM FQ reporter were incubated 
with dsDNA dilution series in NEB buffer 2.1 at 37 ◦C, and fluorescence 
signals were measured every 5 min. 

2.5. RPA-Cas12a bulk assay 

The one-pot reaction combining RPA-DNA amplification and Cas12a 
detection was performed as follows: 300 nM forward primer, 300 nM 
reverse primer, 500 nM FQ reporter, 1x RPA rehydration buffer con-
taining 1 x RPA Pellet (TwistDx), 200 nM EnGen® Lba Cas12a (New 
England Biolabs), 200 nM crRNA, were prepared followed by adding 
various amounts of DNA input, and 14 mM magnesium acetate. When 
RNA was used as a target, 300 nM reverse primer 2 was used with 10 U/ 
μL PhotoScript Reverse transcriptase (New England Biolabs) or 10 U/μL 
SuperScript™ IV Reverse Transcriptase (Invitrogen) and 0.5 U/μL RNase 
H (Invitrogen or New England Biolabs), as indicated. When detecting 
RPA signal is needed, 250 mM SYTO-82 fluorescent nucleic acids stain 
was added into the reaction. The reaction mixture was incubated at 
42 ◦C unless otherwise indicated and fluorescence kinetics were moni-
tored every 1 min. 

2.6. RADICA quantification 

Commercial chips for sample partitioning and matched fluorescence 
reader for endpoint detection were used in RADICA [38]. The RADICA 
reaction was prepared by adding 1x Clarity™ JN solution (JN Medsys) to 
the RPA-Cas12a bulk reactions stated above. To prevent spontaneous 
target amplification by RPA at room temperature [39], the RPA-CRISPR 
reaction was prepared without the addition of Mg2+, which is required 
for the polymerase activity. All reactions were prepared on ice and 
samples were loaded within 1 min after adding Mg2+ to prevent pre-
mature target amplification. 15 μL of the mixture was loaded on the chip 
by a Clarity™ autoloader for sample partitioning. The reaction parti-
tions were sealed with the Clarity™ Sealing Enhancer and 230 μL 
Clarity™ Sealing Fluid. The partitioned reactions were incubated in 
water baths or heat blocks at 42 ◦C for 1 h, unless otherwise indicated. 
After incubation, a Clarity™ Reader was used to read the fluorescent 
signal in the partitions, and Clarity™ software was used to calculate 
input DNA copy numbers. 

2.7. Limit of blank (LoB), lower limit of detection (LLoD), and lower limit 
of quantitation (LLoQ) calculation 

LoB, LLoD, and LLoQ were calculated based on the following equa-
tion [40] using the statistics of RADICA quantification on linearized 
plasmids in 10 replications (Supplementary Table 2): 

LoB = mean blank + 1.645 (SD blank). 
LLoD = LoB +1.645 (SD low concentration sample). 
LLoQ = the lowest concentration of CV ≤ 15% 

2.8. Growing EBV-2 from Jijoye cells 

Jijoye cells were treated with 4 mM sodium butyrate and 24 ng/mL 
tetradecanoyl phorbol acetate (TPA). Supernatants were harvested 4–5 

days post-treatment by centrifugation at 4,000 x g for 20 min and 
passing over a 0.45 μm filter to remove cellular debris. Viral particles 
were pelleted by ultracentrifugation at 20,000 rpm for 90 min and 
resuspended in 1/100 the initial volume using complete RPMI or PBS if 
viruses were to be further purified. Concentrated viruses were further 
purified using OptiPrep gradient density ultracentrifugation at 20,000 
rpm for 120 min, and the virus interface band was collected and stored 
at − 80 ◦C for downstream analysis. 

2.9. Epstein-Barr virus DNA extraction from Jijoye cells 

EBV DNA was extracted using the QIAamp DNA Mini Kit (QIAGEN) 
according to the manufacturer’s protocol. 

2.10. Clinical samples for Epstein-Barr virus detection 

Two sets of clinical samples from a serum bank of nasopharyngeal 
cancer patients and healthy controls were used in this study [37,41]. The 
first set comprised 79 serum samples of which 39 were from nasopha-
ryngeal cancer (NPC) patients and 40 were from healthy controls. The 
second set comprised of 66 serum samples taken from 22 NPC patients at 
three time points: at the time of initial diagnosis, one year after treat-
ment and at the time of recurrence. All participants were recruited with 
informed consent, and the study was approved by the Institutional Re-
view Board of the National Healthcare Group, Singapore (Approval 
numbers: 2006/00149, 2006/00409). 

2.11. Epstein-Barr virus DNA extraction from serum 

EBV cell-free DNA was extracted from 200 μL of serum using the 
ReliaPrep™ Blood gDNA Miniprep System (Promega) according to the 
manufacturer’s protocol. The DNA was eluted using 50 μL of ddH2O and 
further diluted using another 50 μL of ddH2O, resulting in 100 μL of DNA 
solution. 

2.12. qPCR quantification of Epstein-Barr virus in serum cell-free DNA 

qPCR was performed using 400 nM EBNA-PCR-F, 400 nM EBNA- 
PCR-R, 200 nM EBNA-P-FAM, 200 nM BamHIW-PCR-44F, 200 nM 
BamHIW-PCR-119R, 100 nM BamHIW-P-HEX, 3 μL of serum DNA (after 
1:1 dilution) or controls in 1x TaqMan™ Fast Advanced Master Mix 
(Applied Biosystems). Each reaction mix was incubated at 50 ◦C 2min to 
allow UNG to degrade carry-over PCR products, followed by 1 cycle at 
95 ◦C for 2 min, 45 cycles at 95 ◦C for 3 s and 59 ◦C for 30 s. A standard 
curve using DNA extracted from the Jijoye EBV positive cell line was run 
in parallel with each reaction to quantify the input DNA concentration. 

2.13. dPCR quantification of Epstein-Barr virus in serum cell-free DNA 

dPCR was performed using the Clarity Digital PCR System (JN 
Medsys). Each 15 μL dPCR reaction consisted of 400 nM EBNA-PCR-F, 
400 nM EBNA-PCR-R, 200 nM EBNA-P-FAM, 200 nM BamHIW-PCR- 
44F, 200 nM BamHIW-PCR-119R, 100 nM BamHIW-P-HEX, 1x Clarity 
JN Solution (JN Medsys), 1x TaqMan™ Fast Advanced Master Mix 
(Applied Biosystems), and 3 μL of serum DNA or controls. Each reaction 
mix was partitioned in the Clarity Digital PCR tube-strip (JN Medsys) 
followed by 1 cycle at 95 ◦C for 10 min, 40 cycles at 95 ◦C for 50 s and 
57 ◦C for 90 s and 1 cycle at 70 ◦C for 5 min (ramp rate = 1 ◦C/s). After 
thermal cycling, a Clarity™ Reader was used to read the fluorescent 
signal in the partitions, and Clarity™ software was used to calculate 
input DNA copy numbers. 

2.14. RADICA quantification of Epstein-Barr virus in serum cell-free DNA 

Each 15 μL RADICA reaction consisted of 300 nM EBV-BamHIW-F3, 
300 nM EBV-BamHIW-R3, 500 nM FQ reporter, 1x RPA rehydration 
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buffer containing 1 x RPA Pellet (TwistDx), 200 nM EnGen® Lba Cas12a 
(New England Biolabs), 200 nM BamHIW-3F-crRNA, 0.01 mg/mL BSA, 
1x Clarity JN Solution (JN Medsys), 3 μL of serum DNA or controls, and 
14 mM magnesium acetate. Each reaction mix was partitioned in the 
Clarity Digital PCR tube-strip (JN Medsys) followed by 42 ◦C incubation 
for 1 h in a water bath. After incubation, a Clarity™ Reader was used to 
read the fluorescent signal in the partitions, and Clarity™ software was 
used to calculate input DNA copy numbers. 

3. Results 

3.1. RADICA design 

RADICA design schematic is illustrated in Fig. 1A. Each CRISPR- 
based reaction mix is sub-divided into 10,000 partitions on the chip, 
resulting in zero or one target molecule in each compartment with an 
average partition volume of 1.336 nL. The copy number of target nucleic 
acids is calculated based on the proportion of positive-to-negative 
compartments, allowing for absolute quantification of the sample 
(Fig. 1A). We first optimized the bulk CRISPR reaction to achieve a one- 
copy-per-1.336 nL partition detection sensitivity on the chip. This is 
equivalent to femtomolar detection sensitivity in a bulk reaction. We 
selected Cas12a homolog from Lachnospiraceae bacterium ND2006 
(LbCas12a) as it showed the highest signal-to-noise ratio relative to 
other Cas12a homologs [21]. To test if RADICA could detect DNA with 

femtomolar sensitivity without pre-amplification, we incubated 
serially-diluted double-stranded DNA (dsDNA) with LbCas12a, CRISPR 
RNA (crRNA) and a FQ reporter (quenched fluorescent DNA). The 
detection sensitivity of the CRISPR-based method without 
pre-amplification in a bulk reaction was found to be 10 pM (Supple-
mentary Fig. 1), which did not meet the femtomolar sensitivity 
requirement of RADICA. 

To increase the detection sensitivity, we added an isothermal 
amplification step using RPA, whose reaction temperature (25 ◦C–42 ◦C) 
is compatible with that of Cas12a (25 ◦C–48 ◦C). To avoid Cas12a- 
mediated cleavage of the target molecule before amplification, we 
designed crRNA to target single-stranded DNA (ssDNA) that is generated 
only after the amplification of the target molecule (Fig. 1B and C) [26]; 
and this crRNA showed higher sensitivity than crRNA targeting 
double-stranded DNA (Fig. 1D). This allowed for a one-step digital 
RPA-CRISPR absolute quantification method that eliminates multiple 
operations inherent in two-step CRISPR-based detection methods such 
as SHERLOCK, HOLMES and DETECTR [18,19]. It is easier to design 
ssDNA-targeting crRNA than traditional dsDNA-targeting crRNA, 
because the nuclease activity of Cas12a in ssDNA is independent of the 
presence of a protospacer adjacent motif (PAM) [42]. We showed that 
Cas12a increased the signal to noise ratio of the partitions as it further 
amplifies the fluorescent signals in the positive partitions (Supplemen-
tary Fig. 2). 

Fig. 1. Schematic illustration of RADICA. (A) RADICA workflow. Typically, after the DNA/RNA extraction step, different kinds of clinical samples can be used for the 
detection and quantification of various targets. The sample mixture containing DNA/cDNA, RPA reagents, and Cas12a-crRNA-FQ reporters is distributed randomly 
into thousands of partitions. In each partition, the DNA is amplified by RPA and detected by Cas12a-crRNA, resulting in a fluorescent signal in the partition. The 
proportion of positive-to-negative compartments is analyzed based on the endpoint fluorescence measurement, and the copy number of the target nucleic acids is 
calculated based on the Poisson distribution. (B) Illustration of RPA-Cas12a reaction in each positive partition. In each compartment containing the target molecule, 
RPA initiates from one DNA strand and subsequently exposes the crRNA-targeted ssDNA region on the other strand, due to the strand displacement of DNA poly-
merase. As the amplification proceeds, Cas12a cleaves the positive ssDNA strand, triggering its collateral cleavage activity, which in turn cleaves the proximal 
quenched fluorescent reporter (ssDNA-FQ reporter) to generate a fluorescence signal. At the same time, ongoing amplification of the other DNA strand exponentially 
amplifies the target DNA, triggering more Cas12a activation and increasing the fluorescence readout. (C) Different designs of crRNA targeting ssDNA (crRNA-ssDNA1 
and crRNA-ssDNA2) or targeting dsDNA with PAM within the amplicons (crRNA-dsDNA). (D) Comparison of different designs of crRNA targeting ssDNA or dsDNA. 
55 copies/μL DNA was used as a target and the RPA-Cas12a one-pot reaction was monitored at 42 ◦C. crRNA targeting ssDNA (ssDNA1 and ssDNA2) both showed 
higher sensitivity than crRNA targeting dsDNA. 
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3.2. RADICA optimization 

Primers and crRNAs specific for dsDNA containing the SARS-CoV-2 N 
(nucleoprotein) gene were designed as described previously [26]. The 
target regions overlap those of the China CDC assay (N gene region) with 
some modification to meet the primer and crRNA design requirements 
(Supplementary Table 1). When a constant amount of dsDNA was used 
as a target in bulk reaction, 50 nM–250 nM Cas12a/crRNA concentra-
tion has no influence on the fluorescence intensities and reaction rates 
(Supplementary Fig. 3). However, fluorescence intensities of both target 
and negative control increased with increasing amounts of FQ reporter 
(from 250 nM to 10 μM) (Fig. 2A, Supplementary Fig. 4). To improve the 
signal to noise ratio of RADICA, we tested different FQ reporter con-
centrations in independent digital CRISPR reactions in the presence of 
target DNA, and measured the fluorescence in the dPCR fluorescence 
reader. In the presence of the same target DNA, proportions of the 
positive partitions were comparable regardless of the FQ reporter con-
centration used (Fig. 2B). Only background noise and positive signals 
generated in the reaction with 500 nM FQ reporter concentration can be 
clearly separated, while the reactions containing 1000 nM FQ reporter 
concentration yielded higher background noises, which are difficult to 
be separated from the positive signals (Fig. 2C). We therefore used 500 
nM FQ reporter concentrations to achieve high signal-to-noise ratios for 
the subsequent experiments. 

We combined the RPA and Cas12a reactions in a one-pot reaction. 
We performed the bulk reaction at 25 ◦C, 37 ◦C, and 42 ◦C, which fall 
within the reaction temperature ranges of RPA (25 ◦C–42 ◦C) and 
Cas12a (25 ◦C–48 ◦C). With serial dilutions of plasmid DNA, the reaction 
proceeded at 25 ◦C and 42 ◦C, with a limit of detection of 9.4 copies/μL 
(Supplementary Fig. 5). At 25 ◦C, the reaction was significantly slower, 

with lower positive signals and higher background than the reaction 
performed at 42 ◦C (Supplementary Fig. 5). We assessed the effect of 
different temperatures (25 ◦C, 37 ◦C, 42 ◦C) on reactions containing a 
constant amount of plasmid DNA (37.5 copies/μL). Higher temperatures 
accelerated the reaction (Fig. 2D). 42 ◦C is the optimal temperature for 
the RPA-Cas12a reaction. 

We next investigated the earliest time that the reaction completes in 
all the partitions. The reaction proceeded quickly with an increase in 
fluorescence signals detected in some compartments at 20 min, but with 
a low signal-to-noise ratio at this time point (Fig. 2E). Two distinct 
peaks, indicating negative (left) and positive (right) partitions, were 
detected at 40 min with a good baseline separation (Fig. 2E). Analyzing 
the ratio of positive partitions on the chip at different time points 
revealed that the number of positive partitions reached a plateau after 
40 min for all four replicates, suggesting that 40 min was the earliest 
time that the reactions in all the partitions have completed (Fig. 2F). To 
ensure all the micro-reactions are completed, all subsequent experi-
ments were therefore performed for 60 min. 

3.3. Absolute quantification of SARS-CoV-2 DNA using RADICA 

We characterized the performance of RADICA in detecting and 
quantifying SARS-CoV-2 and compared it to that of dPCR. Linearized 
plasmids containing the SARS-CoV-2 N gene were serially diluted and 
used as the target DNA in the aforementioned optimized RADICA or 
dPCR reactions. A proportional increase in the number of positive par-
titions with increasing concentrations of the target DNA was detected by 
RADICA (Fig. 3A), indicating the analytical linearity of RADICA over 
three orders of magnitude. To test the robustness and reproducibility of 
RADICA, we performed at least ten independent RADICA reactions on 

Fig. 2. Optimization of RADICA. (A) Fluorescence signal of DNA and non-template control obtained with FQ reporters at concentrations ranging from 50 nM to 
10,000 nM. (B) Histogram showing ratios of positive partitions on the chip with FQ reporters, at concentrations of 500 or 1000 nM, in the presence of target DNA (4 
replicates for each FQ reporter concentration). (C) Fluorescence intensity of the negative partitions (background noise, dark gray) and positive partitions (positive 
signals, green) on the chip obtained with FQ reporters at concentrations of 500 or 1000 nM. (D) RPA-Cas12a one-pot reaction of plasmid DNA at different tem-
peratures (25 ◦C, 37 ◦C, and 42 ◦C). (E) Fluorescence intensity of the partitions on the chip at two time points. The x-axis represents fluorescence intensity while the y- 
axis represents the frequency of the partitions. The left peak (low fluorescence level; dark gray) on the fluorescence intensity histogram represents the negative 
partitions while the right peak (high fluorescence level; green) indicates the positive partitions. As the CRISPR reaction proceeds, the fluorescence levels of the 
positive partitions increase and the right peak shifts further to the right. (F) The proportion of positive partitions at different time points of RADICA. Starting at 40 
min, the fluorescence signal plateaus and the ratio of positive partitions reach a stable level. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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Fig. 3. RADICA-based detection of different concentrations of SARS-CoV-2 N gene DNA. (A) Fluorescence intensity histogram, scatter plot, and position plot of the 
partitions on the chip for serial dilutions of DNA. Four dilutions of linearized plasmid DNA encoding the SARS-CoV-2 N gene (0.8, 127, 600, 1997 copies/μL) and one 
non-template control (without plasmid DNA) were used as input DNA. The x-axis represents fluorescence intensity while the y-axis represents the frequency of the 
partitions. The left peak (low fluorescence level; dark gray) on the fluorescence intensity histogram represents the negative partitions while the right peak (high 
fluorescence level; green) indicates the positive partitions. In the scatter plot and position plot, each dot represents one partition on the chip. Green dots represent 
positive partitions with a high fluorescence level while gray or blue dots correspond to negative partitions with a low fluorescence level. (B) Comparison of the 
absolute quantification of RADICA and dPCR. Each point represents one sample. The original linearized plasmid DNA concentration was measured by using dPCR and 
diluted to different concentrations (x-axis). The diluted DNA was then measured by using the RADICA. The calculated RADICA DNA concentrations are plotted on the 
y-axis. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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different days. The inter-day coefficient of variation (CV) was ≤15% 
except for the lowest dilution (0.6 copies/μL), indicating the lower limit 
of quantification (LLoQ) of this method is 2.2 copies/μL of the viral 
genome (fulfils ≤15% CV criterion; Supplementary Table 2). The limit of 
blank (LoB) is 0.413 copies/μL, which is half of the calculated lower 
limit of detection (LLoD), 0.897 copies/μL (Supplementary Table 2). To 
assess the accuracy of nucleic acids detection for RADICA compared to 
dPCR, we plotted the DNA concentrations measured by RADICA against 
the corresponding DNA concentrations obtained by dPCR. Linear 
regression analysis revealed an R2 value of above 0.99 across a dynamic 
range from 0.6 to 2027 copies/μL, indicating that RADICA showed 
strong linear correlations with dPCR (Fig. 3B). These data highlight the 
high sensitivity, accuracy and precision of RADICA for the absolute 
quantification of nucleic acids. 

3.4. Accuracy analysis of RADICA-based quantification on circular 
plasmid 

Plasmids are routinely used as reference DNA or standards; and 
conformational changes in supercoiled DNA can have a profound effect 
on PCR-based quantification [43–45]. Single-molecule amplification of 
non-linearized plasmids was unsuccessful in a PCR-based study, result-
ing in an underestimation for circular plasmid quantification in some 
dPCR machines [46,47]. To test whether plasmid conformation affects 
the accuracy of RADICA, undigested plasmids containing SARS-CoV-2 N 
gene were serially diluted and used for digital PCR or RADICA reactions. 
Concentrations of non-linearized plasmids measured by dPCR were half 
of those detected for linearized plasmids (Fig. 4D), indicating that the 
accuracy of dPCR is influenced by plasmid conformation as previously 
reported [46,47]. Compared to dPCR, RADICA showed a higher ampli-
fication efficiency of supercoiled plasmid DNA, as evidenced by the 
higher positive compartments ratio (Fig. 4A and B). RADICA concen-
trations of non-linearized plasmids were highly concordant with those of 

linearized plasmids (Fig. 4C), indicating that the accuracy of RADICA is 
not affected by plasmid conformation. 

3.5. Specificity analysis of RADICA-based detection 

Primer and crRNA designs are key in determining the specificity of 
CRISPR-based nucleic acids detection. RPA tolerates up to nine nucle-
otide base-pair mismatches across primer and probe binding sites [39]. 
To specifically detect SARS-CoV-2 with RADICA, primers and crRNAs 
would have to specifically bind the SARS-CoV-2 target DNA but not the 
DNA of other related coronaviruses. We analyzed the binding sites of the 
primers and crRNAs that were originally designed based on the 
consensus sequence of the genomes of 264 SARS-CoV-2 strains, avail-
able on the GISAID database [26,34,35]. These consensus sequences 
were aligned with the corresponding regions of SARS-CoV-2-related 
beta coronaviruses, such as SARS-CoV, MERS-CoV, and human coro-
naviruses Human-CoV 229E/HKU1/NL63/OC43. No cross-binding re-
gions were observed with the SARS-CoV-2-related coronaviruses 
analyzed (Fig. 5A). Although the five base-pair mismatches between the 
primers of SARS-CoV-2 and those of its closest relative SARS-CoV were 
below the nine variation tolerance threshold for RPA, the seven 
base-pair mismatches in crRNA regions could increase the specificity of 
the assay. We assayed the bulk RPA-Cas12a reaction targeting plasmids 
encoding the complete N gene from SARS-CoV-2, SARS-CoV, and 
MERS-CoV (Fig. 5B and C). Positive fluorescence signals were observed 
with the SARS-CoV-2 plasmid but not the SARS-CoV or MERS-CoV 
plasmid (Fig. 5B and C). The absence of cross-reactivity with other 
related coronaviruses tested validates the specificity of RADICA for 
SARS-CoV-2. 

3.6. Background human DNA tolerance analysis of RADICA 

RPA reactions can be inhibited by high concentrations of background 

Fig. 4. The effect of plasmid conformation on the accuracy of RADICA and dPCR. (A, B) The positive and negative partitions of RADICA (A) and dPCR (B) on 
detection of 179 copies/μL circular plasmids. (C, D) Comparison of the absolute quantification for linearized plasmid and circular plasmid of RADICA (C) and 
dPCR (D). 
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human DNA [48,49]. We tested for possible inhibitory effects of back-
ground DNA on reactions carried out in small partitions. In an 
RPA-Cas12a reaction with 400 copies/μL of target DNA, 1 ng/μL of 
background human DNA (4350 human cells per reaction) did not affect 
the RADICA reaction (Supplementary Fig. 6A). We observed inhibition 
of the reaction containing 2 ng/μL of background human DNA, and 
complete inhibition of the reaction containing >5 ng/μL of background 
human DNA (Supplementary Fig. 6A). Since input DNA concentration 
used for RADICA-based detection is typically below 1 ng/μL, our find-
ings support that background DNA does not inhibit the RADICA reaction 
of samples within the dynamic range to be used for testing. 

The tolerance of RPA for background DNA was previously reported 
to depend on target DNA concentrations present in the reaction [48,49]. 
We tested the effect of 1 ng/μL of background human DNA on RADICA 
reactions with various concentrations of target DNA (Supplementary 
Fig. 6B). 1 ng/μL of background DNA did not affect reactions containing 
target DNA concentrations within the dynamic range of dPCR detection, 
i.e., 0.6 to 2027 copies/μL (Supplementary Fig. 6B). Our findings 
confirm that background human DNA in the sample does not affect the 
absolute quantification of nucleic acids by RADICA. 

3.7. Quantitative detection of SARS-CoV-2 RNA using RADICA 

As SARS-CoV-2 is an RNA virus, we tested whether RADICA could be 
combined with reverse transcription (RT) in a one-pot reaction for the 
absolute quantification of RNA. The sensitivity of the one-pot RT-RPA- 
Cas12a bulk reaction was lower-than-expected, with an LoD at 244 
copies/μL, with an increased sensitivity (61 copies/μL) when two 
reverse primers were used (Fig. 6A–C). We then digitalized the one-pot 
RT-RPA-Cas12a reaction using digital chips and tested the results with 
various concentrations of RNA. Notably, we can see a good linear cor-
relation between the target RNA concentration and the percentage of 
positive partitions (Fig. 6D). When Poisson distribution was used to 
calculate the copy number of RNA, 1 copy of input RNA resulted in an 
increase of only 0.0177 copies as calculated by RADICA, likely due to 
“molecular dropout” or low filling rate which was also observed in 
previous studies [29,30,50,51] (Supplementary Fig. 7). We found that 
using two reverse primers instead of one reverse primer could increase 
the positive partition ratio for the same concentration of target RNA 
(Fig. 6E). Using the two-reverse-primer strategy, we designed two sets of 
primers/crRNA targeting different regions of N gene (N0 region: 
478–620 bp, N1 region: 597–754 bp, Fig. 6A) and tested the behavior of 
RADICA on serial dilutions of SARS-CoV-2 RNA in the background of 1 

ng/μL human genomic DNA. Excellent linear relationships were 
observed between the RNA copy number and the positive partition ratio 
in both the two primers/crRNA sets (Fig. 6F and G). Using both pri-
mer/crRNA sets, 1.2 copies/μL of RNA could be detected on the digital 
chip, which is much sensitive than the bulk reaction (Fig. 6H and I). 
These results support that RADICA can quantitatively detect RNA 
directly with better sensitivity than bulk reactions. 

3.8. Absolute quantification of Epstein-Barr virus from infected B cells by 
RADICA 

We tested the ability of RADICA to perform absolute quantification 
on Epstein-Barr virus (EBV), a member of the human herpesvirus re-
ported as viral contamination in the biologic and cell manufacturing 
process [1]. To design primers and crRNA that were universal to both 
type I and type II EBV, we analyzed the genomes of 16 EBV strains and 
identified the conserved regions across all 16 strains. A conserved DNA 
region within the Epstein-Barr nuclear antigen 1 (EBNA1) and repetitive 
BamHI-W sequences were used as the target sequences (Fig. 7A). Viral 
DNA extracted from chemically-induced EBV-harboring human B cells, 
diluted to concentrations ranging from 0.5 to 2100 copies/μL, was used 
as the target DNA in both RADICA and dPCR reactions. For 
RADICA-based detection, samples loaded in the partition chip were 
incubated for 1 h at 42 ◦C, followed by endpoint fluorescence detection 
and copy number determination. Notably, the positive partition signal 
increased with an increase in the concentration of input EBV DNA 
(Fig. 7B). The copy numbers measured by RADICA are in full concor-
dance (R2 value > 0.98) with those measured by dPCR (Fig. 7C and D). 
Our findings validate the accuracy and sensitivity of RADICA for the 
absolute quantification of viral DNA within an hour in human samples, a 
four-fold reduction in reaction time compared to dPCR-based detection. 

3.9. Clinical validation of RADICA and comparison with qPCR and dPCR 

To validate RADICA in clinical samples, we compared RADICA with 
qPCR- and dPCR-based quantification methods to analyze the EBV load 
in 79 serum samples obtained from 39 nasopharyngeal cancer (NPC) 
patients and 40 healthy controls. NPC is an EBV-associated malignancy 
and the circulating EBV cell-free DNA is elevated in 53–96% of NPC 
patients [37]. Cell-free DNA from 79 frozen serum samples were blinded 
and the viral load was quantified using the EBV BamHI-W target. First, 
to confirm the integrity of the frozen serum samples after long-term 
storage, qPCR-based quantification of the EBV load in each frozen 

Fig. 5. Specificity analysis for SARS-CoV-2. (A) Sequence alignment of the SARS-CoV-2 target region (N gene) and the corresponding regions on other human 
coronaviruses. (B) Time course reaction of RPA-Cas12a assay on SARS-CoV-2, SARS-CoV, and MERS-CoV N gene DNA target. The same concentration (25,000 copies/ 
μL) of the N gene target from different coronaviruses was tested by the bulk RPA-Cas12a assay. (C) Specificity of RPA-Cas12a assay for detection of the SARS-CoV-2 
N gene. 
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serum sample was performed and found to be comparable with that 
obtained previously using the fresh serum (Supplementary Fig. 8). We 
next compared dPCR- and RADICA-based EBV quantification with that 
obtained from qPCR on the same serum samples, and found a high 

correlation between both methods and qPCR, with RADICA demon-
strating a higher correlation with qPCR (r = 0.872, p = 1.28e-25) 
compared to dPCR (r = 0.831, p = 2.51e-21) (Fig. 8A and B). These re-
sults suggest the superior performance of RADICA over dPCR and the 

Fig. 6. RADICA reaction on RNA. (A) Design of two-reverse-primers to increase the sensitivity. One reverse primer design only includes normal forward and reverse 
primer and two-reverse-primers design add a reverse primer 2 in addition to normal forward and reverse primer. (B, C) Bulk RPA-Cas12a reaction on RNA at different 
concentrations with normal one reverse primer design (B) or two-reverse-primers design (C). (D) Correlation of positive partition percentage of RADICA and target 
SARS-CoV-2 RNA copy number using normal primer design. (E) Comparison of RADICA’s performance on normal one reverse primer design and two-reverse-primers 
design. 1400 copies/μL of RNA were processed using normal one reverse primer design and two-reverse-primers design. The ratio of positive partitions increased 
when using two reverse primers. (F, G) Correlation of positive partition percentage of RADICA and target SARS-CoV-2 RNA copy number using two-reverse-primers’ 
design. (H, I) Sensitivity analysis of RADICA in direct detecting SARS-CoV-2 RNA using two-reverse-primers’ design. 
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ability of RADICA to match the clinically used qPCR-based detection of 
EBV in serum samples. 

As EBV cell-free DNA is routinely used to monitor the virus load in 
NPC patients after treatment [52], frozen serum samples obtained from 
22 NPC patients at their initial diagnoses, one year after treatment and 
the point of recurrence were blinded, and EBV loads were quantified by 
qPCR, dPCR and RADICA (Fig. 8C and D). Similar to qPCR and dPCR, 
RADICA-based EBV quantification on the 22 NPC patients showed that 
the viral load in the serum decreased after treatment and increased at 
the time of recurrence, suggesting that RADICA’s ability to absolutely 

quantify nucleic acids can be used to monitor and compare viral load 
over time in NPC patients’ following treatment (Fig. 8C). When 
analyzing the DNA copy number in each of the patients, we noted that 
the low EBV load in serum cell-free DNA in NPC samples (most of them 
~1 copy/μL, equals to 12 copies per reaction), as well as the fact that 
EBV can be detected in healthy individuals further challenged the 
sensitivity and quantification ability of these three methods. Despite the 
low copy number nature of the cell-free DNA samples, RADICA is still in 
higher concordance with qPCR results than dPCR by detecting EBV DNA 
in patients 6 and 15 at initial diagnosis and patient 4 at the time of 

Fig. 7. Absolute quantification of Epstein-Barr virus (EBV) by RADICA. (A) Primer and crRNA design for RADICA assay specific for EBV. (B) Fluorescence intensity 
histogram, scatter plot, and position plot of the partitions on the chip on serially-diluted EBV DNA. (C, D) A comparison of the absolute quantification values obtained 
from RADICA and dPCR using various concentrations of EBV DNA. 
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recurrence while dPCR cannot (Fig. 8D). Together, these results 
demonstrate the ability of RADICA in the absolute quantification of viral 
load in clinical samples. 

4. Discussion and conclusions 

We have developed a rapid and accurate digital CRISPR method for 
the absolute quantification of nucleic acids. The performance 

characteristics of this method were validated using SARS-CoV-2 syn-
thetic DNA/RNA and EBV DNA in clinical samples, and compared to the 
qPCR and dPCR methods, the current gold standard. The significant 
advantage of RADICA over dPCR is its speed: RADICA can perform ab-
solute quantification rapidly within an hour, which is four times faster 
than current dPCR-based detection. RADICA also achieved sensitivity 
and detection limits (LoD 0.897 copy/μL) comparable with those of 
qPCR and other isothermal methods, such as SHERLOCK, HOLMES and 

Fig. 8. Validation of RADICA on clinical samples. (A) Correlation between qPCR- and dPCR-based EBV BamHI-W target detection in 79 serum samples. (B) Cor-
relation between qPCR- and RADICA-based EBV BamHI-W target detection in 79 serum samples. (C) Box and Whisker plot of the EBV viral load in 22 NPC patients at 
the point of initial diagnosis, one year after treatment, and at the point of recurrence. (D) Heat map displaying the measured EBV DNA copy number in each of the 22 
NPC patients at the point of initial diagnosis, one year after treatment, and at the point of recurrence by qPCR, dPCR and RADICA. 
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DETECTR, with the ability of absolute quantification (Supplementary 
Table 3). 

The isothermal feature of RADICA-based detection assay confers 
faster amplification of the target nucleic acids using a simple constant- 
temperature heat bath, enabling rapid detection that can be deployed 
even in low-resource areas. In recent years, other digital isothermal 
methods, such as RPA- or LAMP-based digital PCR methods, have been 
developed for detecting a variety of nucleic acids targets [53–59]. 
However, these methods are limited by their low specificity, due to the 
inherent tolerance of RPA/LAMP-based methods for base-pair mis-
matches as compared to traditional PCR methods [57,58,60–65]. 
RADICA overcomes this by exploiting the specificity conferred by the 
Cas12a-crRNA-based targeting system, as recent studies showed that 
LbCas12a is very sensitive with mismatches between the crRNA and 
target region [19,21,66]. Furthermore, the collateral cleavage activity of 
Cas12a amplifies the signal and thus increases the signal-to-noise ratio 
in each individual partition. 

Another advantage of RADICA over other CRISPR-based methods 
[20–25] is its one-pot reaction design, which reduces manual manipu-
lation and increases reproducibility. In this streamlined one-pot reac-
tion, both nucleic acids amplification and CRISPR-based detection are 
combined into a single step in a closed tube, significantly reducing the 
risk of cross-contamination between samples during batch processing. A 
major drawback of current CRISPR-based methods is the complexity of 
designing appropriate crRNAs that are limited to target regions in 
proximity to a PAM. This limitation may potentially complicate 
CRISPR-based virus detection since mutations in the viral PAM sequence 
may disable recognition by the Cas protein as the virus evolves. In 
contrast, our simpler digital CRISPR crRNA design is independent of the 
PAM sequence because it targets single-stranded DNA generated after 
amplification [42]. 

RADICA reported here uses commercially available chips and devices 
that can potentially be adapted to other devices in common use in 
hospitals and service laboratories, such as QuantStudio 3D Digital PCR 
System (Thermo Fisher), QIAcuity Digital PCR System (QIAGEN), and 
Droplet Digital PCR System (Bio-Rad). Furthermore, RADICA offers a 
customizable solution that is amenable to other DNA isothermal 
amplification platforms such as loop-mediated isothermal amplification 
(LAMP) [16], rolling circle amplification (RCA) [67], and strand 
displacement amplification (SDA) [68], as well as the use of other Cas 
proteins, such as Cas13a, Cas12b, Cas14 for multiplex detection [20]. 

Absolute quantification of viral nucleic acids could impact widely. 
Viral load closely parallels transmission risk and disease severity: high 
SARS-CoV-2 viral loads correlate with the course of infection and mor-
tality [14,69–72]. These reports underscore the urgent need for rapid 
and sensitive virus detection and quantification as the basis for clinical 
decision-making. Such methods are also needed for mechanistic studies, 
transmission studies, vaccine development, and therapeutics for 
COVID-19. Many diagnostic methods are available for virus detection 
but most do not allow for rapid and precise quantification of the viral 
load (Supplementary Table 3). RADICA could fill this gap in the area of 
rapid absolute quantification. 

Absolute quantification of adventitious agents can be applied in the 
area of gene expression analysis, rare mutation detection, liquid biopsy, 
gene editing detection, and sequencing library quantification [73,74], 
which broadly expands the applications of RADICA. The advantage of 
RADICA over dPCR in circular DNA quantification could also improve 
the extrachromosomal circular DNA quantification in cancer research 
[75], and determine the replication competency of adventitious agents 
in the manufacturing processes of biologic for cell therapy, applications 
in pharmaceutical, environmental, public health, security and food in-
dustry [1,4]. 
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