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of Chemistry A CRISPR/Cas system represents an innovative tool for developing a new-generation biosensing and
diagnostic strategy. However, the off-target issue (ie., mistaken cleavage of nucleic acid targets and
reporters) remains a great challenge for its practical applications. We hypothesize that this issue can be
overcome by taking advantage of the site-specific cleavage ability of RNA-cleaving DNAzymes. To test
this idea, we propose a DNAzyme Operation Enhances the Specificity of CRISPR/Casl3a strategy (termed
DOES-CRISPR) to overcome the problem of relatively poor specificity that is typical of the traditional
CRISPR/Casl13a system. The key to the design is that the partial hybridization of the CRISPR RNA (crRNA)
with the cleavage fragment of off-target RNA was not able to activate the collateral cleavage activity of
Casl3a. We showed that DOES-CRISPR can significantly improve the specificity of traditional CRISPR/
Casl3a-based molecular detection by up to ~43-fold. The broad utility of the strategy is illustrated
through engineering three different systems for the detection of microRNAs (miR-17 and let-7e),
CYP2C19*17 gene, SARS-Cov-2 variants (Gamma, Delta, and Omicron) and Omicron subtypes (BQ.1 and
XBB.1) with single-nucleotide resolved specificity. Finally, clinical evaluation of this assay using 10 patient
blood samples demonstrated a clinical sensitivity of 100% and specificity of 100% for genotyping
CYP2C19*17, and analyzing 20 throat swab samples provided a diagnostic sensitivity of 95% and
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Introduction

The clustered regularly interspaced short palindromic repeat
(CRISPR)/CRISPR-associated (Cas) protein system refers to an
immune response system originating from archaea and
bacteria, which is composed of a Cas effector and CRISPR RNA
(crRNA).*® Casl2a (type V) and Casl3a (type VI) exhibit the
target-activated nonspecific endonuclease activity of single-
stranded DNA (ssDNA and Casl2a) or RNA (ssRNA and
Cas13a).*® Furthermore, the active Cas12a and Cas13a enable
the detection of nucleic acid in one system with pM-level
sensitivity and rapid response time.”*® These properties make
them ideal candidates for wide-ranging applications in bio-
sensing, clinical diagnosis, and environmental monitoring."™"”
However, the off-target issue (i.e., mistaken cleavage of nucleic
acid targets and reporters) remains a great challenge for their
practical applications.*®* This is due largely to the fact that the
Cas12a effector is tolerable to mismatches in the protospacer-
adjacent motif (PAM)-distal region of the target double-
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stranded DNA (dsDNA), and exhibits no specificity for
ssDNA.*** In addition, Cas13a is incapable of discriminating
a single-base difference in target RNA.®

There are two common approaches for improving the
specificity of Cas12a and Cas13a nucleases. One is to engineer
crRNA, including the introduction of synthetic mismatch into
the spacer domain of crRNA, designing hairpin-spacer crRNA,
and modifying crRNA with 2’-O-methyl.>*** However, the
number and location of mismatches in crRNA have to be
carefully designed to reduce the off-target effect without
sacrificing the cleavage activity of Cas proteins.*»** Further-
more, the use of hairpin-spacer ¢crRNA and 2'-O-methyl
modified crRNA only improves the specificity of the original
CRISPR/Cas system by 2- to 3-fold.>*** The other approach is
engineering high-fidelity Cas proteins.>*>® It remains chal-
lenging to work with because of the sophisticated protein
expression and screening process. Moreover, all these strate-
gies are aimed at optimizing different components of the
CRISPR/Cas system without overcoming the fundamental
trade-off between the cleavage efficiency and the specificity.
Thus, strategies that can significantly improve the specificity
are highly desirable for their practical applications, such as
biosensing, as they will avoid false positive results.

DNAzymes (also known as deoxyribozymes, DNA enzymes, or
catalytic DNAs), are single-stranded DNA molecules with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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catalytic capabilities that are isolated from random-sequence
DNA pools by in vitro selection.”** As we will show for the
first time in this work, DNAzyme operation can be uniquely
exploited to enhance the specificity of the CRISPR/Casl13a
system. We term this approach DOES-CRISPR. More specifi-
cally, we employ RNA-cleaving DNAzymes (DZs) that precisely
cleave the desired off-target RNA that contains any purine-
pyrimidine junction. Because Cas13a needs higher comple-
mentarity between the crRNAs and the target RNA before it is
catalytically activated, this site-specific cleavage of RNA in turn
would efficiently block the off-target activity of Cas13a, thus
resulting in an increase in specificity. We showed that DOES-
CRISPR can significantly improve the specificity of CRISPR/
Casl13a-based molecular detection by up to ~43-fold. Further-
more, we demonstrated the versatility of DOES-CRISPR for the
detection of microRNAs (miRNA17 and let7e), CYP2C19*17
gene, SARS-Cov-2 variants (Gamma, Delta, and Omicron), and
Omicron subtypes (BQ.1 and XBB.1) with single-nucleotide
resolved specificity. Finally, clinical evaluation of this assay
using blood samples and throat swab samples suggested the
promise of DOES-CRISPR for clinical use.

Results and discussion
Engineering the DOES-CRISPR system

The system features two key components (Fig. 1): (1) 10-23DZs
for their ability to efficiently cleave any NY junction in a given
RNA substrate (denoted as RS-NY), where N denotes a purine
(A or G) and Y is a pyrimidine (U or C); (2) CRISPR/Cas13a for
its ability to trigger non-specific collateral cleavage of fluo-
rogenic FQ-ssRNA reporters upon RNA recognition. For the
off-target RNA that contains a purine-pyrimidine junction,
cleavage occurs after an unpaired purine nucleotide of the
RNA that was flanked by oligonucleotides complementary to
10-23DZ (17 or 18 nucleotides). Partial hybridization of the
crRNA with the cleavage fragment was not able to activate the
collateral cleavage activity of Cas13a. Therefore, the
FQ-ssRNA reporters remain intact, resulting in a negligible
fluorescence increase. However, on recognition of the full-
length RNA target, the crRNA-complementary RNA triggered
Cas13a to cleave the FQ-ssRNA reporter substrate. The
cleavage of multiple reporters is accompanied by an increase
in fluorescence intensity. Our approach, therefore, rationally
integrates the site-specific cleavage ability of DZs with the
target RNA-triggered collateral cleavage activity of CRISPR/
Cas13a. This can therefore overcome the problem of rela-
tively poor specificity that is typical of the traditional CRISPR/
Casl13a system.

Effect of DNAzyme-mediated off-target RNA cleavage on the
specificity of the CRISPR/Cas13 system

The well-known 10-23DZs have the ability to cleave RS-NY (RS
= RNA substrate; N = A or G; Y = U or C), with robust activity
for AU, GU and GC sites, but reduced activity for AC sites
(Fig. S1).T We estimated that the observed rate constant (kops)
was ~3 min~ ' on the basis of the observation that nearly 90%
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Fig. 1 Schematic illustration of DNAzyme Operation Enhances the
Specificity of the CRISPR/Casl3a system (DOES-CRISPR). crRNA =
CRISPR RNA, DZ = DNAzyme, ssRNA = single-stranded RNA, F =
fluorescein, and Q = dabcyl. Cleavage occurs at the position indicated
by the arrow. Letters marked with * are complementary to the cor-
responding unmarked letter.

of the RS-AU (Fig. S2at), RS-GU (Fig. S2bt), or RS-GC (Fig. S2c¥)
was cleaved in 1 min. Two conditions must be met for
successful DOES-CRISPR. First, 10-23DZs should specifically
precisely cleave the desired off-target RNA. To confirm this, we
first choose RS-GU as the off-target RNA and RS-GY1 (Y1 = C,
A, or G) as the corresponding target RNA. 10-23DZ1 was used
to cleave RS-GU (Fig. 2a), and crRNA-CY1* (Y1* = G, U, or C)
was designed to bind RS-GY1 through standard Watson-Crick
base-pairing (Fig. 2b). As expected, only the RS-GU was cleaved
by 10-23DZ1 (98%, Fig. 2c), whereas the RS-GY1 remained
intact.

Second, CRISPR/Cas13a is activated by full-length RS-GY1,
rather than the cleavage fragments of RS-GU to perform trans-
cleavage of FQ-ssRNA reporters. An experiment was carried out
to examine the time-dependent fluorescence changes of FQ-
sSRNA in the presence of crRNA-CY1*/Cas13a, 10-23DZ1, and
RS-GY1 (or RS-GU). As shown in Fig. 2d, RS-GY1 was indeed able
to activate the crRNA-CY1*/Casl13a system, reflected by the
fluorescence enhancement over time. However, no increase in
fluorescence was observed when each DOES-CRISPR reaction
was tested with off-target RS-GU. We determined the signaling
enhancements (i.e., S/B, defined as the fluorescence intensity in
the presence of RS-GY1 compared to that in the presence of RS-
GU) to be 35, 29, and 38-fold for RS-GC, RS-GA, and RS-GG,
respectively (Fig. 2e). In contrast, the original CRISPR/Cas13a
system provided an S/B value as high as 1.3-fold for RS-GC
and RS-GA.

To demonstrate the general applicability of DOES-CRISPR,
we designed the other two off-target RNAs, named RS-AU
(Fig. S3at) and RS-GC (Fig. S3bt), and their corresponding
target RNAs, named RS-AY2 (Y2 = C, A, or G) and RS-GY3
(Y3 = U, A, or G). Once again, 10-23DZ1 and 10-23DZ2 were
used to cleave RS-AU and RS-GC, respectively. Two crRNAs,
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Fig.2 Effects of DNAzyme-mediated off-target RNA cleavage on CRISPR/Casl3a functions. Sequences of (a) RS-GU and 10-23DZ1, and (b) RS-
GY1 (Y1 =C, A or G) and crRNA-CY1* (Y1* = G, U, or C). Cleavage occurs at the position indicated by the arrow. (c) 10% denaturing (8 M urea)
polyacrylamide gel electrophoresis (dPAGE) analysis of the cleavage of 5 FAM-labeled RS-GU and RS-GY1 by 10-23DZ1. MK = marker, unclv. =
uncleaved, and clv. = cleaved. (d) Real-time fluorescence monitoring of FQ-ssRNA cleavage for DOES-CRISPR in the presence of crRNA-CY1*/
Casl3a, 10-23D71, and RS-GY1 (or RS-GU). (e) Fluorescence responses of DOES-CRISPR and CRISPR/Cas13a toward RS-GY1 (Y1 =C, A, or G)
when using RS-GU as the off-target RNA. The error bars represent standard deviations of three independent experiments.

denoted as crRNA-UY2* (Y2* = G, U, or C, Fig. S3ct) and
crRNA-CY3* (Y3* = A, U, or C, Fig. S3d}) were designed to
hybridize with targets RS-AY2 and RS-GY3, respectively. The
successful DOES-CRISPR was confirmed experimentally: (1)
more than 95% of off-target RNAs can be efficiently cleaved by
10-23DZs (Fig. S3e and f}); (2) DOES-CRISPR exhibited
a maximum 14 and 47-fold S/B value for RS-AA (over RS-AU,
Fig. S3gT) and RS-GG (over RS-GC, Fig. S3ht), respectively,
in comparison with that of 1.6 and 1.3-fold for the CRISPR/
Cas13a system. Taken together, these results demonstrated
that DNAzyme-mediated cleavage of off-target RNA can
robustly enhance the specificity of the CRISPR/Casl3a
system.

DOES-CRISPR for microRNA detection

We next investigate the possibility of exploiting DOES-CRISPR
for biosensing applications. MicroRNAs (miRNAs), as a class
of endogenous non-coding small RNAs, have been regarded as
biomarkers for disease diagnosis and cancer screening.**>* We
first choose miR-17 and let-7e as the model miRNA targets.
crRNA-miR-17 and crRNA-let-7e were designed to guide Cas13a
to bind the corresponding targets (Fig. 3a and b). Two off-target
miRNA groups miR-20X (X =aor b)and let-7Z (Z=a, b, ¢, or d)
were used for the specificity test (Fig. 3c and d). 10-23DZ-miR
and 10-23DZ-let were able to catalyze the cleavage of AU and
GU junctions within the off-targets miR-20X (96%, Fig. 3e) and
let-7Z (95%, Fig. 3f), respectively. Note that 10-23DZs can
tolerate several mismatches in each of the substrate-binding

6936 | Chem. Sci,, 2024, 15, 6934-6942

arms within the 10-23DZ-miR/miR-20X or 10-23DZ-let/let-7Z
complex.

We performed real-time fluorescence monitoring of the
cleavage of FQ-ssRNA reporters by DOES-CRISPR for miRNA
detection (Fig. S47). In the presence of miR-17 (or let-7e), fluo-
rescence intensity increased gradually with reaction time,
indicating that miR-17 (or let-7e) can indeed initiate DOES-
CRISPR. The limit of detection (LOD, defined as 3¢, ¢ = stan-
dard deviation of the blank samples) for miR-17 and let-7e
detection was determined to be 5 pM (Fig. S5af) and 10 pM
(Fig. S5bt), respectively. Besides the high sensitivity, each
system also exhibited excellent selectivity for its cog-nate target.
No increase in fluorescence was observed when testing with
miR-20X and let-7Z. We found that DOES-CRISPR activated by
miR-17 reached ~35-fold improvement compared to miR-20X
(Fig. 3g). Our assay also provides a 27- to 31-fold improvement
for let-7e compared to the related off-targets let-7Z (Fig. 3h). In
contrast, CRISPR/Cas13a was less specific, and displayed only
1.1-3.3-fold improvement for target miRNAs versus off-target
miRNAs.

DOES-CRISPR for CYP2C19*17 gene detection

We next investigated whether our DOES-CRISPR assay is
capable of genotyping DNA polymorphisms. The CYP2C19*17
gene was used as a DNA target. The polymorphism of the
CYP2C19*17 gene (C806T rs12248560) is associated with the
ultra-rapid metabolism of clopidogrel, which can increase the
inhibitory effect on platelets and the bleeding risk.*®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 miRNA detection. Sequences of (a) miR-17/crRNA-miR-17, (b) let-7e/crRNA-let-7e, (c) miR-20X (X = a or b)/10-23DZ-miR, and (d) let-7Z

(Z=a, b, c, ord)/10-23DZ-let. Each arrowhead indicates the cleavage site. 10% dPAGE analysis of (e) the cleavage of 5’ FAM-labeled miR-17 and
miR-20X by 10-23DZ-miR, and (f) the cleavage of 5’ FAM-labeled let-7e and let-7Z by 10-23DZ-let. MK = marker, unclv = uncleaved, and clv =
cleaved. Fluorescence responses of DOES-CRISPR and the CRISPR/Casl3a system for (g) miR-17 and (h) let-7e detection. The error bars

represent standard deviations of three independent experiments.

Therefore, specific genotyping of the CYP2C19*17 gene is
critical for clopidogrel individualized medication. The overall
operation of DOES-CRISPR includes (Fig. 4a) (1) DNA extrac-
tion (15 min), (2) V-shape polymerase chain reaction (VPCR)
(45 min), and (3) T7 transcription and DOES-CRISPR in one-
step reaction (10 min). The wild-type and mutant-type DNA
sequences of the CYP2C19*17 gene were denoted as DS-CYP-
WT and DS-CYP-Mut, respectively. As shown in Fig. 4b,
crRNA-CYP-WT was designed to recognize the corresponding
RNA of DS-CYP-WT (named RS-CYP-WT), and 10-23DZ-CYP-
Mut was used to cleave GU dinucleotides within the RNA of
DS-CYP-Mut (named RS-CYP-Mut). As expected, the imme-
diate cleavage of RS-CYP-Mut (Fig. S6f inset) in turn
completely arrested the CRISPR/Cas13a reaction, as no fluo-
rescence enhancement was observed. In sharp contrast, the
presence of DS-CYP-WT could generate the corresponding RS-

© 2024 The Author(s). Published by the Royal Society of Chemistry

CYP-WT that activates Cas13a for collateral-cleavage activity
to produce fluorescence signals (Fig. S6t). Using VPCR-DOES-
CRISPR, we can detect DS-CYP-WT at a concentration as low
as 10 copies per pL (Fig. S7t). Furthermore, VPCR-DOES-
CRISPR exhibited ~47-fold selectivity for DS-CYP-WT versus
DS-CYP-Mut (Fig. 4c).

We then evaluate the feasibility of VPCR-DOES-CRISPR
toward a set of 10 clinical whole blood samples. The
genomic DNA in blood samples was first extracted and
amplified by VPCR (Fig. S8%). Using the commonly used
clinical threshold of 10 copies per nuL to decide the genotype
of CYP2C19*17 (Fig. 4d), we achieved a clinical sensitivity of
100% and specificity of 100%. All these 10 blood samples
were categorized as wide-type CYP2C19*17, which is consis-
tent with the traditional Sanger sequencing result (Fig. SO
and 4e).

Chem. Sci., 2024, 15, 6934-6942 | 6937
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represent standard deviations of three independent experiments.

DOES-CRISPR for SARS-CoV-2 variant and subvariant
detection

We next challenged our DOES-CRISPR to detect various RNA
mutations in the SARS-CoV-2 genome. SARS-CoV-2, a ~30 kb
betacoronavirus, has caused a global pandemic of coronavirus
disease.* In addition, the emergence of SARS-CoV-2 variants
and subvariants increased the risk of immune escape, virus
transmission, and vaccine ineffectiveness.”*** The Delta,
Gamma, and Omicron variants, listed as variants of concern of
SARS-CoV-2, are dominant worldwide.***” Furthermore, XBB.1
and BQ.1, as the prevalent subvariants of the Omicron variant,
have been recognized as the variants of interest of SARS-CoV-
2.%8%% Therefore, it is urgent to develop a highly specific method
to genotype these variants and subvariants. Here, five critical

6938 | Chem. Sci, 2024, 15, 6934-6942

single-nucleotide mutations (SNM), including Y4665H, D5225,
S373P, S253P, and I82T, were selected as the RNA targets
(Fig. 5a). S253P, I82T, and S373P mutations can be used to
distinguish the Gamma, Delta, and Omicron variants, respec-
tively. The BQ.1 and XBB.1 subvariants of Omicron can be
further identified by using the Y4665H and D5225 mutations,
respectively (Fig. 5b).

A set of crRNAs, named crRNA-Y4665H-Mut, crRNA-D5225-
Mut, crRNA-S373P-Mut, crRNA-S253P-Mut, and crRNA-I182T-
Mut, were designed to target each RNA mutation. Five
specific 10-23DZs were programmed to recognize and catalyze
the cleavage of AU dinucleotides in the corresponding wild-
type RNA of SARS-CoV-2, producing the maximum cleavage
yields ranging from 94% to 100% (Fig. 5¢). We measured the

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc01501k

Open Access Article. Published on 02 April 2024. Downloaded on 3/10/2026 10:51:54 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Edge Article Chemical Science
a A : c
/ vagesH ST B MK wid Ba1
] , unclv
5'..UUAARACAUGACUUCACGGAAGA...3' SARACRALTT ATQCTGAAG
3' AAUUUUGUACUGAAGUGCCUACAAAAUCAGGGGAAGY, 10‘23DZ“V4655H‘WT£G <
crRNA-Y4665H-Mut 5’ GACCACCCCAAAA Ac CGA — clv
AVT 94 0 v
8|  osas L e e MK Wild XBB.1
& i’ G (I:(K:CIAI(I;/I\(I:(}(EAH(I:AA(‘;eelIJ?(I:UAG 3 3’ GAATGGGTC AGGTAGTTC e d St INClV
@4 3 GGGUCUGGGUAGUUCUUAGGACAAAAUCAGGGGAAGU 10-23DZ-D5225- WTC GcT
@ CrRNA-D5225-Mut 5’ GACCACCCCAAAA ACAT cGA — clv
5 v 100 0 chv®%
e q WIS, UAAUUCTSEAYEAUILIGE. 5 MK Wild Omicron
: 5'...UAUAUAAUUCCGCACCAUUUUCC. .3’ 3' ATTAAGGCG AGTAAAAGG SRS ——  Unclv
>o 3’ AUAUAUUAAGGCGUGGUAAAACAAAAUCAGGGGAAGU  10-23DZ-S373P- WTC GcT
ik
Nl crRNA-S373P-Mut 5’ GACCACCCCAAAA A - clv
) . cAT c 96 0 cv%
A A
5, —| 7 S253P Wild  5'.. CGACGGUUCAUCCGGAGUU...3' MK  Wild Gamma
© 5'...GGUUCACCCGGAGUUGUUAAUCC...3’ ¥ GCTGCCAAG AGGCCTCAA — S UNClV
4 DL 5L LI g Tt T T I |
E N 3' CCAAGUGGGCCUCAACAAUUACAAAAUCAGGGGAAGU, 10-23DZ-5253P-WT & Sc
i e
o _ _ ’
crRNA-S253P-Mut 5’ GACCACCCCAAAA ACAT c — clv
\ 95 0 clv%
/182T Wild 5. GGAAUUGCUAUCGCAAUGG...3’
=l /. st -CGGUGGAAUUGCUACCGCAAUGG...3' 3 CCTTAACGA AGCGTTACC MK  Wild Delta
/ IR e Gg — —Unclv
¥ GCCACCUUAACGAUGGCGUUACAAAAUCAGGGGAAGU 10-23DZ-182T-WT ¢
crRNA-182T-Mut 5’ GACCACCCCAAAA CAT CGA —— cv
— 100 0 clv%
b d [ DOES-CRISPR [ CRISPR/Cas13a
1.1-fold 1.1fold
ﬂ 22-fold
Y4665H D5225 S373P  S253P 82T 30000 1 1.0old T 110
42-fold T ] 1.1-old {» | th | 2L
wild i 1 28fold 1
> 44-fold
Gamma ‘2 20000 1
(0]
Delta €
Omicron TE
10000 T
BQ.1
XBB.1 ||

Q@ .

%

Fig.5 SARS-CoV-2 detection. (a) Sequences of wild-type and mutant-type RS-Y4655H, RS-D5225, RS-S373P, RS-S253P, and RS-182T of SARS-
CoV-2, and various 10-23DZs and crRNAs. Each arrowhead indicates the cleavage site. (b) Interaction between RNA mutations and SARS-CoV-2
variants including Gamma, Delta, Omicron, Omicron BQ.1, and Omicron XBB.1. (c) 10% dPAGE analysis of the cleavage of 5’ FAM-labeled wild-
type and mutant-type RS by 10-23DZs. MK = marker, unclv = uncleaved, and clv = cleaved. (d) Fluorescence responses of DOES-CRISPR and
CRISPR/Cas13a toward various SARS-CoV-2 variants. The error bars represent standard deviations of three independent experiments.

fluorescence responses of DOES-CRISPR and the traditional
CRISPR/Cas13a system toward mutated RNAs and their cor-
responding wild-type RNAs. The LOD of DOES-CRISPR for
Gamma (Fig. S101) and Delta (Fig. S117) detection is 25 pM,
and for Omicron (Fig. S12%), BQ.1 (Fig. S13}), and XBB.1
(Fig. S147) detection is 10 pM, without the preamplification
step. Moreover, DOES-CRISPR exhibited 17- to 44-fold
improvement for mutated versus wide-type RNAs (Fig. 5d). All
together, these results suggested that our assay has the ability
to identify single-nucleotide RNA mutations in the SARS-CoV-2
genome. Our DOES-CRISPR strategy offers higher sensitivity
and shorter sample-to-answer time compared with traditional
CRISPR-based detection methods for nucleic acid targets
(Table S2).7

DOES-CRISPR for Omicron variant and XBB.1 subvariant
detection in clinical throat swab samples

Finally, we investigated the feasibility of DOES-CRISPR assay
for the detection of the Omicron variant and its subvariant

© 2024 The Author(s). Published by the Royal Society of Chemistry

XBB.1 using clinical throat swab samples. A total of 20 throat
swab samples were collected from persons suspected of SARS-
CoV-2 infection. 13 samples were confirmed Omicron-positive
and XBB.1-positive, and 7 samples were confirmed Omicron-
positive and XBB.1-negative by using the Sanger sequencing
results (Fig. S151). These samples were then detected in
parallel by the DOES-CRISPR assay. The overall procedure
includes (Fig. 6a) (1) genomic RNA extraction from throat
swabs (10 min), (2) reverse-transcription and VPCR (70 min),
and (3) T7 transcription and the DOES-CRISPR reaction (30
min). At a signal threshold of 2-fold measured over the back-
ground fluorescence signal, we were able to correctly catego-
rize 12 Omicron-positive and XBB.1-positive samples and 7
Omicron-positive and XBB.1-negative samples (Fig. 6b).
Therefore, DOES-CRISPR demonstrated a diagnostic sensi-
tivity of 95% and specificity of 100% for Omicron detection,
and a clinical sensitivity of 92% and specificity of 100% for
XBB.1 detection (Fig. 6¢). This result confirmed the potential
of DOES-CRISPR as a diagnostic tool for COVID-19 detection in
patient samples.
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Fig. 6 DOES-CRISPR for SARS-CoV-2 detection in clinical throat swab samples. (a) Schematic of the Omicron and Omicron XBB.1 genotyping
workflow from the sample to the result. (b) Monitoring of the fluorescence signal for the tested throat swabs and identification results of Omicron
and Omicron XBB.1 genotyping with DOES-CRISPR assay and Sanger sequencing. The light green shadow indicates the correct identification
results while the dark green shadow indicates the incorrect identification results. (c) Performance characteristics of DOES-CRISPR assay. A total
of 20 clinical samples were evaluated using DOES-CRISPR and the Sanger sequencing method. Sensitivity = positive predictive agreement and
specificity = negative predictive agreement. The error bars represent standard deviations of three independent experiments.

Conclusions

In summary, we have demonstrated for the first time that 10-
23DZs can be used to fundamentally overcome the off-target
issue in the traditional CRISPR/Cas13a system. We term this
approach DOES-CRISPR. The approach begins with 10-23DZs

6940 | Chem. Sci, 2024, 15, 6934-6942

that precisely cleave the desired off-target RNA that contains any
purine-pyrimidine junction, which in turn would efficiently

block the off-target activity of Cas13a because Casl3a needs
higher complementarity between the crRNAs and the target
RNA. To our knowledge, an integrated DNAzyme recognition-
RNA cleavage-CRISPR/Cas13a activation strategy has never

© 2024 The Author(s). Published by the Royal Society of Chemistry
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been reported before. Significantly, we demonstrated that
DOES-CRISPR can significantly improve the specificity of
traditional CRISPR/Cas13a-based molecular detection by up to
~43-fold. Furthermore, this approach can be adopted for
detection of wide-ranging targets, including microRNAs (miR-
17 and let-7e), CYP2C19*17 gene, SARS-Cov-2 variants
(Gamma, Delta, and Omicron), and Omicron subtypes (BQ.1
and XBB.1) with single-nucleotide resolved specificity. Clinical
evaluation of a DOES-CRISPR-based CYP2C19*17 sensor using
10 patient blood samples demonstrated a clinical sensitivity of
100% and specificity of 100%. In addition, DOES-CRISPR
demonstrated a diagnostic sensitivity of 95% and specificity of
100% for Omicron detection, and a clinical sensitivity of 92%
and specificity of 100% for XBB.1 detection when analyzing 20
clinical throat swab samples. Given that a specific 10-23DZ can
be easily engineered to contain two binding arms that are
complimentary to the target RNA sequence, DOES-CRISPR is
suitable for the detection of both mRNA and miRNA targets.
With a wide variety of RNA-cleaving DNAzymes currently avail-
able for the specific cleavage of various purine-purine, purine—
pyrimidine, pyrimidine-pyrimidine and pyrimidine-purine
junctions,*** we envision that the described strategy will find
diverse applications in chemical biology, medical diagnostics,
DNA computing, and biosensing. Furthermore, it is conceivable
that the same design can be extended to improve the specificity
of Cas12a by using DNA-cleaving DNAzymes. Currently, we are
also engineering a fully printed paper-based analytical device
for point-of-care testing in resource-limited settings.>
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