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ABSTRACT: The accurate and timely detection of disease biomarkers at
the point-of-care is essential to ensuring effective treatment and
epidemiological surveillance. Here, we report the selection and engineering
of RNA-cleaving DNAzymes that respond to specific genetic markers and
amplify detection signals. Because the target-specific activation of gene-
specific DNAzymes (gDz) is like the trans-cleavage activity of clustered
regularly interspaced short palindromic repeats (CRISPR) CRISPR-
associated (Cas) machinery, we further developed a CRISPR-like assay
using RNA-cleaving DNAzyme coupled with isothermal sequence and signal
amplification (CLARISSA) for nucleic acid detection in clinical samples.
Building on the high sequence specificity and orthogonality of gDzs,
CLARISSA is highly versatile and expandable for multiplex testing. Upon
integration with an isothermal recombinase polymerase amplification,
CLARISSA enabled the detection of human papillomavirus (HPV) 16 in 189 cervical samples collected from cervical cancer
screening participants (n = 189) with 100% sensitivity and 97.4% specificity, respectively. A multiplexed CLARISSA further allowed
the simultaneous analyses of HPV16 and HPV18 in 46 cervical samples, which returned clinical sensitivity of 96.3% for HPV16 and
83.3% for HPV18, respectively. No false positives were found throughout our tests. Besides the fluorescence readout using
fluorogenic reporter probes, CLARISSA is also demonstrated to be fully compatible with a visual lateral flow readout. Because of the
high sensitivity, accessibility, and multiplexity, we believe CLARISSA is an ideal CRISPR-Dx alternative for clinical diagnosis in field-
based and point-of-care applications.
KEYWORDS: DNAzyme, molecular diagnosis, nucleic acid testing, point-of-care, isothermal nucleic acid amplification

■ INTRODUCTION
The accurate and timely detection of disease biomarkers is
essential to ensure the effective treatment and epidemiological
surveillance.1−4 Nucleic acid testing (NAT) capable of
detecting trace amount of disease-related DNA or RNA via
nucleic acid amplification has become the gold standard for
various infectious and somatic diseases.3,5−7 However, stand-
ard NATs relying on polymerase chain reaction (PCR) require
costly equipment and trained personnel and thus can only be
used in centralized facilities.8 The ongoing need to enable
accurate testing at home and at the point-of-care (POC)
demands the field-deployable NATs with high assay perform-
ance but low infrastructural requirements.9−12 Toward this
goal, clustered regularly interspaced short palindromic repeats
(CRISPR) and CRISPR-associated (Cas) systems are currently
revolutionizing NATs by offering exceptional sensitivity,
specificity, and accessibility.13−20 A parrel effort was also
made to engineer deoxyribozymes (DNAzymes) into CRISPR-
like tools for gene editing and disease diagnostics because
DNAzymes also possess RNA/DNA-cleaving activities but
with no need for protein components.21−24 However, existing
DNAzymes do not possess sequence selectivity to nucleic acid

targets. To address this challenge, Mokany et al. introduced a
multicomponent DNAzyme (MNAzyme) design that allowed
the detection of any nucleic acid target by splitting the catalytic
core of a DNAzyme into two parts, each of which was
extended with a complementary domain to a given target
nucleic acid.25 Chan and colleagues further developed genetic
tests deployable for POCT by integrating MNAzymes with
nanoparticles.26,27 Nevertheless, the splitting of the catalytic
core sequence would inevitably lead to reduced enzymatic
activity, and significant effort has to be made to optimize the
splitting site to minimize this effect. To compensate for the
reduction of activity, Chaput and colleagues introduced
chemical modifications to MNAzymes, which successfully
enhanced overall assay performances. A further integration
with recombinase polymerase amplification (RPA), sensitive
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detection of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) and its mutants were achieved in clinical
samples.28−30 Although chemical modification could effectively
rescue the split DNAzymes, it increases the upfront cost and
accessibility of the test. An ideal engineering approach to
achieve target-specific DNAzymes in a cost-effective manner
should keep its integrity to ensure maximal enzymatic activity.
Thus, driven, we report an alternative design principle for
engineering gene-specific DNAzymes (gDz) by directly
screening the arm sequences of an RNA-cleaving DNAzyme
against a genetic marker of interest (Figure 1a). The selected
gDz is then further engineered using a DNA motif to block the
arm sequences (Figure 1b). A toehold motif is also engineered
for gDz, so that it can be effectively activated in the presence of
the target gene. By further integrating gDz with RPA through a
DNA assembly strategy, we finally develop a CRISPR-Like
Assay using RNA-cleaving DNAzyme coupled with Isothermal
Sequence and Signal Amplification (CLARISSA), a NAT
platform with attomolar sensitivity (Figure 1c). CLARISSA
enabled the detection of human papillomavirus (HPV) 16 in
189 cervical samples collected from cervical cancer screening
participants (n = 189) with a 100% sensitivity and 97.4%
specificity, respectively. Because both target recognition and
signal amplification are streamlined within a single-stranded

DNA construct, our gDz offers enhanced design space over
multicomponent designs for multiplexed NAT (Figure 1c). To
demonstrate this potential, we further developed a multiplex
CLARISSA that enabled the simultaneous analyses of HPV16,
HPV18, and the human β-globin gene in 46 cervical samples,
which returned a clinical sensitivity of 96.3% for HPV16 and
83.3% for HPV18, respectively.

■ RESULTS AND DISCUSSION

Screening DNAzymes for Genetic Markers

The design of gDzs begins by reproposing a 10−23 RNA-
cleaving DNAzyme for specific genetic biomarkers.31,32 As a
proof-of-concept, we first designed a panel of Dzs for human β-
globin by keeping the 15 nt catalytic core of 10−23 Dz but
screening binding arm sequences against the genome sequence
(Figure 2a). The arm lengths were designed to be 6−8 nt on
each side with binding strengths ranging from −9.61 to −12.69
kcal/mol, so that each Dz offers both high catalytic efficiency
and sequence specificity to the target gene. All sequences were
examined using NUPACK software to avoid secondary
structures and homodimers (Supporting Table 1). Using the
same approach, we also designed Dzs targeting the L1 gene of
human papillomavirus (HPV) strains 16 and 18. L1 genes were

Figure 1. Overview of CLARISSA. (a) Schematic illustration of screening DNAzymes for genetic markers. (b) Engineering gene-specific
DNAzymes for target detection. (c) The workflow for clinical diagnosis is using multiplexed CLARISSA.
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chosen as targets of interest because of their high sequence
conserveness and low similarity to other subtypes.33,34

To characterize the catalytic efficiency for these screened
Dzs, fluorescently labeled substrates were designed and
analyzed using polyacrylamide gel electrophoresis (PAGE) at
varying time spots and under different conditions (Figure 2b
and Supporting Figure 1). Results in Figure 2b revealed highly
diverse catalytic efficiencies in a panel of 12 selected Dzs.
These Dzs, such as Dz-HPV18−2 displayed low or nearly no
cleavage activity, whereas Dz-HPV18−1 showed the highest
catalytic activity with an apparent rate constant kobs = 1.186
min−1 (Figure 2c and Supporting Figure 2). To gain insight
into the diversified enzymatic activities of the 12 selected gDzs,
we plotted the observed rate constants against the formation
energies of the gDz-substrate complexes, revealing that a
minimal formation energy must be reached to ensure sufficient
enzymatic activity (Supporting Figure 3). Under optimal
conditions, we estimated that as little as 0.1 nM Dz could be
detected using fluorogenic substrates as reporters (Supporting
Figure 4). By subsequently mixing each selected Dzs with one
of the 12 substrates, we also confirmed that the cleavage
activities of all Dzs were highly orthogonal using PAGE
analysis (Figure 2d and Supporting Figure 5) and fluorescence
analysis, respectively (Supporting Figures 6 and 7), demon-
strating the possibility to design multiplexed NATs by feeding
gDzs with sequence-specific substrates as reporter probes.

Engineering Gene-Specific DNAzymes for the Detection of
Genetic Markers
Having screened a panel of Dzs for genetic markers, we next
engineered gDzs that can be activated by the target genes. To
do so, a Dz with arm sequences screened against a subgenomic
sequence was deactivated by blocking the arm sequences using
a complementary DNA motif (Figure 3a). Because the
complementary sequence did not contain the ribonucleotide,
no cleavage could be made, and gDz was thus inactive in this
construct. A toehold domain was also engineered as the
complementary motif for effectively activating gDz upon target
recognition. In the presence of the target gene, a strand
displacement reaction was initiated through the toehold
domain, which regenerated the Dz and unleashed its catalytic
activity (Figure 3b and Supporting Table 2). By systematically
optimizing all design parameters, we determined an optimal
engineered gDz construct with an 8 nt toehold domain
(Supporting Figure 8), a 23 bp complementary domain that
was split into 8 and 15 bp by the catalytic core (Supporting
Figure 9), and a 4 nt loop domain (Supporting Figure 10).
By measuring the initial rates of Dz-HPV18−1 and gDz-

HPV18−1 at varying substrate concentrations, we found that
the target-activated gDzs showed near identical cleavage
activities with Dzs under the optimal sequence design (Figure
3c and Supporting Figures 11 and 12). More importantly, the
catalytic efficiencies (kcat/KM) of gDzs were 0.6 × 106 M−1 s−1,

Figure 2. Screening and characterization of DNAzymes for genetic markers. (a) Schematic illustration of the workflow for screening Dzs for genetic
markers. Gene-specific sequences containing an adenosine in the middle were searched against BLAST to ensure sequence selectivity, as well as
NUPACK to ensure minimal secondary structures. These Dzs were then designed by integrating the catalytic core of 10−23 Dz with the gene-
specific arm sequences. The catalytic activities were then characterized by using fluorescently labeled substrates and PAGE analyses. (b)
Characterization of catalytic activities of Dzs was performed using PAGE analysis. (c) Presteady-state kinetic analysis was used to determine
observed rate constants of Dzs. (d) Heat map to illustrate the orthogonality of Dzs to varying substrate sequences.
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which were in the same order of magnitude with some of the
reported values of LbCas12a and LbuCas13a.35−37 As low as 1
nM subgenomic sequence of HPV16 could effectively activate
gDz-HPV16−1 and generate clearly distinguishable fluores-
cence signals (Figure 3d,e). Moreover, gDz is composed solely
of an ssDNA, and thus demonstrated better stability than
protein and RNA-based CRISPR systems against experimental
conditions, such as freeze−thaw cycles and heating (Support-
ing Figures 13 and 14). We also examined the thermal stability
of engineered gDzs using melting analysis (Supporting Figure
15). The high Tm values (>65 °C) of typical gDz designs
suggest that gDzs were thermally stable at room temperature
or 37 °C, which is critical to ensure low background signals for
NAT. The activation of gDzs was also confirmed to be highly
specific to the target gene, which is critical to establish gDzs for
multiplex NATs (Figure 3f and Supporting Figures 16 and 17).
Integration of Gene-Specific DNAzyme with RPA
To enable NAT with gDzs, a critical step is to integrate gDz
with RPA to develop CLARISSA.38 In our study, we screened
and optimized RPA primers (Supporting Table 3) for target
genes of human β globin, HPV16, and HPV18 to generate
amplicons capable of activating gDz-globin-3, gDz-HPV16−1,
and gDz-HPV18−1, respectively (Supporting Figures 18−21).
Because RPA produces double-stranded amplicons (ds-
amplicons), it is critical to convert the ds-amplicon into a
single-stranded amplicon (ss-amplicon). Moreover, the long ss-
amplicon of RPA also tends to form secondary structures and

homodimers, which may significantly reduce the hybridization
efficiency with gDzs. To address these challenges, we introduce
a panel of DNA helper strands that fold the ds-amplicon into
two assemblies only exposing a short single-stranded detection
window for gDz through a rapid heating and snap cooling step
(Figure 4a and Supporting Figure 22 and Table 4).39 To avoid
background signals generated through the cross-reactions
between gDz and DNA helpers, helper-2 was designed to
contain only the complementary domain to the toehold, and
helper-3 was only complementary to the branch migration
domain of gDz. It is also critical to optimize the concentration
of DNA helpers to minimize the direct strand displacement
between helper-3 and gDz (Supporting Figure S23). To ensure
optimal analytical performance, we also systematically
optimized all reaction conditions (Supporting Figures 24 and
25). The kinetic curves in Figure 4b revealed that our assembly
approach effectively integrated gDz-HPV16−1 with RPA and
that as low as 1 aM genomic DNA could be clearly
distinguished from the blank (Figure 4c). Besides HPV16,
we also designed CLARISSA for the HPV 18 gene with single-
digit attomolar sensitivity (Figure 4d and Supporting Figure
26).
Toward the goal of NAT in POC settings, we also

engineered a field-deployable, visual lateral flow assay (LFA)
readout for CLARISSA, which was achieved by replacing the
fluorogenic reporter with a FAM-biotin dual-labeled reporter
(Figure 4e). In the absence of the target gene, all anti-FAM-

Figure 3. Engineering and characterization of gene-specific DNAzymes. (a) The design principle for engineering Dzs into gDzs involves
deactivating the catalytic activity using an intramolecular complementary sequence that does not contain the ribonucleotide. (b) Schematic
illustration of the activation of gDzs using a target DNA through toehold-mediated DNA strand displacement. (c) Michaelis−Menten analyses
were of Dz-HPV18−1 and target-activated gDz-HPV18−1. Each error bar represents a standard deviation from triplicate analyses. (d) Kinetic
curves for the detection of varying concentrations of HPV16 DNA were obtained using gDz-HPV16−1. (e) End point fluorescence at 60 min
against the concentration of HPV-16 DNA. Technical triplicate was performed for each sample (n = 3). (f) Heat map to illustrate the orthogonality
of gDzs to varying target genes.
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labeled gold nanoparticles (AuNPs) were captured at the
control line (C line) by the reporter. Upon CLARISSA, the
reporter was cleaved, and AuNPs were further migrated and
captured at the test line (T-line). As shown in Figure 4f,
CLARISAA coupled with LFA allowed the visual detection of
HPV16 with a LOD at 10 aM, though a slight background was
observed in the absence of the target (Supporting Figure 27).
Clinical Validation of CLARISSA
Next, we tested the feasibility of CLARISSA for detecting
HPV16 in clinical cervical samples. We began by extracting
DNA from 189 cervical samples collected from cervical cancer
screening at the West China Hospital of Sichuan University
using a commercial column extraction kit and then validated
CLARISSA for the detection of HPV16 infection (Supporting
Table 5). All samples were clinically tested using standard
PCR-reverse dot blot HPV genotyping test, which confirmed
38 HPV-16 positives and 151 negatives. All 189 cervical
samples were then tested using CLARISSA, which returned
significant differences between the positive and negative
cohorts (p < 0.0001, n = 189) (Figure 5c). The optimal
cutoff value for the CLARISSA-based HPV16 test was then
established using receiver operating characteristic (ROC)
curve analysis (Figure 5d). Upon benchmarking against the
standard clinical PCR-Reverse Dot Blot test, we determined
that the clinical sensitivity and specificity of CLARISSA were
97.4 and 100%, respectively (Figure 5e), demonstrating the
high clinical potential of CLARISSA. We also validated
CLARISSA with LFA readout for visual detection of HPV16
in clinical cervical samples (n = 30) (Figure 5f and Supporting
Figure 28). CLARISSA coupled with LFA allowed the
identification of 14 out of 15 HPV16 positives using the
naked eye (Figure 5g and Supporting Figure 29d). All 15

negative samples were also correctly identified using
CLARISSA, confirming the high sensitivity and specificity of
the visual readout (Supporting Figure 29f). Notably, sample 29
clinically tested to be positive was found to be negative by two
independent CLARISSA tests with fluorescence and visual
readout, respectively. We speculated that this false negative
result was caused by the sample treatment step rather than the
CLARISSA.
Multiplexed NAT Using CLARISSA
Because each gDz can cleave its corresponding reporter with
high orthogonality, CLARISSA is an ideal platform for
multiplexed NAT. The World Health Organization (WHO)
recommends DNA testing as a first-choice screening method
for cervical cancer prevention and the two high-risk HPV
strains (16 and 18) cause more than 70% of cervical
cancers.40,41 Therefore, we demonstrate the multiplexity of
CLARISSA by simultaneously detecting high-risk HPV
subtypes 16 and 18 in clinical cervical samples. To do so,
gDz-HPV16−1 with ROX-labeled reporter probes and gDz-
HPV18−1 with Cy3-labeled reporter probes were mixed as
multiplexed sensing components. gDz-globin-3 with FAM-
labeled reporters was also included to detect the human β-
globin gene as a control of sampling and assay quality, which is
a common practice in commercial PCR kits for HPV testing.
All three gDzs and reporter probes were found to be highly
specific and orthogonal in the multiplex assay format with no
signal leakage (Supporting Figure 30). We also designed and
optimized primers and helper DNA strands for the 3-plex RPA,
so that all three genetic markers were effectively amplified and
assembled simultaneously (Supporting Figures 31 and 32).
The 3-plex CLARISSA was also confirmed to be highly specific
to each of the target genes (Supporting Figure 33). Because

Figure 4. CLARISSA for the detection of HPV16 DNA. (a) Schematic illustration of the workflow of CLARISSA. (b) Kinetic curves were used for
analyzing varying concentrations of HPV16 DNA using CLARISSA. (c, d) End point fluorescence at 100 min was plotted against varying
concentrations of HPV16 (c) and HPV18 (d) DNA using both CLARISSA and gDz only. Each error bar represents one standard deviation from
triplicate analyses. Unpaired t-test was used for all statistical analyses. (e) Design of reporter probes and lateral flow strips was done for the visual
readout of CLARISSA. (f) Visual detection of HPV16 DNA with concentrations from 1 aM to 10 fM using CLARISSA coupled with LFA readout.
NC stands for the negative control that contained only a FAM-biotin dual-labeled reporter probe.
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the primer concentrations were lower in the 3-plex RPA than
those for singlet RPA to minimize cross-reactions, reduced
amounts of RPA amplicons led to a slight decrease in the
overall CLARISSA sensitivity. We then validated the 3-plex
CLARISSA by analyzing 46 clinical cervical samples collected
from patients undergone cervical cancer screening (Supporting
Table 5). Kinetic curves in Figure 5b show that the human β-
globin gene was detected in all 46 samples, suggesting that
gDNA was successfully extracted and analyzed by CLARISSA
in all cervical samples. Further kinetic analyses show that
fluorescence signals at 60 min displayed optimal assay
sensitivity for both HPV16 and HPV18 (Supporting Figure
34). Nevertheless, even fluorescence signals at 20 min were
sufficient for detecting HPV16 and HPV18 DNA at 1 aM
(Supporting Figure 35). Of the 46 clinical samples, the 3-plex
CLARISSA identified 26 HPV16 positives (Figure 6c) and 5
HPV18 positives (Figure 6d) with significant differences found
between the positive and negative cohorts (Figure 6e,f).
Optimal cutoff values for both HPV16 and HPV18 within the
46 clinical cervical samples were then determined by using
ROC curve analysis (Figure 6g). The test results of the 3-plex
CLARISSA were then compared with the clinical test results
using a confusion matrix (Figure 6h,i). The sensitivity and
specificity of CLARISSA were determined to be 96.3% and
100% for HPV16 and 83.3 and 100% for HPV18, respectively.
Altogether, within 189 samples tested using singlet or 3-plex
CLARISSA tests, we only found two instances where
CLARISSA were not in agreement with standard PCR-reverse

dot blot HPV genotyping test. No false positives were found
throughout our study.

■ CONCLUSIONS
To summarize, we have successfully introduced a novel design
principle that enables DNAzymes for NAT. Our gDz design is
achieved by directly screening arm sequences against genetic
markers of interest. Therefore, the overall construct of gDz is a
single-stranded DNA rather than a multicomponent design.
The simple and straightforward design principle enables
sequence-specific and orthogonal gDzs amenable for multiplex
NAT. To further engineer gDz as NAT in clinical settings, we
integrate gDz with RPA through a DNA assembly strategy,
allowing the development of CLARISSA for highly sensitive
and multiplexed NAT. The potential of CLARISSA for clinical
uses was demonstrated by detecting gDNA of HPV16 and
HPV18 in a total of 189 cervical samples collected from
patients undergone HPV screening. Beyond high clinical
consistency with standard HPV DNA-based screen tests,
CLARISSA, like CRISPR-Dx, is an isothermal NAT technol-
ogy with minimal equipment need. We further demonstrated
that CLARISSA is fully adaptable with a visual LFA readout for
tests in clinical settings. Therefore, CLARISSA is an ideal
POCT capable of shifting HPV tests or other types of NATs
from central diagnostic laboratories to resource-limited
conditions. One current limitation of CLARISSA is the need
for the heating and snap cooling protocol, which added the
complexity of the test. In future studies, we aim to develop
microfluidic chips and portable heating devices that are fully

Figure 5. Clinical validation of CLARISSA. (a) The workflow for detecting HPV infection in clinical cervical samples was performed using
CLARISSA. (b) Kinetic curves of CLARISS for analyzing HPV16 in 189 cervical samples collected from participating in cervical cancer screening.
(c) CLARISSA test results of two clinical cohorts were obtained, including 38 positive samples and 151 negative samples. Unpaired two-tailed t-
tests were used to evaluate statistical differences between the positive and negative cohorts. (d) ROC curve of CLARISSA for detecting HPV16
DNA in 189 human cervical samples (positive: n = 38, negative: n = 151). Optimal cutoff fluorescence values were selected through ROC analysis:
775 nuclei at 60 min for HPV16 (specificity = 100%; sensitivity = 97.4%). (e) Evaluation of the clinical sensitivity and specificity of CLARISSA by
comparison to clinical screen tests using a confusion matrix (n = 151 for negative samples and n = 38 for positive samples). (f) Schematic
illustration of the CLARISSA-based clinical tests using an LFA visual readout. g. Visual detection of 15 HPV16 positive clinical samples and 15
HPV16 negative samples using CLARISSA was coupled with LFA readout.
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compatible with CLARISSA. We will also integrate CLARISSA
with sample preparation units, such as HUDSON,42 and
smartphone-based signal readout unit to enable a sample-in
answer-out NAT platform for clinical testing in the field and in
POC settings.43

■ ASSOCIATED CONTENT

*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00232.

Details of materials and experimental procedures;
optimization of cleavage conditions for Dzs and gDzs,
characterization of the orthogonality of Dzs and gDzs,
Michaelis−Menten analyses of Dzs and gDzs, thermody-
namics analyses of gDzs, PAGE analyses of RPA primer
screening, clinical validation of CLARISSA with LFA
visual readout, characterization of multiplexed CLAR-
ISSA (Figures S1−S35), and summarizing DNA
sequences and modifications, and clinicopathological
characteristics for CLARISSA (Tables S1−S5) (PDF)
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