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ABSTRACT: CRISPR-based biosensors have attracted increasing
attention in accurate and sensitive nucleic acid detection. In this
work, we report a CRISPR/Casl2a-triggered chemiluminescence
enhancement biosensor for the ultrasensitive detection of nucleic
acids by introducing tyramide signal amplification for the first time
(termed CRICED). The hybrid chain DNA (crDNA) formed by NH,-
capture DNA (capDNA) and biotin-recognition DNA (recDNA) was
preferentially attached to the magnetic beads (MBs), and the
streptavidin—HRP was subsequently introduced to obtain MB@HRP-
crDNA. In the presence of the DNA target, the activated CRISPR/
Casl2a is capable of randomly cutting initiator DNA (intDNA) into
vast short products, and thus the fractured intDNA could not trigger
the toehold-mediated DNA-strand displacement reaction (TSDR)
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event with MB@HRP-crDNA. After the addition of tyramine—AP and H,0,, abundant HRP—tyramine—AP emerges through the
covalent attachment of HRP—tyramine, exhibiting enhanced chemiluminescence (CL) signals or visual image readouts. By virtue of
this biosensor, we achieved high sensitivity of synthetic DNA target and amplified DNA plasmid using recombinase polymerase
amplification (RPA) as low as 17 pM and single-copy detection, respectively. Our proposed CRICED was further evaluated to test
20 HPV clinical samples, showing a superior sensitivity of 87.50% and specificity of 100.00%. Consequently, the CRICED platform
could be an attractive means for ultrasensitive and imaging detection of nucleic acids and holds a promising strategy for the practical

application of CRISPR-based diagnostics.

H igh sensitivity and specificity detection of nucleic acids is
of great significance in clinical diagnosis, food safety, and
environmental monitoring.' > The recent advent of clustered
regularly interspaced short palindromic repeat (CRISPR/Cas)-
associated systems has resulted in not only remarkable
awareness of gene-editing but also a revolution in molecular
diagnostics tools.”> Proven to possess tunable nuclease
activities, a variety of innovative and powerful CRISPR/Cas-
based biosensors have been proposed such as DETECTR
(Cas12a),’ SHERLOCK (Casl3a),” CDetection (Cas12b),’
and Cas14-DETECTR.” CRISPR/Casl2a, in particular, is
widely and simply applied to detection assay because it is
capable of directly recognizing DNA targets by Casl2/
CRISPR RNA (crRNA)," while the Casl3 system requires
an additional transcription process for RNA recognition.' "'
The first reported application of CRISPR/Casl2a was to
employ fluorophore quencher (FQ)-labeled single-stranded
DNA (ssDNA-FQ) as an output signal.”'*'* The activated
Casl2a cleaved unrelated ssDNA-FQ_ without discrimination
upon target recognition, leading to releasing a fluorescent
signal, which can be measured by a portable method. Although
optical transduction-based CRISPR/Casl2a biosensors have
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been useful in point-of-care, virus infection, SNP screening,
and other fields,">~"” further improvement is still necessary for
broader readout modes and more practical applications.

In this regard, different types of promising CRISPR/Cas12a-
based molecular diagnostic platforms have been designed
according to ssDNA-labeled signal molecules or high-perform-
ance analytical instruments.'® For example, Au nanoparticles
coupled with ssDNA were introduced into the CRISPR/
Casl2a-mediated colorimetric biosensors that were equipped
with simple and visual readouts during the detection of nucleic
acids,"”~** while the detection sensitivity needs to be
sufficiently considered. Although the CRISPR/Casl2a-based
electrochemistry and electrochemiluminescence biosensors
achieved high sensitivity and specificity,”~> they likewise
suffer some defects, such as expensive electrode and
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Scheme 1. Schematic Illustration of the CRICED Platform for the Detection of Nucleic Acids
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sophisticated pretreatment process, which are limited to point Actually, the readout of the CL signal is still subjected to
of care, cost-effective, and convenient detection. Hence, there limited quantum fields, and thus signal amplification is of
is a high demand for extending the CRISPR/Cas12a system to particular interest. Tyramide signal amplification (TSA) is a
the field of other biosensors. robust enzyme-mediated amplification method to enhance the
Chemiluminescence (CL) has been exploited for a wide sensitivity in fixed-cell assays, such as immunocytochemistry
range of applications in various fields owing to its extremely and in situ hybridization.”™*” In the presence of HRP and
high sensitivity along with other advantages, such as simple hydrogen peroxide (H,0,), tyramine allows being converted
instrumentation, rapid response, and low background.”*™*" As into a short-lived intermediate that rapidly and covalently
is known to all, the typical CL signal of antibody coupled with binds to electron-rich regions of adjacent proteins. With the
horseradish peroxidase (HRP) and alkaline phosphatase (AP) aid of convenient TSA, various immunosensors have exhibited
systems have been successfully applied to commercialized significant sensitivity enhancement in terms of protein
immunoassay diagnosis kits.”"*” It is noteworthy that the CL- detection.”~** Recently, both the Liu group and the Yang
based biosensors of DNA-strand-labeled catalytic enzymes group designed chemiluminescence imaging immunosensors
have been employed in small molecular and nucleic acid based on the TSA strategy for the ultrasensitive detection of
detection and bioimaging aspects as well.>*** For example, the tumor biomarkers.*>** An ultrasensitive electrochemical
Yao group established a label-free, versatile, and low-back- immunosensor based on AuNPs-TSA for detecting procalci-
ground chemiluminescence aptasensing strategy for kanamy- tonin was well-constructed.”” To our knowledge, there are
cin.”® The Zhao group described an aptamer structure switch almost no reports focusing on the nucleic acid detection field
assay coupled with HRP labeling on microplates for the with TSA. More to the point, the CRISPR/Casl2a-based

sensitive detection of small molecules.’® Moreover, a multi- biosensor by introducing TSA was not attempted.

plexed CL imaging assay by integrating DNA microarray was Taking the abovementioned concepts into consideration, we
created to screen protein biomarkers.>” Those abovemen- established a CRISPR/Casl2a-based chemiluminescence
tioned DNA-strand-involved CL platforms may provide us a enhancement biosensor for ultrasensitive detection of nucleic
clue in terms of constructing a CRISPR/Casl2-based CL acids (CRICED) by employing tyramide signal amplification
biosensor for the specific nucleic acid detection, where the for the first time. In brief, the hybrid chain DNA (crDNA)
activated Casl2a can indirectly or directly digest single-strand formed by NH,-capture DNA (capDNA) and biotin-
DNA-labeled native enzymes such as HRP and AP. recognition DNA (recDNA) was preferentially attached to
8507 https://doi.org/10.1021/acs.analchem.2c01507
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the carboxyl-coated magnetic beads (MBs), and then the
streptavidin—HRP was bound to the surface of MB-crDNA
(Scheme 1A). In the absence of a target (Scheme 1B), the
Casl2a was not activated and the intact initiator DNA
(intDNA) triggered the removal of recDNA from the assembly
of MB@HRP-crDNA via a toehold-mediated DNA-strand
displacement reaction (TSDR), and thus no CL signal
appeared. In the presence of the target, the activated Casl2a
indiscriminately cut intDNA into vast short products, thereby
the HRP-labeled recDNA could not be removed by TSDR
event from the as-prepared MB@HRP-crDNA. Upon the
addition of tyramine—alkaline phosphatase (tyramine—AP)
and H,0,, abundant HRP—tyramine—AP emerges through the
covalent attachment of HRP—tyramine, which markedly
exhibited an enhancement signal or imaging readout with a
CCD camera. Our proposed CRICED platform achieved the
detection sensitivity for 17 pM of synthetic DNA (stDNA)
target and single copy per reaction of plasmid with the help of
isothermal amplification (RPA). More importantly, the
applicability of the CRICED platform was validated by testing
20 HPV clinical samples, which exhibited excellent specificity
of 100% and sensitivity of 87.50% by comparison to the
commercial PCR-RDB diagnosis kit, indicating huge applica-
tion potential in the clinical diagnosis.

B EXPERIMENTAL SECTION

Materials and Apparatus. All of the nucleic acid
sequences and plasmids (Table S1) used in this study were
synthesized by General Biol (Anhui) Co. Ltd (Chuzhou,
China). The TwistAmp Basic kit for RPA was purchased from
TwistDx Limited (U.K.). Streptavidin—HRP, streptavidin—AP,
carboxyl-coated magnetic beads (MB) (20 mg/mL), and a
magnetic rack were purchased from Beyotime Biotechnology
(Shanghai, China). 3-[2-Spiroadamatane]-4-methoxy-4-[3-
phosphoryloxy]-phenyl-1,2-dioxetane dioxetane (AMPPD)
was purchased from Ji Na Bang Sheng Lifetechnology Co.,
Ltd. (Beijing, China). 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) and N-hydroxysuccinimide (NHS) were
obtained from Sigma-Aldrich. Biotin and bovine serum
albumin (BSA) were supplied by Sangon Biotech (Shanghai,
China). LbCasl2a was purchased from Tolo Biotech
(Shanghai, China). Biotin tyramine was purchased from
APEXBIO Technology LLC (Houston). Ultrapure water
(Milli-Q_ synthesis, Millipore Inc., Bedford, MA) was used
throughout. All of the buffer solutions were filtered and
degassed before use.

The ultraviolet—visible (UV—vis) spectrum of MB@HRP-
crDNA was recorded with a Hitachi UHS5300 spectropho-
tometer (Tokyo, Japan). Chemiluminescence imaging was
carried out with a bioanalytical imaging system (Syngene G:
BOX F3 gel doc, UK.). Chemiluminescence signal was
measured with a BioTek Synergy HI.

Preparation of MB@HRP-crDNA. First, 4 uL of carboxyl-
modified MB (MB-COOH) was washed with buffer (0.05 M
MES, pH = 6.0) twice. Two microliters of EDC (50 mg/mL)
and 2 pL of NHS (50 mg/mL) were incubated with MB-
COOH for 0.5 h. The activated MB was washed with PBS
buffer (0.02 M, pH = 7.4) three times. Meanwhile, 10 uL of
NH,-capture DNA (50 M) and 10 uL of biotin-recognition
DNA (50 uM) within 30 uL of annealing buffer were annealed
by heating at 95 °C for 5 min, gradually cooling down to 25 °C
at 0.1 °C/s to form crDNA. Then, 400 nM crDNA was
incubated with the activated MB at room temperature for 1 h.
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BSA (100 uL, 1%) was next employed to block the remaining
carboxyl of MB. Subsequently, 100 uL of streptavidin—HRP (1
ug/mL) was introduced into the MB-ctDNA to obtain the
MB@HRP-crDNA, washed twice, and stored in PBS buffer at
4 °C for further use.

Preparation of Tyramine—AP Conjugates. Ten micro-
liters of biotin tyramine (10 mM) was incubated with 2 uL of
streptavidin—AP (1 mg/mL) in 100 uL buffer (0.02 M Tris-
HC, pH = 8.0) for 0.5 h, and then 4 uL of biotin (50 mM)
was introduced to block the remaining streptavidin sites.
Subsequently, the resultant mixture was centrifuged (14 000g)
for 10 min at 4 °C to remove the excess biotin tyramine and
biotin twice. Finally, the tyramine—AP conjugates were
suspended using SO uL of Tris-HCI (0.02 M, pH = 8.0) and
stored at 4 °C for use.

RPA Assay. An RPA kit was employed to amplify plasmids
or clinical samples. According to the operating instructions, 2.4
uL of forward and reverse primers (10 4M) were added to the
RPA TwistAmp Basic kit. Then, 13.2 uL of target solution was
mixed. Finally, 2.5 uL of MgOAc (280 mM) was added. After
incubation for 30 min at 37 °C, the obtained amplified
products were stored at 4 °C before use.

Measurement of CRICED. First, the amplified products or
the stDNA target was introduced into the tube containing
LbCas12a-crRNA and intDNA for 30 min at 37 °C. Then, we
used 5 uL of 0.2% SDS to destroy the activity of LbCas12a for
10 min. The above solution was transferred into the hole
within MB@HRP-crDNA for 60 min at room temperature.
After that, the coating solution was removed and washed five
times using PBS buffer. Ten microliters of tyramine—AP and 2
uL of H,0, (10 mM) were added to the plate for 10 min.
Subsequently, the plate was rinsed thoroughly with washing
buffer at least five times. Finally, 100 yuL of AMPPD was
introduced and incubated for 100 s. After that, the CL signal
was measured with a Synergy HI1 instrument and simulta-
neously could be observed by the naked eyes using a CCD
camera.

Clinical Sample Analysis. Twenty clinical samples of
HPV were kindly provided by International Peace Maternity &
Child Health Hospital (Shanghai) and further confirmed with
the Human Papillomavirus Genotyping Kit for 23 Types
(PCR-RDB, Reverse Dot Blot) according to operating
instructions. We then used the CRICED platform to test 20
clinical samples using RPA Kkits.

B RESULTS AND DISCUSSION

Characterization of TSDR and MB@HRP-crDNA and
Collateral Cleavage of intDNA. TSDR has been broadly
used in the ultrasensitive detection of nucleic acids since it can
be carried out at room temperature and is controllable with
predictable thermodynamics and kinetics through the precise
design of the sequences. To achieve highly efficient TSDR in
this work, we designed three kinds of single-strand DNA
(sequences listed in Table S1) according to previously
reported principles.® Prior to TSDR, the synthetic NH,-
capDNA was partially complementary to biotin-recDNA,
forming a crDNA. Expectantly, the remaining 10 bases of 5'-
recDNA bound to the terminus of the intDNA under the
condition of coincubation, enabling the TSDR occurrence
between intDNA and crDNA, thus leading to the formation of
ciDNA (recDNA and intDNA) and capDNA production. The
designed sequences of TSDR were characterized and
confirmed by native polyacrylamide gel electrophoresis
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(PAGE). As illustrated in Figure 1A, lanes 1—4 showed the
band of intDNA, capDNA, recDNA, and as-prepared crDNA,
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Figure 1. (A) Native PAGE analysis of the TSDR event. (B) UV—vis
absorption spectrum of MB@HRP-crDNA. (C) CL responses of the
MB@HRP-crDNA with TSA. (D) Denaturing PAGE characterization
of collateral cleavage of intDNA (100 nM) by activated Cas12a.

respectively. Lane 6 presented the TSDR event between
intDNA and as-obtained crDNA. As seen in lane 6, we found
that the band of intDNA was nearly absent, whereas a distinct
lower band was observed, which was consistent with the
position of capDNA; meanwhile, the top band of lane 6
exhibited the same position as lane S containing an as-prepared
ciDNA. Those results explicitly revealed that the capDNA was
replaced from the crDNA by intDNA and formed a ciDNA
structure at the same time, obviously suggesting that the high
performance of the TSDR event was triggered by intDNA and
the reasonable design of DNA sequences.

The crDNA was initially coated with MB-COOH by
covalent bonding of carboxyl and amino groups in this study,
where the employed MB could provide a more convenient and
visual operation process by use of its magnetic properties.
Subsequently, the streptavidin—HRP was effortlessly bound to
the terminus of crDNA via a biotin—streptavidin manner.
Figure 1B showed the typical UV—vis spectroscopy character-
ization of well-prepared MB@HRP-crDNA. As expected, the
MB-crDNA presented an absorbance at 260 nm of DNA,
whereas the MB@HRP-crDNA exhibited double absorbance at
around 400 nm of HRP and 260 nm, which is in accordance
with previous reports.”” The results illustrated the successful
introduction of HRP onto the MB-crDNA.

Subsequently, the performance of the TSA strategy was
investigated through HRP—tyramine with the assistance of
H,0,. As seen in Figure 1C, by comparing with MB@HRP-
crDNA and TSA alone, the MB@HRP-crDNA with the TSA
group showed an intense CL signal because of the formation of
abundant HRP—tyramine—AP through the covalent attach-
ment of HRP—tyramine with the help of H,O,, confirming
that the tyramine—AP was precisely bound to MB@HRP-
crDNA and efliciently catalyzed its AMPPD substrate. After
the TSDR event, in addition, we discovered that the CL
intensity with TSA hardly emerged as well (Figure 1C). To
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further explain whether the TSA is the key to enhance the CL
signal, we simultaneously obtained MB@HRP-crDNA and
MB@AP-crRNA. As shown in Figure S1, we figured out that
the MB@HRP-crDNA with the TSA group increased
approximately fourfold than the as-prepared MB@AP-crDNA
under the same condition. Those results demonstrated the
good feasibility and outstanding CL signal readout with the
introduction of TSA.

It was reported that CRISPR/Casl2a-crRNA possessed
robust collateral cleavage of ssDNA reporters containing
different types of bases.” It is crucial to investigate whether
the designed intDNA could be sheared by the activated
Casl2a. We here employed human papillomavirus 16
(HPV16) as a model target for proof-of-concept. We
reasonably synthesized the crRNA sequence on the basis of
the L1 gene of HPV16 as well as the sense strand and antisense
strand sequence for preparing the stDNA target (sequences are
listed in Table S1). The PAGE analysis experiments were
performed to verify the performance of the activated Casl2a
for cleaving intDNA. As shown in Figure 1D, we observed that
the intDNA was only digested in lane 3, which contains
Casl2a, crRNA, and stDNA simultaneously. This result was
indicative of the Casl2a efficiently cutting intDNA into vast
short products.

Development of the CRICED Platform. To further verify
the feasibility of the whole procedure by integrating the
aforementioned performance, the prepared stDNA target was
added to the mixture of Casl2a, crRNA, and intDNA. Once
the recognition process occurred, collateral cleavage activity of
Casl2a was activated, and the intDNA could be cleaved with
indiscrimination. We then transferred the mixtures into the
plate containing the as-prepared MB@HRP-crDNA. As shown
in Figure 2A, it was surprising to find that the CL value was
only observed in the presence of the stDNA target. Instead,
both the control group and blank target yielded negligible CL
signals. Meanwhile, the results of the proposed CRICED
platform could be directly interpreted by the naked eyes
through a CCD camera (Figure 2A, inset). In brief, our
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Figure 2. (A) CL responses of the feasibility of the developed
CRICED platform for 1 nM stDNA target (inset: visual images by
CCD camera). (B) Effects of the incubation time of TSDR in the
presence of stDNA target (1 nM). (C) Denaturing PAGE analysis of
the activated Cas12a for cutting intDNA (200 nM). (D) CL value of
the catalytic substrate as a function of time in the presence of stDNA
target (0.1, 0.25, 0.5, 1 nM).

https://doi.org/10.1021/acs.analchem.2c01507
Anal. Chem. 2022, 94, 8506—8513


https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c01507/suppl_file/ac2c01507_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c01507/suppl_file/ac2c01507_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c01507?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c01507?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c01507?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c01507?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c01507?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c01507?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c01507?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c01507?fig=fig2&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.2c01507?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

A B C
10000 8000 6000

-~ - T

S s - N ifi
S 8000+ - & 6000 g Mismatch position Otgfpeetm ic

> T T g 4 T
2 6000+ % ' §4000

H C 4000+ 2

€ 4000 2 , g

3 = £ 2000

2000 CL=216"10° Cyge* 5015 | O 20007 o
ok ; ; ;
0.0 0.5 ) 1.0 15 10°10" 102 10310* 105 108107 108 Blank
Concentration (nM) HPV 16 plasmid (Copies)

D 5000 E 6000
—~ T T —

5 4000+ S . M 5

© ©
b 40004
2 3000+ 2

(2] (7]

C f=
£ 2000+ 2
£ £ 20004 :
3 _ Akit of CRICED
O 10004 o Tube1: MB@HRP-crDNA

_ - Tube2: CasT2a/crRNA + intDNA
Tube3: 0.2% SDS
Tube4: Tyramine-AP + H,0,

Blank HPV16 HPV18 Mixture

1day 2day 4day 6day 8day 10 day 12 day 14 day

Tube5: AMPPD

Figure 3. (A) Correlation curve for the relationship of the CL value vs the stDNA target concentration (0, 0.05, 0.10, 0.25, 0.50, 1.00, 1.50 nM)
(inset: visual image changes of increasing concentration of stDNA target). (B) Evaluation of the detection sensitivity of the CRICED platform by
combining RPA (inset: the amplified band from 10° to 10® copies). (C) Evaluation of the specificity of the CRICED platform using two base-
mismatched targets and nonspecific targets by comparison to specific stDNA (1 nM). (D) Evaluation of the specificity of the CRICED platform
using HPV18 plasmid (10° copies). (E) Stability evaluation of the CRICED platform. (F) Main laboratory equipment needed for the CRICED
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proposed strategy showed great potential for the detection of
nucleic acids.

To achieve higher sensitivity, several experimental con-
ditions like the concentrations of intDNA and Casl2a,
incubation time of TSDR, and catalytic reaction time were
optimized before its application in nucleic acid detection. The
value of ACL was used to evaluate and appraise the
performance of the proposed CRICED platform, where ACL
represented the difference in the chemiluminescence intensity
of the incubation solution in the presence and absence of the
stDNA target. As the crDNA amounts coated on MB have a
significant effect on the detection performance, the results in
Figure S2A indicated that the CL value reached the maximum
at 400 nM, indicating that 400 nM crDNA could completely
cover the surface of MB. The influence of streptavidin—HRP
concentration on the CL intensity was also investigated, and
the highest CL value was captured at 1 ug/mL (Figure S2B).
The concentration of intDNA plays a vital role during the
TSDR event; it was found that the CL value gradually
decreased accompanied by an increasing concentration of
intDNA and showed a minimal value at 200 nM (Figure S2C).
Meanwhile, the optimal incubation time of TSDR was
determined to be 60 min (Figure 2B) under room temper-
ature. According to the optimal concentration of intDNA4, it is
of great importance to explore the well-matched collateral
activity of Casl2a. As seen in Figure 2C, 200 nM intDNA
could be gradually cut into short bands along with the
increasing concentration of Casl2a, and 200 nM Cas12a was
the optimal concentration in the work. In addition, before
being added to MB@HRP-crDNA, we had to destroy the
activity of Casl2a in case of interference with the subsequent
experiments. In general, the solution of SDS could irreversibly
destroy the activity of proteins and was frequently applied to
DNA hybridization solutions.** We found that the Cas12a was
absolutely inactive after the addition of 0.2% SDS (Figure
S2D). Furthermore, we moved to the response time of the
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catalytic substrate. As shown in Figure 2D, with different
concentrations of intDNA in the range of 0.1 nM—1 nM, the
maximum CL value appeared after 100 s, which was selected to
be the best time point.

Analytical Performance of the CRICED Platform.
Having ascertained the aforementioned experimental con-
ditions, the analytical performance of our proposed CRICED
was studied by a series of different concentrations of stDNA
target. As shown in Figure 3A, the CL values increased
accordingly with the increase of target concentrations, which
was also consistent with imaging changes (Figure 34, inset).
Then, the correlation of the relative variation ratio with stDNA
target concentration was studied. A good linearity could be
obtained ranging from 0.05 to 1.5 nM (Figure 3A). The
calculated detection limit was as low as 17 pM based on 30/S,
which was better than most of the previously reported methods
(Table S2). We further attempted to explore the CRICED
platform for the detection of HPV16 plasmid by combining an
RPA kit, and the concentration of plasmid samples ranging
from 10°—10° copies were rapidly amplified for 30 min (Figure
3B, inset). The CRICED platform could detect as low as one
copy per reaction of the HPV16 plasmid (Figure 3B).

We next challenged the CRICED platform by virtue of
synthetic mismatched DNA targets (HPV16) and nonspecific
targets (sequences are listed in Table S2). As shown in Figure
3C, the CL values of two base-pair mismatched targets located
near the PAM area (from position 1 to position 6) critically
affected the collateral cleavage activity of Cas12a, and positions
9—10 exhibited a weak inhibition effect; meanwhile, the
nonspecific targets (stDNAI and stDNA2) showed nearly no
CL signals, which were consistent with a previous study of
Casl2a.° Additionally, we evaluated the CRICED platform
toward other HPV genotypes (HPV18) as an interfering
substance. As shown in Figure 3D, the amplified HPV18
plasmid and blank group induced negligible changes in the CL
signal, whereas the mixture was similar to that of the HPV16
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Workflow of CRICED platform detection of sample
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Figure 4. (A) Schematic diagram showing the workflow of the CECRID platform for the detection of clinical samples. (B) Schematic diagram of
the full length of the L1 gene of the HPV16 genome and target gene sites for crRNA set and RPA primers sites. (C) Heatmap analysis of the
CRICED platform vs PCR-RDB schematic results except for sample number 19 (HPV16), as shown by the black arrow. (D) Positive and negative
predictive values, sensitivity, and specificity of CRICED for HPV16 clinical samples.

plasmid alone. Together, the CRICED platform demonstrated
an excellent specificity for nucleic acid analysis.

To improve the simplicity and convenience of the CRICED
platform, we divided the involved reagents into five tubes
according to different experimental performances (Figure 3F,
inset). We evaluated the stability of the proposed assay for
consecutive 14 days. We mainly focused on the stability of as-
obtained MB@HRP-crDNA; the CL value was measured daily
using packaged reagents under the same stDNA target (1 nM)
condition. Those results suggested that there was no obvious
change in the CL response after 14 days of placement (Figure
3E). The proposed CRICED platform exhibited acceptable
stability and laid the foundation for the development of
CRISPR/Cas12a-based molecular diagnostic kits.

Clinical Application. With aforesaid optimized conditions,
the whole process of the CRICED platform for the detection
of clinical samples is summarized in Figure 4A; the extracted
nucleic acids were quickly amplified with an RPA kit, and the
RPA products were injected into the solution of Casl2a/
crRNA and intDNA. The remarkable signal via the TSA
strategy could be judged by measuring the CL value or visual
readout. The high-risk HPV16 is the most prevalent genotype
in HPV-associated cancers, including cervical cancer.”*? To
validate the clinical performance of the CRICED platform, we
designed the crRNA and RPA primer sites from the specific L1
gene of HPV16 (Figure 4B, sequences are listed in Table S2).
We extracted crude DNA in cervical swabs collected from 20
HPV-infected patients in a clinical laboratory. We preferen-
tially tested HPV samples with a commercial HPV genotyping
kit for 23 types (PCR-RDB, reverse dot blot) and obtained 12
negative samples and eight positive samples of HPV16
(Figures S3 and S4). Those confirmed clinical samples were
subsequently detected by the proposed CRICED platform
(Figure SS), achieving highly consistent results in agreement
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with the results for 20 samples except for one sample (Figure
4C), with satisfying 100.00% positive predictive agreement and
92.31% negative predictive agreement (Figure 4D). Note-
worthily, the CRICED platform also exhibited superior
sensitivity (87.50%) and specificity (100.00%) with HPV
clinical samples (Figure 4D). Taken together, these results
highlight the application of the CECRID platform for nucleic
acid diagnosis in real clinical samples.

B CONCLUSIONS

In this work, we proposed a CRISPR/Casl2a-triggered
chemiluminescence enhancement biosensor by recruiting a
tyramide signal amplification strategy for the first time,
achieving the ultrasensitive detection of nucleic acids in
detectable signals or visual image readouts. The CRICED
platform not only provides a high detection sensitivity of 17
pM and single copy per reaction for respective stDNA target
and plasmid but also exhibits excellent specificity and stronger
stability. More significantly, the proposed CRICED platform
was evaluated to test 20 clinical HPV samples by comparison
with the PCR-RDB gold standard method, showing superior
sensitivity and specificity with patient samples. More to the
point, we believe that the CRICED platform could be easily
programmable for the detection of other pathogens, miRNA,
and SNPs by designing specific crRNA(s). In particular, the
ongoing COVID-19 pandemic has evolved into a worldwide
public health crisis with significant mortality and morbidity.>'
We anticipate that our proposed CRICED platform could
become a promising alternative method in terms of SARS-
CoV-2 or other pathogen detection and build preparedness for
potential infectious disease outbreaks. Overall, we envisage that
our remarkably ultrasensitive and specific CRICED platform
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paves the way for developing a robust test kit for practical
application of CRISPR-based detection technology.
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