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Abstract: Desirable biosensing assays need to be sensitive,
specific, cost-effective, instrument-free, and versatile. Herein
we report a new strategy termed CLIPON (CRISPR and
Large DNA assembly Induced Pregnancy strips for signal-
ON detection) that can deliver these traits. CLIPON integra-
tes a commercial pregnancy test strip (PTS) with four
biological elements: the human chorionic gonadotropin
(hCG), CRISPR-Cas12a, crRNA and cauliflower-like large-
sized DNA assemblies (CLD). CLIPON uses the Cas12a/
crRNA complex both to recognize a target of interest and to
release CLD-bound hCG so that target presence can translate
into a colorimetric signal on the PTS. We demonstrate the
versatility of CLIPON through sensitive and specific detec-
tion of HPV genomic DNA, SARS-CoV-2 genomic RNA
and adenosine. We also engineer a cell phone app and a
hand-held microchip to achieve signal quantification. CLI-
PON represents an attractive option for biosensing and point-
of-care diagnostics.

Introduction

Simple and portable point-of-care testing (POCT) that can
be carried out at resource-limited locations, or point of need
in general, is of vital importance in disease control, food
safety and environmental monitoring. However, there is
very limited availability of simple and portable POCT
devices that are highly effective to meet the need by both
skilled professionals and the general public. This is evident
during the on-going COVID-19 pandemic, as the most
reliable detection of SARS-CoV-2 viruses is still done with
RT-PCR, which requires sophisticated instrumentation and
thus restricted to clinical diagnostic laboratories staffed with
skilled technicians. Very few portable POCT options suit-
able for unsupervised self-testing are available, even though
there are huge demands for such tests. There isn’t a lack of
excellent ideas that have great potential for creating novel
and effective POCT devices; however, it takes considerable

time to translate these ideas into commercially viable
devices, and therefore, these elegant ideas may not make an
immediate impact at the time of need. One strategy that can
significantly shorten the idea-to-market time is repurposing
existing POCT devices for the detection of the targets that
these devices are not originally designed for,[1–3] simply
because such a strategy avoids the most time-consuming
processes required for device design, optimization and
fabrication. The first example of this concept was the use of
personal glucose meter for the detection of nucleic acids,[3–6]

which uses chemical reactions to link the presence of a
nucleic acid target to the generation of glucose. An even
simpler example is the reuse of pregnancy test strip (PTS, a
lateral flow test strip) for a different purpose: PTS is
designed to detect the human chorionic gonadotropin
(hCG), a hormone associated with pregnancy; however, we
and others have repurposed PTS for the detection of other
types of targets, such as DNA and RNA. This is done
through translating the presence of the target of interest to
the generation of hCG, so that the detection of this target
can be simply done with PTS devices that are commercially
available at very low price.[7–10]

However, there are still significant challenges in adopt-
ing existing POCT devices for the detection of different
targets, which often make the repurposed applications less
practical or user-friendly. For example, repurposing PTS for
the detection of DNA commonly requires covalent coupling
of hCG to a single-stranded (ss) DNA (ssDNA) molecule,
forming a ss nucleic acid (ssDNA)-hCG conjugation probe
(NHP) as the intermediate probe to transduce target-probe
binding to a PTS signal. In the published strategies,[7–10] the
NHP has to be hybridized to a partially complementary
DNA strand pre-immobilized on large-sized substrates (e.g.,
magnetic microbeads or water-soluble nucleic acid micro-
flowers) to make it unavailable for strip migration and signal
generation. The detection of the target DNA of interest is
achieved via a sequence-specific strand-displacement reac-
tion that releases the NHP from the substrate so that the
hCG-containing NHP can now migrate on PTS to produce a
colorimetric readout. Even with considerable advancement,
such a transduction strategy has shown multiple practical
problems. First, it needs complicated substrate preparation
or heterogeneous washing and separating steps which may
affect the signal stability and operational flexibility. Second,
since the read-out signal highly depends on the 1 :1 strand-
displacement between the DNA target and the NHP, one
target molecule can only free one NHP, which often results
in poor detection sensitivity. Third, even though the system

[*] Dr. Y. Tang, L. Qi, Y. Liu, L. Guo, R. Zhao, Dr. M. Yang, Prof. Y. Du,
Prof. B. Li
State Key Lab of Electroanalytical Chemistry, Changchun Institute of
Applied Chemistry, Chinese Academy of Sciences,
Changchun, Jilin, 130022 (P. R. China)
E-mail: duyan@ciac.ac.cn

binglingli@ciac.ac.cn

L. Qi, Y. Liu, L. Guo, R. Zhao, Prof. Y. Du, Prof. B. Li
University of Science and Technology of China,
Hefei, Anhui 230026 (P. R. China)

Angewandte
ChemieResearch Articles
www.angewandte.org

How to cite: Angew. Chem. Int. Ed. 2022, 61, e202115907
International Edition: doi.org/10.1002/anie.202115907
German Edition: doi.org/10.1002/ange.202115907

Angew. Chem. Int. Ed. 2022, 61, e202115907 (1 of 9) © 2022 Wiley-VCH GmbH

 15213773, 2022, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202115907 by Shanghai N

orm
al U

niversity, W
iley O

nline L
ibrary on [05/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://orcid.org/0000-0002-7224-0041
https://doi.org/10.1002/anie.202115907
https://doi.org/10.1002/ange.202115907
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202115907&domain=pdf&date_stamp=2022-02-02
Jin Wang



works well for the detection of ss nucleic acid species, it is
not easy to expand the design for detection of double-
stranded (ds) DNA (dsDNA) or non-nucleic acid targets.
Finally, whenever a new DNA sequence needs to be
detected, the strand displacement reaction has to be
redesigned, which includes building a new set of sequences
for strand displacement and re-synthesizing a new NHP for
signal transduction, adding the time, cost and risk for failure.
Such issues are common for POCT repurposing and over-
coming them represents the most important next step in this
research space.

Herein, we provide a comprehensive solution to above
issues through the development of a new concept which we
term CLIPON (CRISPR and Large DNA assembly Induced
Pregnancy strips for signal-ON detection). CLIPON integra-
tes four components: NHP, CRISPR-Cas12a, a CRISPR
RNA (crRNA) and cauliflower-like large-sized DNA assem-
blies (CLD) formed by stem-loop concatamers. It works by
the mechanism illustrated in Figure 1, which uses the
detection of a double-stranded DNA target as an example.
First, the crRNA is designed to be complementary to part of
the DNA target so that the crRNA/CRISPR-Cas12a com-
plex will specifically recognize the target of interest. Second,
binding between the crRNA/CRISPR-Cas12a complex and
the DNA target activates the non-specific DNA cleavage
activity of Cas12a.[11,12] Third, the activated Cas12a then
cleaves the DNA tag of NHP. Finally, CLD is designed to
hybridize with the DNA tag within NHP to prevent NHP
from migrating on PTS to generate a signal; however, with
the removal of the DNA tag by the target-induced cleavage,
the hCG component of NHP can no longer hybridize with
CLD, and therefore, the digested NHP is able to migrate on
PTS. The outcome of the entire process is the generation of
both a test line and a control line on PTS when the DNA
target is present, but only a control line when the DNA
target is absent, achieving the signal-ON detection of the
target. CLIPON offers three features that are unmatched by

published PTS methods. First, previous methods have all
used strand displacement for target recognition and CLI-
PON uses CRISPR-Cas12a mediated DNA recognition to
activate the trans DNA cleavage activity of CRISPR,[11–17]

which offers higher recognition specificity and enzymatic
turnover to amplify the recognition event. Second, previous
methods can only directly detect ss nucleic acid targets,
while CLIPON can detect nucleic acids both in ss and ds
forms. Given biological DNA molecules almost exclusively
exist in ds form, CLIPON can be used for biological DNA
detection without the need of incorporating strategies to
convert dsDNA into ssDNA. Third, the DNA tag in NHP is
completely independent of the target to be detected, a single
NHP can be used for the detection of any target of interest.
Fourth, CLD is directly prepared from loop-mediated
isothermal amplification (LAMP), a simple, cost-effective,
widely used nucleic acid amplification technique (Fig-
ure S1).[18,19] CLD offers multivalency for ssDNA hybrid-
ization, which guarantees high-efficiency NHP blockage in
the absence of the target of interest.

In this work we demonstrate the versatility of CLIPON
by applying it for detection of three specific targets: human
papilloma virus (HPV) DNA, genomic RNA from SARS-
CoV-2 and adenosine (a non-nucleic acid target). By
coupling recombinase polymerase amplification (RPA) as
an upstream amplifier, CLIPON is able to achieve a
detection sensitivity at single-copy range (�aM). A mobile
phone imaging app and a hand-held microfluidic device are
also developed to further enhance the user-friendliness of
CLIPON.

Figure 1. Illustration of CLIPON using the detection of a double-stranded DNA target as the target of interest.
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Results and Discussion

Initial Validation of CLIPON with a Synthetic Double-Stranded
DNA

As shown in Figure 1, the CLIPON transduces the presence
of a nucleic acid target to a colorimetric readout on PTS
through: 1) the hybridization between NHP and CLD that
makes hCG unavailable for migrating on PTS and 2) cleav-
vage of the DNA tag within NHP by Cas12a upon target-
crRNA binding, which releases hCG from NHP for migra-
tion on PTS. As the first step of validating CLIPON, we
used a simple dsDNA target, named dsDNA-T1, represent-
ing a DNA fragment within HPV-16-L1 gene.

A fluorescence assay was designed to assess the trans
DNA cleavage activity of Cas12a-crRNA.[12,20] LbCas12a,
which has been shown to exhibit higher trans DNA cleavage
activity than the AsCas12a or the FnCas12a,[21,22] was chosen
for this work. The crRNA was designed to be complemen-
tary of dsDNA-T1. A 15-nt AT-rich fluorescent DNA probe
named FQDNA1 (5’-FAM-TTATTTTATTTTATT-quench-
er-3’) was used to assess the trans cleavage activity of

LbCas12a, which is known to preferentially cleave AT-rich
sequences.[21] In presence of both dsDNA-T1 and LbCas12a-
crRNA, FQDNA1 is expected to be cleaved and produce an
enhanced fluorescence signal. Indeed, fluorescence was
observed to increase as a function of the concentration of
dsDNA-T1 when FQDNA1 was incubated with LbCas12a-
crRNA and dsDNA-T1 (Figure 2a). For example, at 0.5 nM
dsDNA-T1, it took 40 min for the system to reach maximal
fluorescence, but at 5 nM dsDNA-T1, the system only
needed less than 10 min to reach the plateau. In contrast, no
fluorescence increase was detected when dsDNA-T1 was
completely absent.

The CLD was prepared by LAMP (Figure S1) using a
dsDNA named Template 1 as the DNA template.[4,7] As
shown by agarose gel electrophoresis (Figure S2a and S2c),
the LAMP reaction is very efficient. The main CLD was
trapped at the loading well, indicating a size that is
significantly larger than the 10 kilobase dsDNA marker used
for the gel electrophoresis experiment. The DNA tag in
NHP is named ssDNA1, which is 29-nt long and was
designed to contain two sequence segments (Figure 2b): a
14-nt segment (shown in red) that is complementary to the

Figure 2. Validation of CLIPON using a synthetic dsDNA target, dsDNA-T1. a) Fluorescence assay that verifies the cleavage activity of LbCas12a
upon crRNA-dsDNA-T1 binding. Left panel: graphic illustration of the binding and cleavage reactions involving dsDNA-T1, FQDNA1, LbCas12a
and crRNA. Right panel: Fluorescence profiling of the binding and cleavage reactions with increasing concentrations of dsDNA-T1. b) Blockage of
migration of NHP on PTS by CLD. The hybridization involving the loop sequence of CLD and the ssDNA1 tag of NHP is shown on the top left. “� ”
and “+”: the image of PTS with NHP only and with NHP plus CLD, respectively. c) Signal responses of PTS to increasing concentrations of
dsDNA-T1. dsDNA-NT1: control target (that crRNA does not bind) at very high concentration (1000 nM). d) Color quantitation using a mobile app
(CLIPON color indicator). Left panel: The user interface of CLIPON color indicator which can quantify five test lines at once. Right panel: Color
intensity quantitation for the experiment conducted in panel c. e) Four-channel CLIPON microfluidic chip. Top portion: schematic illustration of the
microfluidic chip; bottom portion: the PTS responses to four different concentrations of dsDNA-T1. The error bars represent standard deviation
from two independent tests.
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loop sequence within CLD (so that NHP can bind CLD)
and a 15-nt AT-rich sequence (shown in green, which has
the identical sequence of FQDNA1) that can be efficiently
cleaved by LbCas12a. NHP was prepared from amine-
functioned ssDNA1 and SNAP-tagged hCG according to a
published protocol (Figure S2b).[7] The conjugation reaction
was set up to ensure that the molecular ratio of ssDNA1 to
hCG was 1 :1. We confirmed the NHP-capturing ability of
CLD using agarose gel electrophoresis (Figure S2c). In
addition, mixing CLD with NHP indeed blocked the
migration of NHP on PTS (Figure 2b), as revealed by
disappearance of the test line (the PTS strips marked with
“+” for CLD) in comparison to the strong test line when
NHP was used alone (the PTS strips marked with “� ” for
CLD). Note that both NHP and CLD could be freeze-dried
for long-term storage, and thus-prepared NHP and CLD
showed similar performance with the freshly made materials
(labeled with “lyophilized” and “fresh”, respectively, in
Figure 2b).

Next, we implemented the CLIPON detection of
dsDNA-T1 following the steps of NHP cleavage, CLD
blockage and PTS signal generation. A standard protocol
was established (shown in the experimental section) after
several critical parameters affecting the signal-to-back-
ground ratio were optimized, which included the cleavage
time of LbCas12a-crRNA, reaction buffer components and
the concentration of NHP (Figure S3). The PTS responses
for different concentrations of dsDNA-T1 are shown in
Figure 2c. As expected, the strip with the non-target control
did not produce a test line; however, dsDNA-T1 at as low as
50 pM was able to produce a visible test line. The color of
the test line intensified when the concentration of dsDNA-
T1 was progressively increased. In stark contrast, replacing
dsDNA-T1 with a nonspecific target (named dsDNA-NT1)
at a very high concentration (1000 nM) produced only a
very faint test line that was similar to the one seen with the
buffer-only control, demonstrating that the signal produc-
tion on PTS is target-specific.

We also developed a mobile phone app (named
“CLIPON image indicator”) to quantify color intensity of
PTS, which was set up to calculate the relative intensity by
IT/IC×100 where IT and IC represents the color intensity of
test line and control line of the same strip, respectively.
CLIPON image indicator was designed to be user-friendly;
by simply entering the number of test samples and aligning
the control line and test line into the frame, the IT/IC×100
value of each PTS will be calculated and displayed (Fig-
ure 2d left). As an example, the relative color intensity of
the PTSs in response to increasing concentration of dsDNA-
T1 that were read by the app are shown in the right panel of
Figure 2d. We also designed a hand-held microfluidic chip to
further simplify on-site testing. As shown in Figure 2e (top
portion), the chip was engineered with a capability of
simultaneously testing four samples. It is composed of two
modules: the top part consists of push buttons for injecting
all the reaction reagents to the test strip, and the bottom
part comprises of four parallel microfluidic channels to allow
four reactions to be performed at the same time. Each
microfluidic channel includes four zones: sample pore for

loading a test sample, CRISPR reaction zone to allow for
LbCas12a-crRNA mediated NHP cleavage in the presence
of the target, CLD reaction zone to allow for CLD/NHP
hybridization in the absence of the target, and PTS zone for
signal generation. Detailed chip operation can be found in
the experimental section (SB.2). A miniature heating table
(room temperature to 95 °C) is also incorporated to allow
the precise control of temperature for each step (Figure S4).
The results of simultaneous detection of four different
concentrations of dsDNA-T1 are also provided in Figure 2e
(bottom portion).

CLIPON for DNA Detection Using Clinical Virus Samples

Having confirmed the function and basic property of the
CLIPON platform using dsDNA-T1, we sought to apply the
platform for DNA detection using real-world samples. The
CLIPON platform is suitable for detection of any dsDNA
and ssDNA as long as a specific crRNA is designed with a
complementary sequence to the DNA target. As shown in
Figure 2, CLIPON can achieve a limit of detection (LOD)
of 50 pM without signal amplification. However, in many
scenarios it is more desirable to achieve a significantly better
LOD (fM–aM). That can be done using isothermal DNA
amplification reactions, which have been shown to deliver
very low LODs.[12,14,19,23–29] Although there are many choices
of isothermal DNA amplification methods, we chose
recombinase polymerase amplification (RPA, Figure S5)[30]

in this work due to its high amplification efficiency but lack
of simple and reliable signal transduction methods. The
working mechanism of RPA-CLIPON is illustrated in Fig-
ure 3a using the detection of 131-bp HPV-16 gene segment
(named dsDNA-HPV16).[12] The target sequence and its
relationships to RPA primers and crRNA are presented in
Figure 3b. Note that the sequence of crRNA binding site is
identical to dsDNA-T1 used in Figure 2, and because of this,
all the experimental components and conditions optimized
for dsDNA-T1 detection can be directly adapted for the
detection of the products of the RPA.

The fluorescence-based cleavage assay (Figure S6) sug-
gests that the 30 min RPA reaction was enough to generate
detectable amount of products from as low as 2 copiesμL� 1

dsDNA-HPV16. Therefore, we selected the products of
30 min RPA reaction as the input for CLIPON. The PTS
images shown in Figure 3c indicate that RPA-CLIPON can
consistently identify dsDNA-HPV16 at 2 copiesμL� 1, which
is consistent with the results obtained with fluorescence-
based assay (Figure S6). The concentration of 2 copiesμL� 1

is equivalent to 3.3 aM, which is also consistent with a
previously reported CRISPR-based detection method.[12]

Next, we tested whether PRA-CLIPON could be applied
for the detection of DNA from real clinical samples. We
collected vaginal or urethral discharges from six patients,
two were negative (DN1 and DN2) four were positive (DP1-
4) with HPV-16. Viral DNA was extracted from these
samples using a standard DNA extraction protocol. We first
conducted fluorescence-based assays with these samples and
the results shown in Figure 3d indicate that RPA-LbCas12a
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was able to produce much higher signals with DP1-4 than
with DN1 and DN2. We then carried out RPA-CLIPON
assays with this set of samples and the results are provided
in Figure 3e. The four HPV-16 positive samples all produced
a visible test line, and importantly, their color intensities
were expectedly found to inversely proportional to the Ct
values of qPCR conducted with the same samples (the Ct
values are provided in the left panel of Figure 3e). In
contrast, the two HPV-16 negative samples produced very
weak test lines that were similar to that observed for the
negative control (NC: water only). These results show that
RPA-CLIPON was capable of detection of HPV-16 from
clinical samples.

CLIPON for the Detection of Genomic RNA from SARS-CoV-2

The detection of the genomic RNA from SARS-CoV-2 was
investigated next, following a similar procedure shown in
Figure 3a. RPA reactions were designed to target a 172-nt
segment within the ORF1ab gene of SARS-CoV-2 based on
the sequence published on GenBank (MZ146316.1). The
key sequence elements of this RNA target and the
sequences of the two RPA primers are shown in Figure 4a.
First, a synthetic dsDNA sequence (named dsDNA-SARS-
CoV-2) was used to establish reaction conditions. Note that
we chose this RNA segment for detection as it is conserved
in the wide-type virus and most of the current variants of
concern. The results from gel electrophoresis and
fluorescence cleavage assays verified the DNA amplification
by RPA, the recognition of the RPAP by crRNA and the
trans cleavage activity of LbCas12a (Figures S7 and S8). The

Figure 3. RPA-CLIPON: Coupling CLIPON with recombinase polymerase amplification (RPA) for highly sensitive detection of genomic DNA. a) The
working mechanism of RPA-CLIPON. b) The sequence of dsDNA-HPV16 (within HPV-16 gene) and its relationship to RPA primers and crRNA.
c) Signal responses of PTS to different amounts of synthetic dsDNA-HPV16 following RPA-CLIPON. Left panel: Photographs of a series of PTSs in
response of increasing concentrations of dsDNA-HPV16. Right panel: Color intensity quantification for PTS photographs in left panel. The RPA-
CLIPON protocol is the same as that for dsDNA-T1 except that 2 μL of 30 min products of the RPA reaction (Figure S3d) were used. d) Top: The
fluorescence-based cleavage assay with 7 samples: water control (NC), and DNA extracts of two HPV-16 negative samples (DN1 and DN2) and
four HPV-16 positive (DP1 to DP4) clinical samples. The “DN1 and DN2” were defined as negative sample according to qPCR test, showing a Ct
value >36. Bottom: Quantification using the initial fluorescence enhancement rate as the signal. The fluorescence assay works the same way as
that of Figure 2a, expect for replacing the dsDNA-T1 with the RPA products (RPAP). e) Signal responses of PTS in the RPA-CLIPON assay to the
same set of samples used in panel 3d. Left: photographs of PTS along with Ct values from qPCR analysis. Right: Color intensity quantification for
PTS photographs. Statistics analysis was performed using a two-tailed Student t-test, where n.s.=not significant with p>0.05.
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image provided in Figure 4b demonstrates that the RPA-
COLIPON was able to detect low amounts of dsDNA-
SARS-CoV-2, as the three dsDNA-SARS-CoV-2 samples
produced strong test lines while the non-target control (the
RPAP produced from 2000 copies of dsDNA-HPV16 with
its primer set used for HPV-16) generated a very weak test
line that was similar to the water control (labeled “0”).
These results show that the designed RPA-CLIPON-SARS-
CoV-2 system was able to detect dsDNA-SARS-CoV-2
specifically and at low levels (20 copiesμL� 1).

We then applied the RPA-CLIPON-SARS-CoV-2 sys-
tem for the detection of genomic RNA of SARS-CoV-2
(named RNA-SARS-CoV-2). RPA reaction was replaced by
one-step reverse transcription RPA (RT-RPA) for RNA
detection. Due to very limited access to real SARS-CoV-2
samples in China, pseudovirus with same virus structure but
no infectivity was used for this experiment. Following viral
RNA extraction and RT-PRA, both fluorescence-based

cleavage assay (Figure 4c) and the CLIPON assay (Fig-
ure 4d) were performed, both of which were found to be
able to detect RNA-SARS-CoV-2 at 1000 copymL� 1 (equiv-
alent to 1.6 aM). This detection sensitivity is adequate for
COVID-19 detection with clinical samples. It is noteworthy
that the sensitivity of RNA detection is higher than that of
DNA detection due to the additional amplification from
reverse transcription. The RT-RPA-CLIPON platform can
consistently detect SARS-CoV-2 pseudovirus RNA at
1 copyμL� 1 but produced inconsistent results at lower
concentrations. We further validated the detection of RNA-
SARS-CoV-2 using the microfluidic setup (Figure 4e; RPAP
produced with 2000 copiesμL� 1 dsDNA-HPV16 were used
as the positive control, which is marked with PC; NC:
water).

Figure 4. RPA-CLIPON for RNA-SARS-CoV-2 detection. a) The sequence of dsDNA-SARS-CoV-2 (within ORF1ab gene) and its relationship to RPA
primers and crRNA. b) Signal responses of PTS to different amounts of synthetic dsDNA-SARS-CoV-2 following RPA-CLIPON. Left panel:
Photographs of a series of PTSs in response to increasing concentrations of dsDNA-SARS-CoV-2. Right Panel: Color intensity quantification for PTS
photographs in the left panel. Non-target controls are mixtures of RPAP from 0 and 2000 (2E3) copiesμL� 1 dsDNA-HPV16. c) Left: The
fluorescence-based cleavage assay for RT-RPAP from different amounts of RNA-SARS-CoV-2 exacted from pseudovirus. Right: Quantification using
the initial fluorescence increase rate. The assay works the same way as that shown in Figure 2a, except for replacing dsDNA-T1 with the RPAP.
d) Signal responses of PTS (after RT-RPA-CLIPON detection) to different amounts of RNA-SARS-CoV-2 extracted from pseudovirus. Left panel:
Signal responses of PTS. Right Panel: Color intensity quantitation for PTS photographs in the left panel. The RT-RPA-CLIPON was conducted in the
same way as that for dsDNA-T1 except that 2 μL RT-RPAP after 30 min RT-RPA reaction was used as the input (to replace dsDNA-T1). e) The
microfluidic chip based assay with negative and positive SARS-CoV-2 pseudovirus samples. NC and PC: the RPAP produced from 0 and
2000 copiesμL� 1 synthetic dsDNA-HPV16. The “0 copyμL� 1” and “1E3 copiesμL� 1” represent the RPAP produced from 0 copyμL� 1 and
1000 copiesμL� 1 RNA-SARS-CoV-2 extracted from pseudovirus.
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CLIPON for the Detection of Non-Nucleic Acid Targets

Finally, we expanded the utility of CLIPON for the
detection of a non-nucleic acid target via integration of
LbCas12a-crRNA with an aptamer as the recognition
element (Aptamer-CLIPON).[31,32] Herein, the aptamer is
designed to be part of a Duplex Switch made of two
different DNA molecules denoted “probe 1” and “probe 2”
(Figure 5a). Probe 1 contains both the aptamer element (red
sequence) and non-aptamer element (grey sequence). The
non-aptamer element and part of the aptamer element are
designed to be complementary to part of probe 2 so that a
strong duplex is created between probe 1 and probe 2.
Importantly, the formation of this strong duplex prevents
easy access to the sequence element (blue sequence) within
probe 2 by the crRNA. As a result, the trans cleavage
activity of LbCas12a cannot be activated. In the presence of
the cognate target for the aptamer, probe 1 chooses to form
the aptamer-target complex, making the blue sequence
more accessible by the crRNA. Consequently, the CRISPR
complex is activated for its trans cleavage activity. In other
words, the non-aptamer element and part of the aptamer

element of probe 1 function as the blocker for the access of
the complementary sequence of probe 2 by the LbCas12a-
crRNA complex and the formation of the aptamer-target
complex removes this blockage. The star advantage of this
Duplex Switch over previous design[16] is the aptamer
sequence is non-relevant to that of activator. So the Duplex
Switch can be, theoretically, applied to any target merely by
changing aptamer sequence.

A well-studied structure-switching DNA aptamer that
responds to adenosine was used as the model aptamer to
validate the proposed idea.[16,33,34] The sequences of probe 1,
probe 2 and the Duplex Switch is shown in Figure 5b. The
recognition sequence of crRNA in this system is a ssDNA
(blue sequence) rather than the dsDNA used in previous
systems, and therefore we optimized the trans cleavage
efficiency of the system (Figure S9). A fluorescence-based
cleavage assay was performed to determine the response of
the system to adenosine. As expected, fluorescence intensity
increased as a function of rising adenosine concentrations
(Figure 5c). The system was found to be highly specific for
adenosine as the addition of 800 μM cytosine, guanosine,

Figure 5. Design of a Duplex Switch to allow the expansion of CLIPON for the detection of non-nucleic acid targets. a) Working principle. A Duplex
Switch is made of two DNA molecules, probe 1 and probe 2. Probe 1 contains an aptamer element (red) and a non-aptamer element (grey). Probe
2 is a hairpin that contains the crRNA-binding sequence (blue) and a hairpin structure element (black). Hybridization of probe 1 with probe 2 leads
to the formation of the Duplex Switch, which hinders the access of crRNA to its complementary sequence in probe 2. However, this hinderance is
removed in the presence of the target for the aptamer due to the formation of the aptamer–target complex. Consequently, the trans cleavage
function of LbCas12a-crRNA is activated. Because the aptamer sequence is non-relevant to that of activator, the Duplex Switch can be, theoretically,
applied to any target merely by changing aptamer sequence. b) The sequence of the Duplex Switch for adenosine detection. c) The fluorescence-
based cleavage assay involving LbCas12a-crRNA, the Duplex Switch for adenosine and FQDNA1. d) CLIPON for the detection of adenosine. Left
panel: photographs of PTSs in response to different concentrations of adenosine. Right panel: quantification of the test lines using CLIPON color
indicator.
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uridine did not induce significant fluorescence enhancement
(Figure 5c).

Subsequently, we integrated the Duplex Switch into the
CLIPON system to achieve the visual detection of adenosine
using PTS (Figure 5d). Note that the testing protocol was
very similar to the one used for the detection of dsDNA-T1
except that dsDNA-T1 was replaced with the Duplex Switch
shown in Figure 5b. In addition, the test temperature was set
to be 25 °C to minimize the background signal, although
LbCas12a has the best enzymatic activity at 37 °C (Fig-
ure S10).[35] The cleavage time was kept at 30 min to
minimize signal-to-background ratios (longer reaction times
was found to produce higher levels of background signal).
The data presented in Figure 5d clearly shows that stronger
and stronger test lines were produced with the increasing
concentration of adenosine. When using longer cleavage
time (60 min), this CLIPON system was capable of detecting
50 μM adenosine (Figure S11–S12), which is consistent with
a previously described biosensor using the same aptamer.[16]

Conclusion

Herein we rationally integrate commercial pregnancy test
strips, CRISPR-Cas12a and a large-sized DNA assembly
called CLD into a biosensing platform termed CLIPON
(CRISPR and Large DNA assembly Induced Pregnancy
Strips Signal-ON Detection). With the use of PTS, which
can be purchased through pharmacies or online, CLIPON
represents a very simple approach for biosensing and has
the potential of being used to set up point-of-care or point-
of-need detection methods. CLIPON is versatile and can be
configured for the sensitive and specific detection of DNA,
RNA and non-nucleic acid targets. With the design of
mobile app and a microfluidic chip, CLIPON systems
become highly automated and can complete a test in a
timely fashion. For example, CLIPON is capable of
detection HPV DNA and SARS-CoV-2 RNA down to �
aM LOD at a cost per test of 3–7 US dollar (see Supporting
Information, SB.3 and Figure S13 for detailed procedure
and cost analysis). Currently, only the CLIPON step can be
completed on the microfluidic system; sample processing
and amplification are carried out as upstream steps.
However, because aptamer-target recognitions usually do
not require a target isolation step, Duplex Switch-CLIPON
can be carried out entirely on the microfluidic system after a
simple sample mixing step, and thus is more suitable for
applications at the point of need.

Efforts are still required to further improve CLIPON to
make it a truly “plug-in” POCT method for nucleic acid
testing as our current method still requires upstream sample
treatment and amplification. However, there are successful
demonstrations that RPA and Cas12a cleavage can be
carried out in a single step,[36] and Cas12a cleavage can
function well on nano-/micro-surfaces.[15,24,37] Therefore, it is
possible to further integrate RPA, NHP cleavage, and CLD
blockage into a simple single-step procedure. Meanwhile,
further improvement in reagent purity, image acquisition
techniques, and data analysis methods are expected to

further advance CLIPON into a more reliable quantitative
method.
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