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CRISPR/Cas12a systems have been repurposed as powerful tools for developing next-generation molecular
diagnostics due to their trans-cleavage ability. However, it was long considered that the CRISPR/Casl12a
system could only recognize DNA targets. Herein, we systematically investigated the intrinsic trans-
cleavage activity of the CRISPR/Casl12a system (LbCasl2a) and found that it could be activated through
fragmented ssDNA activators. Remarkably, we discovered that the single-stranded DNA (ssDNA)
activators in the complementary crRNA-distal domain could be replaced by target miRNA sequences
without the need for pre-amplification or specialized recognition mechanisms. Based on these findings,
we proposed the “Fragment Complementary Activation Strategy” (FCAS) and designed reverse
fluorescence-enhanced lateral flow test strips (rFLTS) for the direct detection of miRNA-10b, achieving

a limit of detection (LOD) of 5.53 fM and quantifying the miRNA-10b biomarker in clinical serum samples
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Accepted 9th October 2024 from glioma patients. Moreover, for the first time, we have developed the FCAS-based CRISPR/Casl2a

system for miRNA in situ imaging, effectively recognizing tumor cells. The FCAS not only broadens the

DOI: 10.1039/d4sc056479 scope of CRISPR/Casl2a system target identification but also unlocks the potential for in-depth studies
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Introduction

MicroRNAs (miRNAs, RNA = ribonucleic acid) are a class of
small noncoding RNA molecules (18-24 nucleotides) that play
pivotal roles in regulating gene expression."” Dysregulation of
miRNA expression is intricately associated with the onset and
progression of many types of tumors, making them promising
diagnostic biomarkers and therapeutic targets.>* Therefore,
convenient, accurate, and rapid nucleic acid tests are essential
for early diagnosis, monitoring, routine management, and
prognosis of diseases.>® However, due to the inherent

“School of Life Sciences, Faculty of Medicine, Tianjin University and Tianjin
Engineering Center of Micro-Nano Biomaterials and Detection-Treatment Technology
(Tianjin), Tianjin, 300072, China. E-mail: gongxiaoqun@tju.edu.cn; Fax: +86-022-
27403906

’School of Life Sciences, Faculty of Medicine, Tianjin University and Tianjin Key
Laboratory of Function and Application of Biological Macromolecular Structures,
Tianjin 300072, China

‘Department of Toxicology, Tianjin Centers for Disease Control and Prevention, NHC
Specialty Laboratory of Food Safety Risk Assessment and Standard Development
(Tianjin), Tianjin Key Laboratory of Pathogenic Microbiology of Infectious Disease,

Tianjin, 300011, China. E-mail: dianmingzhou@foxmail.com; Fax: +86-022-
24755561
T Electronic  supplementary information (ESI) available. See DOI:

https://doi.org/10.1039/d45c05647g
i These authors contributed equally to this work.

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

of CRISPR technology in many diagnostic settings.

limitations of miRNAs, such as short sequences, low abun-
dances, high sequence homology among family members, and
susceptibility to degradation, traditional analytical methods
face significant challenges in detecting miRNAs.”® During the
past several decades, the quantitative real-time polymerase
chain reaction (qPCR) has been the gold-standard tool for
measuring relative gene expression.’ Unfortunately, the qPCR-
based diagnostic approach has relied heavily on well-
established laboratories, expensive instrumentation, and time-
consuming processes, hindering their widespread applica-
tions to clinical diagnostics, especially for point-of-care testing
(POCT).1o1

Recently, researchers have sought to utilize simple and cost-
effective diagnosis tools to address the above issues. One of
them, the Clustered regularly interspaced short palindromic
repeats (CRISPR) and CRISPR-associated (Cas) proteins, an
adaptive immune system, have attracted extensive interest and
gradually evolved into a pioneering biotechnology tool in
various areas, including gene editing,*>** transcription regula-
tion,'™'® gene therapy,'” and most recently molecular diagnostic
uses.'® > Among numerous accessible Cas family members, the
Class 2 system, Cas12a (previously referred to as Cpf1, subtype
V-A), is often considered an ideal option for nucleic acid
detection due to its distinctive collateral cleavage activity, which
ensures the precise identification of target sequences and
facilitates the detection of low concentrations targets.**>* The
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Cas12a has a single RuvC structural domain that can recognize
single-stranded DNA (ssDNA) targets or dsDNA targets with T
nucleotide-rich protospacer adjacent motif (PAM) sequences
(5'-TTTV-3') under the guidance of a single crRNA.>*** The
CRISPR/Cas12a system can realize the signal amplification by
activating the t¢rans-cleavage activity upon target recognition
and cleaving nontarget fluorophore quencher (FQ)-labeled
ssDNA reporters.”>>” With owning the profits of simplicity,
cost-effectiveness, reproducibility and efficiency, CRISPR/
Cas12a systems have offered powerful molecular recognition
tools for tracking gene expression in point-of-care diagnostic®®
and live cells.” Nevertheless, the existing CRISPR/Cas12a
system activation modes are confined to ssDNA or dsDNA
targets, and direct recognition of RNA in disease-associated
nucleic acid molecules presents significant challenges.

For the RNA targets, the CRISPR/Casl2a system often
recognizes them through additional reverse transcription steps
and/or DNA pre-amplification steps, including recombinase
polymerase amplification (RPA),** loop-mediated isothermal
amplification (LAMP),** catalytic hairpin assembly (CHA),*
“invading stacking primer” amplification reaction (ISAR),*
ligase chain reaction (LCR)* and rolling circle amplification
(RCA).* However, these methods often require two independent
pre-amplification and CRISPR-mediated readout steps, leading
to a long turnaround time and increased risk of aerosol
contamination. To address all the above limitations,
researchers have increasingly focused on investigating the
performance of the CRISPR/Cas12a system, particularly in the
direct detection of RNA in recent years. Jain et al.*® found that
the CRISPR/Cas12a system could be activated by using a pair of
split DNA/RNA targets and proposed a SAHARA-based method
to directly detect RNA with Cas12a. Nevertheless, this method
was insufficient for complex clinical sample analysis due to only
binding to 12 nt of the target RNA and low sensitivity. In
addition, Liu et al.® have reported that the detection sensitivity
could be improved through a competitive reaction between full-
size crRNA and split crRNA in the CRISPR/Casl2a system.
However, this method still requires an artificial DNA activator
and two different crRNAs to enable direct detection of RNA by
the Cas12a system, leading to increased design complexity and
cost for the assays. Therefore, it is necessary to develop a novel
strategy for the highly sensitive and specific detection of miRNA
using the CRISPR/Cas12a system.

In this work, we systematically investigated the trans-
cleavage activity of the CRISPR/Cas12a system (LbCas12a) based
on a pair of split ssDNA activators. We found that the trans-
cleavage activity of CRISPR/Cas12a system could only be effec-
tively activated by the co-existence of two splits ssDNA activa-
tors, and either of them is too short to be activated. Most
importantly, the direct detection of miRNA could be achieved by
simply providing a short DNA sequence complementary to the
crRNA-proximal hairpin domain, eliminating the need for
reverse transcription or additional recognition mechanisms.
Based on these findings, we developed an assay named “Frag-
ment Complementary Activation Strategy” (FCAS) for detecting
miRNA directly. As proof-of-concept potential applications, we
designed reverse fluorescence-enhanced lateral flow test strips
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(rfFLTS) for the detection of miRNA biomarkers in glioma
patients, with the limit of detection that could achieve femto-
mole levels and enable the detection of clinical serum samples.
Importantly, we have applied the FCAS-based CRISPR/Cas12a
system for the first time to intracellular imaging, which could
effectively distinguish between tumors and normal cells. These
pivotal discoveries are poised to transcend the existing limita-
tions of the CRISPR/Cas12a system, thereby broadening the
toolbox for Cas12a-based molecular diagnostics.

Results and discussion

CRISPR/Cas12a system tolerates fragmented ssDNA activator
inputs for trans-cleavage activity

Doudna et al.*” found that the cleavage activity of the CRISPR/
Casl12a system was mainly dependent on the complementary
recognition between crRNA and target DNA. Based on this, we
systematically investigate the effect of the fragmented ssDNA
activator inputs on the CRISPR/Cas12a system and explored the
detailed split positions, including between the 5th and 6th bases,
6th and 7th bases, until the 16th and 17th bases, respectively
(Fig. S1t). The research indicated that the CRISPR/Cas12a system
could be efficiently activated by hybridizing two fragmented
ssDNA activators to the crRNA, showing no significant differ-
ences compared to full-length ssDNA (Fig. 1a), except for the split
position between the 8th and 9th bases (ssSDNA;_g o_30) (Fig. 1b).
The reason may be that Lys897 and Lys900 in LbCas12a play a key
role in stabilizing the phosphate group between 8th and 9th
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Fig.1 CRISPR/Casl2a system tolerates a combination of fragmented
ssDNA activator inputs. (a) Schematic and real-time fluorescence
analysis of Casl2a/crRNA complex binding two fragmented ssDNA
activators (total 30 nt); (b) fluorescence intensity of input two frag-
mented ssDNA activators reactions at 40 min (n = 3) (c) diagram of the
Casl2a protein structure at special sites. Schematic and real-time
fluorescence analysis of Cas12a/crRNA complex binding to different
ssDNA activators: (d) pre-ssDNA (5-16 nt); (e) rear-ssDNA (14-25 nt).
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bases on template DNA through electrostatic interactions
(Fig. 1c). Breaking the phosphodiester bond at this position could
affect protein-substrate interactions. The split positions of the
input ssDNA were in the hairpin “central” structural domain
(between the 10th and 11th bases), and the CRISPR/Cas12a
system exhibited the optimal ¢rans-cleavage activity. Consistent
with previously reported results,***® when the length of preposi-
tion ssDNA (pre-ssDNA) exceeded 11 nucleotides (nt), the acti-
vation efficiency increased gradually, and the CRISPR/Cas12a
system could be completely activated when the pre-ssDNA was
longer than 14 nt (Fig. 1d). For the rear position ssDNA (rear-
ssDNA), activation of the CRISPR/Cas12a system only happened
when the rear-ssDNA lacked 5-7 bases of pairing with the 5'-end
of crRNA (sSDNAg_39, SSDNA;_30, SSDNAg_3() (Fig. 1€). To sum up,
the CRISPR/Cas12a system exhibited a remarkable capability to
accept two distinct ssDNA target sequences (each corresponding
to a different position on the same crRNA), thereby initiating the
trans-cleavage activity.

Activating the CRISPR/Cas12a system with fragmented RNA/
DNA activators

The CRISPR/Cas12a system has been proven the precise recog-
nition of ssDNA and dsDNA targets. Nevertheless, direct RNA
detection increased the difficulty and complexity of this system.
Based on the finding that the two fragmented ssDNA activator
inputs could effectively activate the CRISPR/Cas12a system, we
further explored the effect of rear-RNA instead of rear-DNA on
the trans-cleavage activity of the CRISPR/Casl2a system
(Fig. 2a). The system was efficiently activated with cleavage
efficiency comparable to that of fragmented ssDNA (Fig. 2b).
Meanwhile, the activation efficiency improved with the
increasing length of ssDNA. Besides, only the pre-ssDNA or rear-
RNA had difficulty activating the CRISPR/Cas12a system (Fig. 2¢
and d). We also investigated the pre-ssDNA replaced with pre-
RNA and found that it was unable to activate the trans-
cleavage activity of the CRISPR/Cas12a system (Fig. S2t). To
minimize background signal interference, the ssDNA;_;, and
RNA,; ;3o were selected for synergistic activation of the CRISPR/
Casl2a system in subsequent applications. The above
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Fig. 2 Detection of RNA substrates using split activators in the
CRISPR/Casl12a system. (a) Schematic representation of the CRISPR/
Casl2a system activated by inputting replaced RNA. Real-time fluo-
rescence of the Casl2a/crRNA complex binding to different activators
(b) fragmented ssDNA and RNA (total 30 nt); (c) ssDNA (9-11 nt); (d)
RNA (19-21 nt).
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phenomena suggested that the CRISPR/Cas12a system could be
directly applied to RNA detection without reverse transcription.
In most cases, the target DNA to be detected often involves
a specific segment of the entire nucleic acid chain rather than
precisely at the terminal positions. Consequently, the 3’ end of
the rear-ssDNA often had protruding sequences. Subsequently,
we simulated this situation by adding the 5T and 10T sequences
to the 3’-end of rear-ssDNA respectively, to investigate the trans-
cleavage activity of the CRISPR/Cas12a system. The results in
Fig. S3af revealed that the activation efficiency of the CRISPR/
Casl12a system decreased compared to that with two frag-
mented ssDNA activators (SSDNA;_111-30). The protrusion at
the 3’-end of rear-ssDNA produces steric hindrance, affecting
the activation efficiency of the CRISPR/Casl2a system, we
speculate that long-chain targets may not be effectively detected
in this case. In addition, deletions of 1 to 7 bases (Gap) between
the pre-ssDNA and rear-ssDNA also hardly activate the trans-
cleavage activity of the CRISPR/Cas12a system (Fig. S3bt).

FCAS-based CRISPR/Cas12a system for amplification-free
miRNA-10b detection using rFLTS

Based on the above findings, the CRISPR/Cas12a system could
be activated with DNA and RNA heteroduplexes, we proposed an
assay named “Fragment Complementary Activation Strategy”
(FCAS) for direct detection of miRNA. MiRNA-10b was overex-
pressed in gliomas compared to normal tissues and gradually
increased with disease progression.***® Therefore, rapid,
sensitive, and accurate detection of miRNA-10b was important
for early diagnosis and prognosis of diseases. Hence, the full-
sized crRNA (crRNA,,irna-10b) Was first designed that specifi-
cally bind to miRNA-10b and ssDNA;_;, activators. The rear
position ssDNA was substituted with miRNA-10b could effi-
ciently activate the CRISPR/Cas12a system (Fig. S47). Next, we
constructed rFLTS to detect miRNA-10b using the FCAS-based
CRISPR/Cas12a system (Fig. 3a). In the absence of miRNA-
10b, the trans-cleavage activity of the CRISPR/Casl2a system
was not activated, preventing the cleavage of T; reporters. The
30 nm of AuNPs labeled probes (AuNPs@T,) could conjugate
with the T; reporters and were hitched by the Cy5-SA-biotin-T,
modified on the T-line, resulting in a red colorimetric signal
and quenched fluorescence signal (quenching of Cy5 dyes)
(Fig. S51). In the presence of miRNA-10b, the CRISPR/Cas12a
system was activated, leading to the efficient and continuous
cleavage of T; reporters, which prevents their hitch by Cy5-SA-
biotin-T; on the T-line. To obtain optimum analytical perfor-
mance, several key experimental parameters were first opti-
mized (Fig. S6 and S77). Under the optimal conditions, different
concentrations of miRNA-10b standard solutions (0-
10~"* mol L™ ") were prepared to investigate the sensitivity of the
proposed FCAS-based rFLTS (Fig. 3b). The red signal on the T-
line enhanced with the decreasing concentrations of miRNA-
10b, as well as the fluorescence signal decreased (Fig. 3¢ and
d). A standard curve designated for miRNA-10b in the dynamic
range from 2.5 x 10" mol L ™" to 5 x 10~ "> mol L™ " was fitted
as Y = 24577.42 + 26.06X (Y was the T-line fluorescence inten-
sity, and X was the concentrations of miRNA-10b), with
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Fig. 3 Analytical sensitivity of FCAS-based rFLTS for miRNA-10b
detection. (a) Schematic diagram of the FCAS-based rFLTS for
detecting miRNA-10b. (b) Naked eyes visualization and fluorescent
images in response to different concentrations of mMiRNA-10b.
Response of the (c) naked eye visualization and the (d) fluorescent
intensity to miRNA-10b at different concentrations under FCAS-based
rFLTS. (e) Calibration curve showing the relationship between T-line
fluorescent intensity and miRNA-10b concentrations in the range of
25 x 107 mol L™  to 5 x 107 mol L™ Error bars represent the
standard deviation of the values.

a correlation coefficient (R*) of 0.98027 (Fig. 3e). In addition, the
limit of detection (LOD) was calculated to be 1.17 pM and 5.53
fM in the naked-eye and fluorescence modes, respectively
(Fig. S8t). Compared with other miRNA detection methods
(Table S2t), the constructed FCAS-based rFLTS biosensor plat-
form has good sensitivity in detecting miRNAs with low
expression levels and different application requirements.

The specificity of the proposed FCAS-based rFLTS was
further assessed by monitoring five different types of miRNAs
(miRNA-21, miRNA-5010, miRNA-331, miRNA-141, and miRNA-
122 at 1077 mol L"), and the results demonstrated excellent
selectivity (Fig. 4a and b). Subsequently, the accuracy and
practicability of the FCAS-based rFLTS were assessed through
the detection of miRNA-10b in spiked healthy human serums
using the standard addition method. The calibration curve of
fluorescence intensity versus the different concentrations of
miRNA-10b was shown in Fig. 4c, and the detected levels of
miRNA-10b in each sample were consistent with the added
(Fig. 4d). Furthermore, the average recoveries were 107.77-
112.02% with relative standard deviation (RSD) values lower
than 6.83%, indicating an acceptable precision for the detection
of miRNA-10b in complex sample matrices (Table S3+).

To further evaluate the practical applicability of this bio-
sensing approach, the FCAS-based rFLTS and the reverse-
transcription quantitative real-time polymerase chain reaction
(RT-qPCR) were applied to the detection of miRNA-10b in serum
samples (collected from the Tianjin Medical University Affili-
ated General Hospital) for the clinical monitoring of glioma.
The detection results of miRNA-10b in different clinical samples
were consistent with the assessment results of RT-qPCR, with
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Fig. 4 Rapid and specific detection of miRNA-10b through FCAS-
based rFLTS. (a) Photographs and (b) corresponding histogram of
specificity results for detecting miRNA-10b. Numbers 1-6 represent
mMiRNA-10b, miRNA-21, miRNA-141, miRNA-5010, miRNA-31 and
miRNA-122. (c) Calibration curve of fluorescence intensity versus
concentration of mMiRNA-10b in human serum samples. (d) Serum
analysis of five healthy samples using standard addition method for the
detection of miRNA-10b. (e) Detection results of miRNA-10b using
FCAS-based rFLTS in clinical serum samples. (f) Identification of
miRNA-10b in 20 clinical patient samples through FCAS-based rFLTS
and the RT-gPCR assay. (g) Correlation assay between the developed
FCAS-based rFLTS and the RT-gPCR assay.

an R? of 0.977 (Fig. 4e-g and S97). Based on these results, the
developed biosensor served as a promising and accurate
quantitative platform for early and rapid detection of miRNA-
10b.

Implementation of the FCAS-based CRISPR/Cas12a system in
glioma cells

Inspired by the prominent performance of the developed FCAS-
based CRISPR/Cas12a system for in vitro detection of miRNA-
10b, we subsequently endeavored to employ this system to
monitor miRNA-10b expression in living cells. Previous
studied® have proved that miRNA-10b was highly expressed in
U87 cells (human glioma cell lines), so we selected U87 cells as
positive cells and HT22 cells (mouse hippocampal neuron cell
lines) as negative cells. The commercial transfection reagent
jetPRIME was chosen to transport all components of the
biosensor (crRNAirna-10by SSDNA; 19, and AF488-sssDNA-
BHQ1) into cells (Fig. 5a). Meanwhile, the AuNPs-PEG was
selected to transfer Cas12a proteins into cells through electro-
static adsorption (Fig. S107). First, the potential cytotoxicity of
the AuNPs-PEG to U87 and HT22 cells was evaluated using cell
viability analysis. After 24 h of incubation with different
concentrations of the AuNPs-PEG (1-40 pM), the viabilities of
the cells were all maintained above 90%, indicating low toxicity
of AuNPs-PEG to cells (Fig. S111). Subsequently, we optimized
the incubation time of the FCAS-based CRISPR/Cas12a system
in U87 cells through high-resolution laser confocal microscope
(Fig. S12t). A noticeable AF488 fluorescence signal enhanced

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Exploration of mMRNA-10b imaging capabilities using the FCAS-
based CRISPR/Casl2a system. (a) Illustration of design of the FCAS-
based CRISPR/Casl2a system for in situ imaging to monitor miRNA-
10b. (b) Fluorescence images of U87 and HT22 cells treated with the
FCAS-based CRISPR/Casl2a system. U87 cells and HT22 cells were
treated with or without Casl2a proteins, respectively. Scale bar: 10 um.
(c) Corresponding flow cytometry analysis. (d) Statistical histogram
analysis of U87 and HT22 cells.

continuously with longer incubation times, until the fluores-
cence intensity reached a maximum at 3 h. So, the optimal
incubation time was selected as 3 h. Subsequently, we further
explored the miRNA-10b sensing ability of the FCAS-based
CRISPR/Cas12a system in living cells. U87 cells showed strong
fluorescence signals due to overexpressed miRNA-10b, while
HT22 cells exhibited weak fluorescence, suggesting the selective
miRNA-10b sensing performance of this system (Fig. 5b-d).
Collectively, these results indicated our FCAS-based CRISPR/
Cas12a system could successfully monitor miRNA-10b in
tumor cells.

Experimental
Ethical statement

All experiments were approved by the ethics committee of the
Tianjin Medical University Affiliated General Hospital. The
ethical approval number was IRB2020-KY-097. All methods were
performed in accordance with the Declaration of Helsinki and
the relevant guidelines and regulations. All serum samples were
collected from anonymized patients with written informed
consent under the agreement of the responsible ethical
committees. All assays were conducted and adhered to legal
requirements and ethical guidelines.

Assay procedure of FCAS-based CRISPR/Cas12a system

2 pM Casl2a, 1xNEBuffer 2.1, 1 uM fluorescence-quencher
reporters, 0.1 uM crRNA and different combinations of ssDNA
activators (Final concentration was 0.1 uM) were prepared and
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complemented with DNase/RNase-free water to make a final
volume of 10 pL. Reactions were allowed to proceed for 2 h at
37 °C on a real-time PCR system with fluorescence signals
monitored.

Synthesis of the fluorescence quenched AuNPs@T, probes

The traditional AuNPs synthesized were shown in ESL{ The
AuNPs were conjugated with sulfhydryl-modified T, nucleic acid
chains (SH-T,) via the Au-S covalent bonds. Briefly, the 100 pL
of SH-T, (10 uM) was mixed with 100 pL of TCEP (1 mM) and
incubated for 30 min at ambient temperature. Then, the acti-
vated SH-T, was added to 1 mL of AuNPs with a uniform particle
size of 30 nm and incubated for 60 min. Subsequently, 1 M NaCl
solution was slowly added to the above mixture until the final
concentration reached 0.3 M. The labeled probes were stored at
4 °C for 24 h. The final products, the fluorescence quenched
AuNPs@T, probes, were recovered through centrifugation
(6950g, 10 min) and then redispersed in a 0.01 M PBS buffer (pH
7.4).

Preparation of the rFLTS

SA and N-hydroxysuccinimide ester-Cyanine 5 (Cy5-NHS) were
mixed in 500 pL of boric acid solution (0.1 M, pH 8) (molar mass
ratio of 1: 10) and incubated for 6 h at room temperature. Then,
the biotin-T; was added to the above mixture (molar mass ratio
of 1:5) and incubated for 30 min. The supernatant was
removed by centrifugation at 10 010g for 40 min at 4 °C using
a 10 kD millipore ultrafiltration tube. The final product (Cy5-SA-
biotin-T;) was recovered through centrifugation and fixed to
1.5 mg mL~" with 0.01 M PBS buffer (pH 7.4). Similarly, 2 mg
mL~" of SA-biotin-C; was also prepared.

The reverse fluorescence-enhancement test strips (rFLTS)
contain five major parts: NC membranes with a test line (T-line)
and a control line (C-line), sample pads, conjugate pads, poly-
vinyl chloride (PVC) backing cards, and absorbent pads. Among
them, the conjugate pads were pre-blocked with 4 mL immune
buffer (5 mM PVP-10000, 0.15 M sucrose, 0.45 mM BSA, 2%
Tween-20 in 0.01 M PBS) and dried at 37 °C for 8 h. The SA-
biotin-C; (2 mg mL~") and Cy5-SA-biotin-T, (1.5 mg mL ") were
applied onto the NC membranes at different densities of 0.6
and 0.5 pL cm™ ' as the C-line and T-line, respectively. The
interval of two lines was separated at a 4.0 mm interval, then the
NC membranes were dried completely at 37 °C. Finally,
different pads were constructed on a PVC backing card with an
overlap of ~2 mm and then were cut into 3.5 mm individual
strips by a guillotine cutter. The prepared rFLTS were placed in
aluminum foil bags and stored at 4 °C for the subsequent
assays.

Detection of miRNA-10b with the rFLTS

2 pM Cas12a, 1xNEBuffer 2.1, 0.1 uM crRNAirNa-10by 0.1 UM
ssDNA; 10, 6 UM T reporters and a series of different concen-
trations miRNA-10b standard solutions (10~7,107%,107°, 107,
107",107"%, 107", 107, 107 "° and 0 mol L") were prepared
and complemented with DNase/RNase-free water to make
a final volume of 10 pL. After reaction at 37 °C for 40 min, the
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above products and 6 pL of AuNPs@T, probes were added to 60
uL of PBS solution (0.01 M, pH 7.4). After mixing, the strips were
immersed into the solution and incubated for 10 min. Then
strips were taken out, and photos were obtained using
a smartphone and Azure C600 with default parameters,
respectively. The intensity of the T-line was measured using
Image] software with the following procedure: open the Image]
software and open an image in “File”; transform images into 32
bit type; subtract background; set measurements to take anal-
ysis of integrated density; invert color; use the rectangle tool to
obtain the integrated density of the T-line. The T-line intensity
was obtained by integrating the peaks. The limit of detection
(LOD) was calculated as follows:

VY = Xp1 + ksu

where y was the LOD, x,; was the blank mean, k was the
constant data related to confidence (usually k£ = 3 was taken),
and Sy, was the standard deviation of the blank value.

Furthermore, miRNA-10b (10~® mol L") and five different
types of miRNAs (10~" mol L"), including miRNA-21, miRNA-
5010, miRNA-331, miRNA-141 and miRNA-122 were used to
assess the specificity.

Serum miRNA extraction and detection in clinical samples by
rFLTS

Informed written consent from all participants or next of kin
was obtained before the research. All serum samples were ob-
tained from Tianjin Medical University Affiliated General
Hospital (Tianjin, China), and all methods were conducted in
accordance with the approved guidelines. Total miRNAs in 200
pL serum per sample were extracted using the serum/plasma
miRNA extraction kit. All samples were purified according to
the manufacturer's instructions. The eluted miRNAs were
stored in 20 uL, DNase/RNase-free water at —20 °C until needed.
These samples were analyzed following the procedures
mentioned above.

Intracellular imaging

Cell culture. Human glioblastoma cell lines (U87) and mouse
hippocampal neurons (HT22) were grown in Dulbecco's Modi-
fied Eagle's Medium (DMEM) with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin. All the cells were
cultured at 37 °C in a humidified sterile incubator with 5% CO,
atmosphere.

Intracellular co-delivery Cas12a proteins and nucleic acid
chains. The AuNPs were added to monomethoxy polyethylene
glycol thiol (mPEG-SH, with a molar mass ratio of 10: 1) for the
labeling reaction for 4 h. Then, the precipitate (AuNPs-PEG
probes) was recovered by centrifugation (10 010g, 10 min) and
redispersed in PBS solution (0.01 M, pH 7.4). Afterward, the
Cas12a proteins were placed in the prepared AuNPs-PEG probes
for 2 h. Finally, the unloaded Cas12a proteins were discarded by
centrifugation and the AuNPs-PEG@Cas12a was redispersed in
0.01 M PBS solution for cell imaging.

The U87 and HT22 cells were inoculated seeded and cultured
in a confocal dish with a cell density of about 1 x 10° cells,
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respectively. After cultured for 24 h in the sterile incubator, the
fully dispersed AuNPs-PEG@Cas12a in DMEM medium con-
taining 10% FBS was cultured with U87 and HT22 cells for 3 h at
37 °C. Then the cells were transfected with crRNA,,irnA-10b,
ssDNA;_4, and reporter molecules (AF488-ssDNA-BHQ1) using
the jetPRIME reagent for a period of 4 h, washed with 0.01 M
PBS solution three times and stained with Hoechst 33 342 (10 pug
mL ") for 20 min. Then the cells were washed again with 0.01 M
PBS solution three times. Cell imaging was performed on
a high-resolution laser confocal microscope with a 100x oil
dipping objective less with a 488 nm laser channel.

Flow cytometric analysis. The U87 or HT22 cells (1 x 10°
cells) were first inoculated in seeded into 6-well plastic-bottom
plates and incubated at 37 °C in 5% CO, for 24 h. The cells were
transfected with AuNPs-PEG@Cas12a and nucleic acid chains
for 7 h (the operation was the same as the confocal imaging),
then were washed with 0.01 M PBS solution three times and
detached from the culture plate with trypsin-EDTA. Next, these
treated cells were centrifuged at 110 g for 5 min and were
resuspended with 300 pL of 0.01 M PBS solution for flow
cytometry analysis using the flow cytometer. Fluorescence was
determined by counting 10 000 useable events, and the data
were analyzed by the FlowJo software.

Conclusions

The CRISPR/Cas12a system is known to recognize DNA targets
and exhibits distinctive collateral ssDNA cleavage activity. In
this research, we found that the ¢rans-cleavage activity of the
CRISPR/Cas12a system could be directly activated by hybrid-
izing two fragmented ssSDNA activators to the crRNA, except the
split position between the 8th and 9th bases. Notably, the direct
detection of miRNA sequences could be achieved after
providing a short DNA sequence complementary to the crRNA-
proximal hairpin domain without the need for reverse tran-
scription and special recognition mechanisms. Meanwhile, we
also found the trans-cleavage activity of CRISPR/Casl12a was
affected by the 3’ protruding ends when detecting longer
nucleic acid targets. By replacing one fragment of ssDNA acti-
vators (rear-ssDNA) with miRNA-10b, we proposed a split-
activator-based method called FCAS and designed rFLTS,
achieving highly sensitive (LOD of 5.53 fM) and selectivity for
the direct detection of miRNAs targets. With the FCAS-based
rFLTS, we successfully detected the miRNA-10b biomarker in
clinical serum samples from glioma patients, achieving
performance consistent with RT-qPCR methods. Importantly,
for the first time, a miRNA in situ imaging platform based on the
FCAS was developed to identify tumor cells. In conclusion, the
FCAS-based CRISPR/Cas12a system could be expanded to other
CRISPR-Cas enzymes for developing advanced molecular diag-
nostic tools and broadening its application fields.

Data availability

All relevant data is presented in the article and the ESL{
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