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ARTICLE INFO ABSTRACT

Keywords: Rapid and sensitive detection of specific RNA sequences is crucial for clinical diagnosis, surveillance, and
RNA detection biotechnology applications. Currently, reverse transcription-quantitative polymerase chain reaction (RT-qPCR) is
C_RISPR/ Cas13a o the gold standard for RNA detection; however, it is associated with long processing time, complex procedures,
]S)l;f i:}‘;};cule fluorescence imaging and a high false-positive rate. To address these challenges, we developed a novel sensing platform based on
Biomarker CRISPR/Cas13a that incorporates a dumbbell-shaped hairpin and DNA-PAINT for rapid, highly specific, and

sensitive RNA analysis. By leveraging the CRISPR/Casl3a system, this platform enables the cleavage of
dumbbell-shaped hairpins, which subsequently allows the cleaved primers to initiate cyclic amplification of
fluorescent signals. These signals are further enhanced by the binding and dissociation phenomena inherent to
DNA-PAINT technology, ultimately achieving remarkable triple signal amplification. Additionally, the system
effectively discriminates Hantaan virus RNA from Seoul virus in real samples. Importantly, the platform can be
easily adapted for the detection of other RNAs by simply reconfiguring the hybridization region of crRNA. In
conclusion, this platform represents a "five-in-one" RNA detection approach that integrates reliability, versatility,
robustness, high specificity, and superior quantitative capabilities. It provides novel insights for direct RNA
detection based on CRISPR/Casl3a and demonstrates significant potential for advancement in viral diagnostics.

1. Introduction CRISPR-associated proteins (CRISPR-Cas) adaptive immune system has

emerged as a prominent tool in gene editing. This system encompasses

Ribonucleic acid (RNA) serves as a carrier of genetic information in
the cells of living organisms, as well as certain viruses and viroids. Ab-
normalities of RNA content or expression can lead to a variety of dis-
eases [1-3], underscoring the importance of RNA detection for the
prevention and treatment of early diseases [4,5]. Currently, RT-qPCR is
regarded as the gold standard for nucleic acid detection [6,7]. However,
it has several limitations, including lengthy processing times and com-
plex procedures. To overcome these challenges, researchers have
developed innovative methods for RNA detection. In recent years, the
clustered regularly interspaced short palindromic repeats (CRISPR) and
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programmable nucleic acid endonuclease technology, enabling precise
and efficient targeting of RNA sequences. In 2017, Zhang et al. [8].
harnessed the ancillary effects of CRISPR-Cas in combination with
isothermal amplification techniques—such as recombinase polymerase
amplification (RPA) [9], loop-mediated isothermal amplification
(LAMP) [10,11], and rolling circle amplification [12]—to establish
CRISPR-based diagnostic methods. This advancement has significantly
propelled the application of CRISPR-Cas technology in nucleic acid
detection. Nonetheless, these methodologies often require multiple en-
zymes and are susceptible to false positives. To mitigate these issues,
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Scheme 1. The CRISPR/Cas13a system is based on a dumbbell-shaped hairpin combined with DNA-PAINT to structure the DCP-platform for highly sensitive

detection of Hantavirus RNA.

researchers have explored the integration of CRISPR-Cas with alterna-
tive non-amplification methods, including catalytic hairpin assembly
(CHA) [13,14]1, microfluidic chips [15], colorimetric assays [16,17],
electrochemistry [18], electrochemiluminescence [19], and nano-
materials [20-22]. Although the sensitivity of RNA detection has
significantly improved and false positive rates have decreased, these
techniques can involve complex nanomaterial synthesis, intricate chip
design processes, prolonged detection times, and inconsistent results.
Therefore, there is an urgent need for a novel RNA detection method
that is sensitive, rapid, accurate, and straightforward.

Over the past three decades, substantial advancements have been
achieved in the fields of single-molecule chemistry [23], molecular dy-
namics [24], fluorescence correlation spectroscopy (FCS) [25], and
other single-molecule fluorescence techniques. These developments
have enhanced the application of these techniques in highly sensitive
biosensors [26], facilitating the monitoring of dynamic behaviors and
interactions of individual biological molecules, thereby illuminating
complex biological processes. This progress holds considerable promise
for disease prediction and progression analysis. Moreover,
single-molecule fluorescence imaging requires minimal sample con-
sumption while offering rapid analytical speeds, making it particularly
advantageous for swiftly detecting and quantifying low-abundance

biomarkers in complex environments [27]. However, conventional
single-molecule fluorescence detection methods face limitations due to a
finite number of detectable signals, which restricts their sensitivity [28].
In contrast, DNA point accumulation in nanoscale topology (DNA--
PAINT) [29,30] has demonstrated remarkable capabilities, including
infinite spectral multiplexing and ultra-high (sub-5-nm) spatial resolu-
tion. This methodology relies on the transient binding and dissociation
of dye-labeled short DNA oligonucleotides (imaging strands) with their
complementary target-binding strands to produce a series of random
flashes necessary for super-resolution imaging [31-34]. By utilizing the
counts of blinking events as an output signal, this technique allows for
ultra-sensitive quantification of target molecules without necessitating
enzyme amplification, making it an ideal approach for quantitative
biological analysis [35,36]. However, for early viral detection, the limit
of detection (LOD) provided by a single DNA-PAINT method is still
insufficient.

Therefore, we integrated the CRISPR/Cas13a system, the dumbbell-
shaped hairpin, and DNA-PAINT to construct a highly sensitive and
highly specific biosensing platform (DCP-platform), enabling the
straightforward detection of Hantaan virus RNA (HTNV-RNA) at the
single-molecule level. Hantaan virus (HTNV), a zoonotic virus in the
Hantaviridae family that causes severe hemorrhagic fever with renal
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syndrome in humans with fatality rate of 15 % [37]. It is a significant
global health concern, and currently, no effective vaccines or treatments
are available [38]. In our system, CRISPR/Cas13a is specifically acti-
vated by the HTNV-RNA, allowing it to cleave the dumbbell-shaped
hairpin and release the primers, thus initiating the first step of ampli-
fication. Then, the released primers hybridize with the fluorescent probe
to form a double-stranded complex, activating the nucleic acid endo-
nuclease to cleave the fluorescent probe. The freed primers can then
bind to additional probes, facilitating a cyclical reaction that results in a
significant signal amplification—representing the second step of probe
signal enhancement. Following amplification, unbound fluorescent
probes are removed by magnetic separation, and the supernatant is used
for single-molecule imaging. The fragmented probes interact with cap-
ture probes (CPs) immobilized on the coverslip surface, establishing a
dynamic equilibrium process of "binding-unbinding" via the TIRF mi-
croscope. Each event generates a fluorescence localization signal, and by
continuously collecting and analyzing these dynamic occurrences and
quantitatively assessing the correlation between the localization fre-
quency and the target concentration, we achieve the third step of
single-molecule signal amplification, enabling detection limits as low as
attomolar (aM) concentrations.

2. Experimental Section
2.1. Hairpin annealing

To prepare a 10 pL solution of 1 pM dumbbell-shaped hairpin (H1,
H2, H3, H4), 1 pL of each 10 pM hairpin was mixed with 2 pL of 5 x
Annealing Buffer for DNA Oligos and 7 pL of DEPC-treated water. The
mixture was then heated at 95 °C for 5 min to anneal the hairpins, fol-
lowed by a gradual cooling to room temperature over 40 min. Finally,
the annealed hairpin was stored at 4 °C for future use.

2.2. Construction of the DCP-platform

Initially, the Cas13a/crRNA complex was prepared by combining 50
nM LwaCas13a, 25 nM crRNA, 1 x rCutSmart™ buffer, and H20, fol-
lowed by incubation at 37 °C. Subsequently, the target nucleic acid was
introduced alongside 400 nM hairpin H1, 1 uM fluorescent probe T1, 5 U
Nb.BbVCL, and 1 x Annealing Buffer for DNA Oligos, and the mixture
was incubated at 35 °C for 30 min. Thereafter, 20 pL of streptavidin-
coated magnetic beads were added to each reaction mixture and vor-
texed for 30 min to facilitate the binding of biotin-labeled fluorescent
probe fragments, particularly the intact fluorescent probe, thereby
minimizing background signal interference. Following magnetic sepa-
ration, the supernatant was subjected to fluorescence excitation using a
655-750 nm laser, and fluorescence signals were collected using a
fluorescence spectrophotometer at an excitation wavelength of 640 nm.
Finally, the supernatant was combined with imaging buffer and applied
onto a modified coverslip, after which DNA-PAINT imaging was per-
formed using a TIRF microscope.

The imaging buffer, composed of 100 mM Tris-HCl, 20 mM NaCl, a
mixture of 25 mM catalase and glucose oxidase, 10 % glucose solution, 2
mM Trolox (pH 8.0), was used to dilute the supernatant 100-fold. Sub-
sequently, 10 pL of the diluted sample was directly deposited onto the
coated coverslip for DNA-PAINT imaging using a TIRF microscope. The
Cy5 dye was excited by a 640 nm laser, and emitted photons were
collected using a 60 x oil-immersion objective lens (NA 1.45, Olympus)
mounted on an Olympus IX73 microscope system. Imaging was per-
formed using a sSCMOS camera (Dhyana 95, Tucsen, China). For each
sample, five randomly selected regions (with a representative imaging
range of 22.09 pm x 22.09 pm in this study) were continuously imaged
for 1000 frames at an exposure time of 100 ms. The acquired images
were subsequently analyzed, fitted, and quantified using ImageJ soft-
ware with the Thunderstorm plugin.
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2.3. RNA detection in 10 % fetal bovine serum

The serum samples were pretreated according to the previously re-
ported method [39]. Initially, 10 % fetal bovine serum was incubated at
65 °C in a water bath for 30 min to ensure the inactivation of nucleases.
Subsequently, 10 pL of the treated serum was introduced into the
CRISPR/Casl3a reaction system. Finally, the samples were analyzed by
spiking varying concentrations of RNA using the standard addition
method.

3. Results and discussion
3.1. The working principle of the DCP-platform

Scheme 1 showed the specific working principle of the sensing
platform we have built. First, we designed a dumbbell-shaped hairpin
H1 and a fluorescent probe. Considering that the trans-cleavage activity
of LwaCas13a preferentially cleaves the nucleotide-phosphate diester
bond adjacent to uridine residues, the two rings of the dumbbell-shaped
hairpin respectively incorporated two uridine nucleotides (rUrU), while
the stem contained a primer sequence (14 nucleotides) capable of
binding to the fluorescent probe (FP). The fluorescent probe included a
specific recognition and cleavage sequence of nucleic acid endonucle-
ases(GC TGAGG), modified with biotin at its 5’ end and a Cy5 fluo-
rophore at its 3' end. Upon addition of target HTNV-RNA, HTNV-RNA
assembled with the spacer region of crRNA through base-pair comple-
mentarity to activate the Casl3a protein. Then activated Casl3a
engaged in collateral cleavage of nearby H1, releasing abundant primer
H1', which facilitated signal amplification in the first step of the
CRISPR/Cas13a system. Next, the released H1' hybridized with fluo-
rescent probe T1 to form a double-stranded DNA. The newly formed
double-stranded DNA was specifically recognized and cleaved by
endonuclease in the precise site 5--CCTCAGC---3'3"-GGAGTC
G---5, resulting in the cleavage of the probes. Then, H1' could bind to
additional probes, producing a significant amount of ssDNA products
that facilitated the second-step amplification. Subsequently, we intro-
duced streptavidin-coated magnetic beads into the reaction system to
selectively remove the intact fluorescent probe and biotin-modified
fluorescent probe fragments through the strong affinity between strep-
tavidin and biotin, and the fluorescent probe fragments containing flu-
orophores (5’ end) were retained in the supernatant. Following this, the
supernatant was mixed with the imaging buffer for single-molecule
imaging. To facilitate single-molecule imaging, we passivated and bio-
tinylated the coverslip surfaces using Biotin-PEG-Silane and immobi-
lized biotinylated CPs on them by leveraging the high affinity between
streptavidin and biotin. Given that CPs and Cy5-modified fluorescent
probe fragments possess short complementary base pairs (~8 bp), a
dynamic equilibrium of "binding-unbinding" can be established via a
TIRF microscope for DNA-PAINT imaging. We documented the binding
process of FPs and CPs for fluorescence localization. Considering this
process was inherently random and reproducible, the number of local-
izations significantly surpassed that observed in traditional single-
molecule imaging techniques. By continuously acquiring 1000 frames
of fluorescence images, we could substantially enhance the signal to
accomplish the third stage of single-molecule signal amplification.
Consequently, we could achieve a notable reduction in detection limits
by employing this "triple signal amplification method’ to identify lower-
abundance nucleic acid biomarkers.

3.2. Feasibility of the DCP-platform for RNA detection

To assess the feasibility of the constructed platform, we conducted a
series of experiments using the HTNV-RNA sequence as a model target.
First, the trans-cleavage and endonuclease activities of CRISPR/Cas13a
were validated through non-denaturing polyacrylamide gel electro-
phoresis (PAGE). Since the T1 sequence is too short to effectively
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Table 1
The results of Spiked recovery experiments in 10 % FBS (n = 3).
Sample Added Detected Recovery (%) RSD (%)
10 % FBS 1 1 pM 1.11 pM 111.43 % 1.72
2 100 fM 93.33 fM 93.33 % 2.84
3 10 fM 10.72 fM 107.16 % 2.74

visualize on a gel, we designed an extended chain, T2 (Table 1), to
replace the gel run while maintaining the specificity of the sequence. In
the absence of the target, the trans-cleavage activity of CRISPR/Casl3a
was silenced, resulting in unchanged band positions for H1 and T2
(Fig. 1A, lanes 4, 5, and 9). Upon the addition of the target, the H1 band
disappeared, and a new band emerged (Fig. 1A, lane 6), indicating
successful activation and cleavage of H1 by CRISPR/Cas13a. Following
the introduction of T2, the cleaved H1' formed a double-stranded com-
plex with T2, resulting in the appearance of a new band (Fig. 1A, lane 7).
This band disappeared upon the addition of endonuclease, indicating
that the formed double-stranded complex effectively activated the
nuclease activity, leading to the cleavage of the fluorescent T2 (Fig. 1A,
lane 8). Then, we performed fluorescence emission spectroscopy on the
supernatant following magnetic separation. The result shown in Fig. 1B
and Fig. S1 indicated that a distinct fluorescence signal was generated
only in the presence of the target. Furthermore, compared with the
sample without endonuclease addition, the fluorescence signal signifi-
cantly increased after endonuclease was added. This finding suggested
that CRISPR/Cas13a could accurately identify the target and cleave the
H1 by its activated trans-cleavage. The resultant H1” bound to the T2,
forming a double-stranded complex that activated endonuclease activity
to cleave T2.

Subsequently, the supernatant was utilized for DNA-PAINT imaging.
To minimize the background signal interference, the supernatant solu-
tion was diluted 100-fold prior to deposition onto pre-modified cover-
slips for single-molecule imaging. As illustrated in Fig. 1C-D and Movie
S1, a substantial number of fluorescence localization signals were
observed in the presence of target RNA, whereas only minimal non-
specific fluorescence localization signals were detected in its absence.
The fluorescence localization count in the target group was 9.42-fold
higher than that in the blank group. These findings further validate
the feasibility of the proposed platform for RNA detection.
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3.3. Optimization of the experimental conditions

To achieve optimal analytical performance, we systematically opti-
mized the experimental conditions. First, the CRISPR-crRNA incubation
parameters, including crRNA and Casl3a concentrations, incubation
time, and temperature, were refined. Subsequently, the conditions for
the hairpin-and-probe cleavage reaction were optimized, encompassing
the concentration and sequence of H1 and T1, reaction temperature,
duration, buffer composition, and magnetic bead attachment method-
ology. Additionally, the quantity of magnetic beads and the concentra-
tion of CPs for single-molecule fluorescence imaging were optimized.
Detailed optimization results are presented in Fig. 2, Figs. S2-S7, and
Movie S2. Ultimately, the following optimal experimental conditions
were established: (a) For CRISR-crRNA incubation: crRNA concentration
of 25 nM, Casl3a concentration of 50 nM, incubation time of 15 min,
and incubation temperature of 37 °C; (b) For catalyzing hairpin and
probe cleavage: H1 concentration of 400 nM, T1 concentration of 1 pM,
reaction temperature of 35 °C, reaction time of 30 min, and using a
single nucleic acid endonuclease buffer; (c) For magnetic bead use: 20 pL
of magnetic beads were utilized and the reaction was first cleaved and
then magnetically separated; (d) For single-molecule fluorescence im-
aging: the concentration of CP was set at 100 nM.

3.4. Performance analysis of RNA detection

Under the optimized experimental conditions, the detection sensi-
tivity of the CRISPR/Cas13a method was first evaluated using a series of
the target RNA concentrations (1 nM, 100 pM, 10 pM, 1 pM, 100 fM, 10
fM, 1 fM, 100 aM, 10 aM). The fluorescence spectra (Fig. 3A) demon-
strated a gradual decrease in fluorescence intensity as the target con-
centration decreased. Notably, a strong linear correlation was observed
between the logarithm of the target concentration and the fluorescence
intensity within the range of 1 fM to 10 pM (Fig. S8). Subsequently, the
sensitivity of the DCP-platform was further investigated using single-
molecule fluorescence detection. Fluorescence signals were directly
observed in the images captured at various target concentrations when
the supernatant was used for single-molecule imaging (Fig. 3B). The
fluorescence localizations were quantified, and the processed data
(Fig. 3C-D and Movie S3) revealed a concentration-dependent reduction
in fluorescence signal counts as the target concentration decreased.
Within the range of 1 pM-100 aM, a strong linear relationship was
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Fig. 1. Feasibility investigation of the DCP-platform for detecting RNA. (A) The non-denaturing polyacrylamide gel electrophoresis experiment. (B) The measure-
ment of Cy5 fluorescence emission spectra. (C) The measurement of Cy5 fluorescence spot counting. The error bars represent the standard deviation of the three

experiments.

P < 0.0001, student’s t-test. (D) The single-molecule fluorescence imaging of Cy5.
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observed between the logarithm of the target concentration and the
fluorescence signal counts. The linear equation was established as: Y =
22545 X — 38803, with the determination coefficient (R?) of 0.9505
(where Y represents the localizations counts and X denotes 1gCprnv-rNA)-
The limit of detection (LOD) was calculated to be 74.13 aM, which is
significantly lower than the 5.55 fM obtained from fluorescence

measurements. This result demonstrate that the integrating the CRISPR/
Casl3a system with the single-molecule fluorescence imaging signifi-
cantly enhances RNA detection capability. Unlike traditional PCR and
other conventional methods [40,41], this biosensor eliminates the need
for amplification of the target RNA, thereby mitigating biases and errors
associated with amplification processes and improving detection
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10 fM, 1 fM, 100 aM, 10 aM). (C) The single-molecule fluorescence localization analysis of the target at different concentrations (10 pM, 1 pM, 100 fM, 10 fM, 1 fM,
100 aM, 10 aM). Error bars show the standard deviation of three experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, student’s t-test. (D) The linear
relationship between fluorescence localization and logarithm of RNA concentration, ranging from 1 pM to 100 aM. Error bars show the standard deviation of three
experiments. (E) The fluorescence emission spectra in the presence of different RNAs (sja-miR-2c-5p, SARS-CoV-2, BC, SARS-CoV, MERS-CoV, HTNV-RNA, and Mix)
with blank group as negative control without target and mixed group as detection with 6 RNAs (sja-miR-2c-5p, SARS-CoV-2, BC, SARS-CoV, MERS-CoV, HTNV-RNA)
mixed into the reaction solution. (F) The fluorescence localization counts of the target at different concentrations (sja-miR-2c-5p, miR-21, miR-221-3p, piRNA-54265,
HTNV-RNA, and Mix) and performing magnetic bead-based purification. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, student’s t-test. (G) The single-
molecule fluorescence imaging of the supernatant of the target at different concentrations (sja-miR-2c¢-5p, BC, SARS-CoV-2, SARS-CoV, MERS-CoV, HTNV-RNA,

and Mix) and performing magnetic bead-based purification.
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accuracy and reliability. Compared to other CRISPR/Casl3a-based ap-
proaches [42,43], this platform requires no complex material synthesis
or device fabrication, offering improved detection speed, sensitivity, and
convenience (Table S2).

To evaluate the specificity of the proposed platform, we compared
the fluorescence intensity and localization counts of the target RNA
(HTNV-RNA) against non-complementary RNAs (sja-miR-2c-5p, BC,
SARS-CoV-2, SARS-CoV and MERS-CoV) and their mixture (Mix). The
results (Fig. 3E) demonstrated that the fluorescence signals from non-
complementary RNAs exhibited negligible changes compared to the
blank group. In contrast, only the groups containing the target RNA
(HTNV-RNA and Mix) displayed a significantly enhanced fluorescence
intensity. Similar trends were observed in single-molecule fluorescence
imaging results (Fig. 3F-G and Movie S4), indicating that the developed
sensing platform effectively distinguishes between target and non-target
RNA while demonstrating good specificity.

A

SARS-CoV-2

3.5. Real sample testing

HTNV-RNA is typically present in the host’s blood at low concen-
trations, making it a significant challenge to distinguish HTNV-RNA
from substantial amounts of interfering substances. To evaluate the ca-
pacity of this platform for RNA detection in complex samples, we
introduced target concentrations (1 pM, 100 fM, 10 fM and Blank) into
samples containing 10 % fetal bovine serum (10 % FBS) or DEPC-treated
water and performed detection using this platform. The results
(Fig. 4A-B and Movie S5-6) revealed no statistically significant differ-
ence in the fluorescence localization signals at the same concentration
between the two groups, demonstrating the stable RNA detection ca-
pabilities of this system in complex environments. Additionally, a spike-
and-recovery experiment was conducted to validate the accuracy of the
detection system. Various concentrations of HTNV-RNA (10 fM to 1 pM)
were spiked into a sample containing 10 % fetal bovine serum as a
simulated sample. As the concentration of HTNV-RNA decreased, the
fluorescence localization counts exhibited a declining trend, with the

B

300000

* ok kK

200000

Fluorescence (a.u.)

SARS-CoV-2  Blank

Fig. 5. The universal testing of the platform. (A) The schematic diagram of single-molecule fluorescence imaging of SARS-CoV-2 simulated samples. (B) The
fluorescence localization analysis of single molecules after magnetic separation of SARS-CoV-2 simulated samples and 10 % fetal bovine serum (without target)
samples. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, student’s t-test. Error bars represent the standard deviation of three experiments.
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peak recovery rates ranging from 93.33 % to 111.43 % (Table 1). These
results indicated that the sensing platform exhibited excellent accuracy
and reliability.

Furthermore, nucleic acids were extracted from HTNV samples
(GAW-48, AYW-89, GA-98, GA-111, GA-129) and Seoul virus (SEOV)
samples (GAW-30, XJ-9) using a nucleic acid extraction kit and auto-
matic nucleic acid extractor, followed by detection uing this platform.
The results (Fig. 4C-D and Movie S7) revealed no significant Cy5 fluo-
rescence signal in the two SEOV-infected samples, whereas all four
HTNV-infected samples dispalyed markedly enhanced fluorescence
signal. These findings demonstrated that the platform not only facili-
tated the detection of HTNV but also effectively distinguished SEOV,
another viral species in the Hantaviridae family, showcasing remarkable
sensitivity and specificity.

3.6. Versatility of the system

To verify the versatility of this system, we extended its application to
SARS-CoV-2 RNA detection. Given that the sequence of the dumbbell-
shaped hairpin is independent of the target RNA sequence, it can be
utilized to detect any RNA by merely redesigning the hybridization re-
gion of the crRNA. The fluorescence spectra and single-molecule fluo-
rescence localization imaging results (Fig. 5A-B, Fig. S9 and Movie S8)
demonstrated that both the fluorescence signals and single-molecule
fluorescence localization counts in the SARS-CoV-2 RNA group were
significantly higher than those in the blank group. These results confirm
the applicability of this platform for SARS-CoV-2 RNA detection,
underscoring its broad utility. Moreover, these findings highlight the
substantial potential of this sensing platform for future clinical molec-
ular diagnostics.

4. Conclusion

In summary, we have developed a straightforward, rapid, sensitive,
and specific diagnostic strategy based on CRISPR/Casl3a and DNA-
PAINT, termed the DCP-platform, for the immediate detection of
HTNV-RNA without the target amplification steps. This innovative
platform employs a CRISPR/Cas13a reaction for target identification,
combined with dumbbell-shaped hairpin cleavage-induced circular
amplification and DNA-PAINT technology for signal amplification,
achieving a remarkable triple signal enhancement. It offers a detection
limit as low as the attomolar level, enabling accurate single-molecule
RNA quantification. Our successful detection of HTNV in real samples,
along with the differentiation of SEOV, underscores the method’s
exceptional sensitivity and specificity. The entire workflow can be
completed in about 1 h, eliminating the need for pre-amplification,
transcription, or centrifugation steps. This not only reduces detection
time but also minimizes the potential for false positive results. Addi-
tionally, the sequence of hairpin-shaped structure is unrelated to the
target sequence, enabling the diagnosis of various RNA types by simply
redesigning the region of hybridization with crRNA. Our experimental
results further demonstrated its capability to detect both Hantavirus
RNA and Severe Acute Respiratory Syndrome Coronavirus 2 RNA
(SARS-CoV-2 RNA). Consequently, this DCP-platform represents a ’five-
in-one’ RNA detection approach that integrates simplicity, versatility,
accuracy, high specificity, and exceptional quantitative capability.
However, this detection platform does have certain limitations.
Currently, it is only capable of detecting RNA related to a single virus per
test, which restricts its ability to meet the demand for simultaneous
detection of multiple viral infections. This limitation hinders its appli-
cation in diagnosing complex infectious diseases. To address these
challenges, we plan to further optimize the platform by incorporating
microfluidic technology in the future. Specifically, we aim to integrate
the Casl3a cleavage reaction, magnetic separation, DNA-PAINT imag-
ing, and other processes onto a single microfluidic chip. By leveraging
the multi-channel capabilities of microfluidic chips and the

Talanta 291 (2025) 127852

programmability of crRNA, we intend to enable the synchronous
detection of RNA related to multiple viruses. This innovative perspective
on CRISPR/Casl3a-based RNA detection methods holds significant
promise and broad application potential in clinical virus diagnostics.
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