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We developed a CRISPR-coupled triple cascade system integrating
recombinase polymerase amplification (RPA), CRISPR/Cas12a, and
catalytic hairpin assembly (CHA) for simultaneous lateral flow
detection of Mycoplasma pneumoniae and H1N1 in saliva samples,
achieving a LOD of 10 aM for HIN1 RNA and 25 aM for MP DNAon a
single LFA.

Respiratory pathogens pose a persistent public health chal-
lenge, with influenza A virus being responsible for seasonal flu
outbreaks and Mycoplasma pneumoniae (MP) serving as a lead-
ing cause of community-acquired pneumonia.' ™ Notably, these
two pathogens often co-circulate during outbreaks and it is
difficult to distinguish infections caused by different pathogens
based solely on clinical manifestations. Consequently, a sensi-
tive and specific diagnosis approach is essential for preventing
their spread and guiding appropriate medications. Conven-
tional immunological methods have the advantages of being
rapid and convenient, but more sensitive detection methods
are needed for early detection of the pathogen in infection.*”
In contrast, real-time quantitative polymerase chain reaction
(qPCR)-based nucleic acid detection is considered the gold
standard due to its high sensitivity and specificity.*® However,
the reliance on specialized equipment, thermal cycling, and
highly trained personnel limits its application for on-site
analysis. There is a growing need for alternative detection
methods with high sensitivity for on-site analysis of the nucleic
acids of respiratory pathogens, promoting mass screening and
guided medication to impede disease transmission.

Clustered regularly interspaced short palindromic repeats
(CRISPR) and CRISPR-associated (Cas) enzymes, a kind of
natural adaptive immune system of microorganisms, have been
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repurposed as a potential tool for in vitro diagnosis.'®™?

Cas12a, as one of the important members of the Cas family,
can be programmed and activated with CRISPR RNA (crRNA) for
non-specific degradation of single-stranded nucleic acids (trans-
cleavage).”>™"> The high specificity and enzyme activity enable
the CRISPR/Cas12a system to be a promising platform for
biosensing applications."®"” However, the trans-cleavage ampli-
fication effect of CRISPR/Casl2a alone cannot achieve the
desired sensitivity, and this inherent limitation necessitates
integration with auxiliary nucleic acid amplification methods
to enhance detection performance.*®*° Isothermal nucleic acid
amplification technologies, such as recombinase polymerase
amplification (RPA),*! strand displacement amplification
(SDA),** catalytic hairpin assembly (CHA),>® and loop-mediated
isothermal amplification (LAMP),>* require only simple thermal
control, making them ideal for portable diagnostic applications.
Consequently, the synergistic integration of CRISPR/Cas12a with
isothermal amplification enables the development of sensitive
and user-friendly diagnostic technologies.

Lateral flow assays (LFAs) are particularly attractive for
point-of-care biomarker detection due to their simplicity,
affordability, and equipment-free operation.>®>’ The combi-
nation of LFAs with CRISPR-isothermal nucleic acid amplifica-
tion technologies offers a sensitive and low-cost nucleic acid
detection strategy. Currently, CRISPR/Cas12a-based LFAs uti-
lize ssDNA probes as reporters, with the test line (T line) located
above the control line (C line), which increases the difficulty of
result interpretation and only one target can be analysed via a
single test strip. In this study, we developed a lateral flow assay
(LFA) platform integrated triple cascade amplification system
(LFA-TCA), incorporating recombinase polymerase amplifica-
tion (RPA), CRISPR/Cas12a, and a catalytic hairpin assembly
(CHA) circuit, for sensitive and accurate detection of Myco-
plasma pneumoniae DNA (MP DNA) and influenza A virus
subtype H1IN1 RNA. The LFA-TCA platform can simultaneously
detect two pathogen nucleic acids on a single LFA with high
sensitivity. As shown in Scheme 1, in the presence of specific
targets, MP DNA and H1N1 RNA are exponentially amplified via
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Scheme 1 Schematic of the LFA platform based on a triple cascade
amplification system (LFA-TCA) for sensitive detection of MP DNA and
HIN1 RNA.

RPA to generate numerous amplicons, which can induce the
trans-cleavage activity of CRISPR/Cas12a. Activated Cas12a can
cleave blocked strands (BS), blocking their hybridization with
the initiator strands (IS) and allowing IS to trigger subsequent
CHA reactions. For HIN1 RNA detection, free IS-1 catalyzes the
cross-hybridization of FAM-labelled H1 (FAM-H1) and biotin-
labelled H2 (Bio-H2) via a CHA-1 circuit to produce numerous
hybrid duplexes (FAM-H1/Bio-H2), which bind to the
streptavidin-modified gold nanoparticles (Au NPs) pre-
packaged in the conjugate pad and are further captured by
anti-FAM antibodies on test line 1 (TL1), resulting in a visible
red band. For MP DNA detection, its presence will release
dissociative IS-2 to initiate the CHA-2 circuit to obtain hybrid
duplexes of TAMRA-labelled H3 (TAMRA-H3) and digoxin-
labelled H4 (Dig-H4) (TAMRA-H3/Dig-H4). TAMRA-H3/Dig-H4
acts as a bridging element to bind to anti-TAMRA antibody-
modified Au NPs, leading to the aggregation of the Au NPs on
test line 2 (TL2) to generate a red band. Conversely, the lack of
targets inhibits the ¢rans-cleavage activity of CRISPR-Casl12a
and preserves the integrity of BS. Then, BS hybridized with IS to
prevent the CHA circuits from generating a signal, and only the
blue control line (CL) can be observed. LFA-TCA successfully
detects HIN1 RNA and MP DNA on a single LFA with high
sensitivity and robustness via multiple isothermal amplifica-
tion, facilitating a field-deployable solution for pathogen
testing.

The feasibility of RPA-mediated primary amplification was
investigated. According to the nucleic acid sequences of HIN1
RNA and MP DNA, the specific primers for RPA were designed
(Table S1). As shown in Fig. S1, the bright amplified bands of
HIN1 RNA and MP DNA appeared, suggesting that the
designed primers of RPA and RT-RPA were suitable for target
detection. The fluorescence experiment further showed that the
amplicons successfully activated the ¢rans-cleavage activity of
Cas12a (Fig. 1A-D). The polyacrylamide gel electrophoresis
(PAGE) image revealed the destruction of the BS by Cas12a
(Fig. S2). Subsequently, the BS blocked CHA circuit was verified.
For the CHA-1 circuit, as shown in Fig. 1E, both FAM-H1 and
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Fig. 1 Feasibility of the TCA system. (A) Fluorescence spectra of HIN1
RNA amplicons incubated with the CRISPR/Casl12a-1 system. (B) Quanti-
fication of the fluorescence intensities of (A). (C) Fluorescence spectra of
MP DNA amplicons incubated with the CRISPR/Casl2a-2 system. (D)
Quantification of the fluorescence intensities of (C). (E) The native PAGE
images of the CHA-1 circuit blocked by BS-1. (F) The native PAGE images
of the CHA-1 circuit triggered by HIN1 RNA. (G) The native PAGE images of
the CHA-2 circuit blocked by BS-2. (H) The native PAGE images of the
CHA-2 circuit triggered MP DNA.

Bio-H2 maintained a stable hairpin conformation without
unexpected cross reaction when BS-1 was present, indicating
that the CHA-1 circuit was successfully prevented. Upon intro-
duction of the HIN1 RNA amplicons and CRISPR/Cas12a-1, a
significant FAM-H1/Bio-H2 band was found in lane 6, which
was attributed to the HIN1 RNA amplicons activating Cas12a-1
for breaking this blockade and promoting the occurrence of
tertiary amplification (Fig. 1F). For MP DNA detection, we also
designed an exclusive CHA-2 circuit, and as shown in Fig. 1G
and H, a bright TAMRA-H3/Dig-H4 hybrid band appeared on
the addition of MP DNA amplicons and relevant CRISPR/
Cas12a-2, manifesting that target MP DNA successfully trig-
gered the corresponding cascade reaction. These experimental
results confirmed the successful establishment of the TCA
system based on multiple isothermal amplifications.

The LFA consists of a sample pad, a conjugate pad, an
absorbent pad, test lines (TL1 and TL2), and a control line
(CL), of which the conjugate pad was pre-packaged with anti-
TAMRA antibody-modified Au NPs and streptavidin-modified
Au NPs. The anti-FAM and anti-digoxin antibodies were pre-
decorated at TL1 and TL2, respectively. The products, carrying
FAM and biotin, served as a linker that can absorb streptavidin-
modified Au NPs and detain them on TL1 by binding to anti-
FAM antibodies, producing a red TL1 band visible to the naked
eye. In addition, the presence of products with TAMRA and
digoxin will generate a red TL2 band by fixing anti-TAMRA
antibody-modified Au NPs on TL2. Then we combine the kind
of LFA with the developed TCA system and explore the detec-
tion of HIN1 RNA and MP DNA (Fig. 2A and B). As shown in
Fig. 2C, red TL1 and TL2 occurred when the HIN1 RNA and MP
DNA were present, respectively, because the targets triggered
the TCA system to generate abundant FAM-H1/Bio-H2 and
TAMRA-H3/Dig-H4 hybrid products. In addition, the coexis-
tence of HIN1 RNA and MP DNA resulted in two test lines on
the LFA, while only CL was found when there was no target
nucleic acid in the sample (Fig. 2C and D). The results verified
that the TCA system could be applied for the simultaneous
detection of HIN1 RNA and MP DNA on a single LFA.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (A) The construction of the LFA. (B) The detection process of the
LFA-TCA. (C) The LFA images and (D) grayscale analysis of TL1 and TL2 for
different samples. TL1: HIN1 RNA, TL2: MP DNA.

To achieve ideal detection results, it is necessary to explore
the optimal reaction conditions. The ratio of primers (IS) to
hairpins was first optimized (Fig. S3). The optimal reaction
ratios for the CHA-1 and CHA-2 circuits were 1:5 and 1:4,
respectively. Additionally, hairpins with different stem lengths
were designed to optimize the CHA reaction. As expected,
hairpins with shorter stems showed a higher background signal
and longer stems resulted in low reactivity. H1 (12)-H2 (12) was
selected for the CHA-1 circuit reaction and H3 (10)-H4 (11) was
selected for the CHA-2 circuit reaction (Fig. S4 and S5). Fig. 3A
and B display that the fluorescence signal reached a maximal
state when the ratios of crRNA to Cas12a were 0.75:1 and 1:1,
respectively. And the cleavage efficacy of Cas12a at different
times was assessed. As illustrated in Fig. 3C, D and Fig. S6A, B,
with the increase of the reaction time, the BS-1 and BS-2 bands
gradually weakened and completely disappeared at 30 min,
which was exploited for the subsequent assay. The duration
and temperature of the CHA circuits used in the tertiary
amplification process were optimized to improve the detection
performance. FAM-H1/Bio-H2 (Fig. 3E and Fig. S6C) and
TAMRA-H3/Dig-H4 (Fig. 3F and Fig. S6D) were found to initially
increase with the incubation time and then they stabilized at 5
min. Moreover, the bands of FAM-H1/Bio-H2 and TAMRA-H3/
Dig-H4 showed minimal difference when incubated at 30-
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Fig. 3 The fluorescence intensity of the solution with different ratios of
crRNA and Casl2a for detecting HIN1 RNA (A) and MP DNA (B). Band
intensity of BS-1 (C) and BS-2 (D) incubated with the CRISPR/Cas12a-1 and
CRISPR/Casl2a-2 systems at different times, respectively. Band intensity of
FAM-H1/Bio-H2 at different times (E) and temperatures (G). Band intensity
of TAMRA-H3/Dig-H4 at different times (F) and temperatures (H).
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40 °C. To retain the isothermal reaction, the CHA circuits were
carried out at 37 °C for 5 min (Fig. 3G, H and Fig. S6E, F).

Under optimal conditions, the detection performance of
LFA-TCA was explored. As shown in Fig. S7A-D, the color
intensity of TL1 and TL2 progressively intensified with the
addition of HIN1 RNA and MP DNA concentration, respec-
tively, indicating that LFA-TCA could sense the change in target
concentration and detect different kinds of targets indepen-
dently (Fig. S7E and F). Subsequently, the specificity of the
proposed LFA-TCA was further assessed. Fig. S7G and H show
that only the HIN1 RNA and MP DNA led to bright red bands
on TL1 and TL2, respectively, indicating the excellent specificity
of LFA-TCA.

To validate the anti-interference capability of LFA-TCA, the
saliva-adulterated target nucleic acid was detected. The visua-
lized detection results showed that the saliva did not influence
the detection performance of LFA-TCA (Fig. 4A and B). TL1 and
TL2 gradually increased with the increase of the corresponding
target concentrations, consistent with the assay in PBS buffer,
revealing that LFA-TCA performed well under the change of
target concentrations (Fig. 4C and D). There was a linear
correlation between the TL signal and target concentrations
raising from 0.1 to 1000 fM. According to the linear equation y =
8.04091g C + 14.8490 (H1N1 RNA) and y = 4.68031g C + 7.3407
(MP DNA), the limit of detection (LOD) for HIN1 RNA and MP
DNA was 10 aM and 25 aM, respectively (Fig. S8). Compared
with other strategies for analyzing nucleic acids, our LFA-TCA
exhibited a comparable detection performance and portable
on-site deployment (Table S2). Additionally, the simulated
pathogen samples were added to saliva solutions to further
assess the practical analytical capabilities of LFA-TCA. As the
concentration of the pathogen increased, the signals of TL1 and
TL2 gradually strengthened (Fig. S9). The visual detection
ability for Mycoplasma pneumoniae and HIN1 was below 50
copies per pL. Then, we employed the LFA-TCA strategy as well
as the common PCR method to detect pathogen nucleic acids.
The detection results of LFA-TCA were consistent with those of
the PCR method, indicating the reliability of the detection
system (Fig. S10). Given the limited availability of clinical
samples, this study provided a preliminary verification of the

cL cL -
TL2 [ e - -
T [ L1 e e
S=a=g[3 === R
1 2 3 4 0 01 1 10 102 10% 104 10% 10° fM

&
=

5
5

3

3

o oN @
s 8 &
N &
8 8

Mean band intensity (a. u.

S

Mean band intensity (a.u.) TJ

il 'LZ é

0 o 10 107 10° 10* 10°

1

Fig. 4 (A) The LFA images and (B) grayscale analysis of the test lines for
different samples in the saliva samples. (C) The LFA images and (D)
grayscale analysis of the test lines with different concentrations of target
nucleic acids.
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LFA-TCA’s clinical application potential. Subsequent large-scale
validation with diverse samples will be essential to thoroughly
evaluate the generalizability of this strategy.

In summary, we constructed an LFA platform based on a
triple cascade amplified detection system (LFA-TCA), which
integrates recombinase polymerase amplification (RPA),
CRISPR-Cas12a and catalytic hairpin assembly (CHA) for the
detection of Mycoplasma pneumoniae DNA (MP DNA) and HIN1
influenza virus RNA (HIN1 RNA). LFA-TCA could analyze two
pathogen nucleic acids simultaneously through a single LFA
with the advantages of high sensitivity (the LOD for HIN1 RNA
and MP DNA is 10 aM and 25 aM, respectively) and satisfactory
specificity. This study demonstrates the potential of multiplex
amplification for enhanced sensitivity and multiple detections
of LFA. In future work, expanding the multiplexing capacity
could be achieved by modifying RPA primers and crRNA
sequences, which would allow the design of customized detec-
tion modules targeting different nucleic acids. Additionally,
this strategy showed high specificity but potential limitations
remain when extending the platform to diverse pathogen
classes. The genetic diversity within pathogen species, such
as mutations, may necessitate further optimization of the
primers and crRNA sequences. Besides, extensive validation
with different pathogens and complex clinical samples will be
required to ensure robustness across various pathogens.
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