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1. Introduction

One-pot synthesized three-way junction based
multiple strand displacement amplification for
sensitive assay of HSN1 DNA+

Zhengjiang Wu,?® Jingwen Li,° Tao Zhang,”* Kai Zhang, (& € Xiaomei Liu,?
Zhan Yang,? Li Xu*® and Kun Han ) *®

The rapid and sensitive detection of H5N1, a highly pathogenic avian influenza virus, is crucial for control-
ling its spread and minimizing its impact on public health. In this study, we developed a novel biosensor
based on strand displacement amplification (SDA) coupled with CRISPR/Cas12a for highly sensitive detec-
tion of H5N1 DNA. The biosensor utilizes a combination of a three-way junction structure, composed of
three hairpins (H1, H2, H3), to initiate amplification through SDA, resulting in the production of numerous
activators. These activators then trigger CRISPR/Casl12a’s collateral cleavage activity, which generates a
detectable fluorescence signal. The biosensor demonstrated a linear detection range from 100 fM to 800
pM, with a detection limit as low as 72.87 fM. The optimized biosensor exhibited excellent sensitivity, high
specificity, and a broad dynamic range, making it a promising tool for the early detection of HSN1 DNA in
complex biological samples. Additionally, the use of CRISPR/Casl12a’s trans-cleavage activity significantly
improved signal amplification and specificity, allowing for more reliable detection compared to traditional
methods. The results highlight the advantages of the integrated SDA and CRISPR/Cas12a approach, which
addresses the limitations of conventional detection methods, such as low sensitivity, lengthy analysis
times, and high costs. The biosensor’s ability to perform well in complex sample matrices demonstrates
its potential for point-of-care diagnostics, especially in resource-limited settings. Future applications of
this technology could extend to the detection of other pathogens, offering a versatile and adaptable plat-
form for disease surveillance and management.

health, particularly in regions with limited access to healthcare
infrastructure. Several methods have been developed for H5N1

The H5N1 subtype of influenza A virus is highly lethal and viru-
lent, making it a significant pandemic threat."” This virus has
caused numerous outbreaks among avian populations and has
also been transmitted to humans, leading to severe respiratory
illness with a high fatality rate. The zoonotic potential of H5N1
and its ability to evolve into more transmissible forms under-
score the importance of continuous surveillance and rapid
response. Rapid and sensitive detection of H5N1 is essential for
controlling its spread and minimizing its impact on public
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virus detection, including enzyme-linked immunosorbent assay
(ELISA),® reverse transcription polymerase chain reaction
(RT-PCR),” ™" surface plasma resonance (SPR),'*> and western
blot assay (WB)."> ELISA is widely used due to its ability to
detect viral antigens with moderate sensitivity, but it requires
well-prepared samples and multiple washing steps, making it
labor-intensive. RT-PCR, on the other hand, remains the gold
standard for viral RNA detection due to its high specificity and
sensitivity. However, RT-PCR is highly dependent on specialized
equipment and skilled technicians, which limits its feasibility in
low-resource environments. SPR and WB assays are also effective
for specific detection, but both require expensive reagents and
instruments, making them unsuitable for widespread field
deployment. These traditional methods are often limited by
cumbersome sample preparation, lengthy analysis times, high
equipment costs, and limited sensitivity, which restrict their
practical application in field settings. The need for simpler,
more cost-effective, and rapid diagnostic tools has driven the
development of novel approaches that can overcome these limit-
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ations. Furthermore, the ability to detect H5N1 at early stages of
infection or in asymptomatic carriers is crucial for effective con-
tainment, as early diagnosis enables timely intervention to
prevent large-scale outbreaks.

To address these problems, several nucleic acid isothermal
amplification approaches have been developed, including recom-
binant polymerase amplification (RPA),"**® hybridization chain
reaction (HCR),">** catalytic hairpin assembly technique
(CHA),*"*” exponential amplification reaction (EXPAR),*® rolling
loop amplification reaction (RCA),**** DNA Walker,>*** loop-
mediated isothermal amplification reaction (LAMP),*® and
Strand displacement amplification (SDA)*”™*! etc. Among them,
SDA is particularly effective for amplifying nucleic acid signals.
In typical SDA reactions, the priming sequence initiated by a
target-mediated hybridization event extends along a pre-designed
template, allowing pre-hybridized targets or newly generated
DNA fragments to be displaced, which subsequently triggers
further SDA cycles. Despite its effectiveness, SDA suffers from
issues such as signal variability and loss, which compromise the
consistency and reliability of the results. To overcome these limit-
ations, SDA is often combined with CRISPR/Cas systems, which
enhance specificity and sensitivity through collateral cleavage
activity, providing an additional layer of signal amplification and
reducing false-positive rates. For example, Chi, Z describes the
detection of microRNAs using the SDA method without the need
for reverse transcription.”” Zhou, S reported that the SDA
method was successfully employed to detect DNA methylation
with high sensitivity, demonstrating its suitability for appli-
cations requiring precise quantification.*® These examples illus-
trate the versatility and effectiveness of SDA in different nucleic
acid detection scenarios. However, despite the numerous
benefits of the SDA method, it possesses inherent limitations.
One challenge with SDA is the potential loss of signal due to
variability in reaction products, which can affect consistency and
accuracy, particularly in complex sample matrices.

Clustered regularly interspaced short palindromic repeats
and their associated Cas proteins (CRISPR/Cas) are essential
components of the host’s prokaryotic adaptive immune system,
providing defense against viral infections.*> Over the years, the
CRISPR/Cas system has been repurposed as a powerful tool for
precise genome editing and programmable gene expression
control, revolutionizing biotechnology, medicine, and other
fields.*>** Among the Cas proteins, Cas12a is particularly note-
worthy due to its remarkable collateral cleavage activity, which
enables its use in the construction of highly sensitive and
specific nucleic acid detection platforms for clinical
diagnostics.*>*” The most significant advantage of Cas12a lies
in its ability to recognize specific DNA targets and activate a
trans-cleavage mechanism that cleaves surrounding non-target
DNA, amplifying the detection signal. This lateral cutting
activity is a core feature of diagnostic systems such as DNA
Endonuclease Targeted CRISPR Trans Reporter (DETECTR) and
Cas14-DETECTR, where Cas12a enables highly sensitive detec-
tion by generating strong fluorescent signals upon recognition
of the target.**° Additionally, Cas12a forms complexes with
CRISPR RNA (crRNA), which further enhances its specificity
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and efficiency in targeting and cleaving DNA. Another major
benefit of CRISPR/Cas12a is its ability to detect single-stranded
DNA without the need for a protospacer adjacent motif (PAM)
site. This flexibility expands its diagnostic potential, allowing
for the recognition of a wide variety of genetic sequences,
which makes it highly adaptable for detecting diverse patho-
gens and genetic markers.”’ Cas12a’s ability to work with
single-stranded DNA is a crucial advantage for applications that
require the detection of short or fragmented DNA sequences,
such as those found in viral infections or genetic disorders.
However, while CRISPR/Casl12a offers tremendous sensitivity
and specificity, a single CRISPR-based assay may still face chal-
lenges when detecting low-abundance targets, particularly in
complex samples. This limitation can be mitigated through the
integration of nucleic acid pre-amplification techniques, such
as SDA, which significantly enhances the detection sensitivity,
allowing for the identification of targets at much lower concen-
trations. The combination of CRISPR/Cas12a with amplifica-
tion methods like SDA makes it a powerful tool for reliable,
high-sensitivity diagnostics in clinical and field settings.

In this study, based on strand displacement amplification
and CRISPR/Cas12a, we developed an H5N1 biosensor. The
hairpin H1 was designed for recognizing H5N1 DNA and was
assembled with hairpin H2 and H3 to form a three-way junc-
tion (TWJ), which enabled the production of numerous activa-
tors through strand displacement amplification, the CRISPR/
Casl2a system was optimized and assembled using a single-
chain structure to activate CRISPR/Casl2a’s lateral cleavage
activity. The sensor demonstrated excellent analytical sensi-
tivity and high performance in serum samples, offering a valu-
able reference for real sample applications.

2. Materials and methods
2.1 Material and instruments

All oligonucleotides were obtained from Sangon Biotech
(Shanghai, China) and were HPLC purified. The sequences of
oligonucleotides are listed in Table S1.f Klenow fragment poly-
merase exo- (5000 U mL™", dNTP Mixture (2.5 mM) were
obtained from Beyotime Biotechnology (Shanghai, China).
LbCas12a (100 pM), 10x NEB buffer 2.0, Nt. BbvCI (10 000 U
mL™"), 10x Cutsmart buffer were obtained from New England
Biolabs (Beijing, China). Recombinant RNase Inhibitor (RRI)
was obtained from TaKaRa (Beijing, China). DEPC water and
6x loading buffer were obtained from Sangon Biotech
(Shanghai, China). Gel-Red Stain was obtained from KeyGEN
BioTECH (Nanjing, China). DNA Marker (10-300 bp) was
ordered from Thermo Scientific (Shanghai, China). Reverse
Transcription Kit (with gDNase) was obtained from biosharp
(Beijing, China). Real samples was obtained from Huadong
Medical Institute of Biotechniques (Nanjing, China). Other
chemicals were of analytical grade and used without further
purification. All solutions were prepared with double distilled
water (18 MQ cm™) from a Milli-Q purification system
(Millipore Corp, Milford, MA) and stored at 4 °C.
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Fluorescence spectra were recorded on an F97 fluorescence
spectrometer (Shanghai, China). Electrophoresis analysis was
conducted using a Tanon electrophoresis analyzer (Tanon
2500R, Shanghai, China).

2.2 Procedure for H5N1 DNA detection

To anneal hairpins, H1, H2, H3 was denatured at 95 °C for
5 min, and then gradually cooled to room temperature.
Initially, Cycle 1 and Cycle 2 were formed. The Cycle 1 and
Cycle 2 reaction system (10 pL) comprised 1 pL of target solu-
tion at various concentrations and 1 uM of each H1, H2 and
H3, which reacted at 37 °C for 40 min. Then 1 U pL™" Klenow
fragment polymerase exo- (KF exo-) and 1 U pL™" Nt. BbvCI
were added for 30 min at 37 °C, followed by inactivation at
75 °C for 6 min. The Cycle 1 and Cycle 2 system was performed
in 1x NE buffer 2.1 (50 mM NacCl, 10 mM Tris-HCl, 10 mM
MgCl,, 100 pg mL™" BSA, pH 7.9) Finally, the CRISPR/Cas12a
system was performed in 10x NEB buffer 2.0 by adding 4 pL
amplification product, 2 pM Cas12a, 1 uM crRNA, 1 uM repor-
ters, and 1 U RRI. The solution (10 pL) was incubated at 37 °C
for 35 min. Then 190 pL ddH,O was mixed with the reaction
mixture, and the blend was immediately transferred to a micro
colorimetric dish for fluorescence signal detection under
480 nm excitation light and 520 nm emission light. The band-
widths of both excitation and emission were set at 5 nm. The
photomultiplier tube voltage was set as 600 V.

2.3 Gel electrophoresis verification analysis

The feasibility of the assay was investigated using 15% poly-
acrylamide gel electrophoresis (PAGE). The gel was immersed
in 1x TBE buffer and run for 60 min at 120 V. It was stained
with Gel-Red Stain and imaged using a UV transilluminator
(Bio-Tanon, Shanghai, China).

2.4 Detection of H5N1 DNA in fetal bovine serum (FBS)

FBS was diluted 100-fold with 1x NE buffer 2.1 and then
different concentrations of H5N1 were added to 1% FBS. H5N1
detection in 1% FBS samples was then carried out using the
method.

2.5 Apply to real samples

To explore the method’s potential in complex biological samples,
the method was used to detect the DNA of H5N1-inactivated
virus. H5N1 inactivated virus samples were lysed at 121 °C for
30 min followed by centrifugation at 12000 rpm for 10 min to
obtain the supernatant. Then 1pL of the supernatant was added,
4 pL of 5% RT MasterMix, 1 pL of 20x Oligo dT & Random Primer
were added, and then RNase free H,0 was supplemented to 10 pL
for 30 minutes. Finally, 1 pL was analyzed using the method.

3. Results and discussion
3.1 The principle of the method

The principle of the strand displacement amplification (SDA)
based CRISPR/Cas12a sensing system for H5N1 DNA detection
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is illustrated in Scheme 1. The sequences of all nucleic acids
used are listed in Table S1.1 The detection process begins with
the hybridization of H5N1 DNA to hairpin H1, which leads to
the opening of H1’s stem-loop structure, exposing sequences
that can bind to the next hairpin in the cascade. Upon
binding, the opened H1 hybridizes with hairpin H2, which
causes the opening of H2. This is a critical step, as it enables
further interaction with hairpin H3. When H3 binds to the
now open H2, it displaces the H5N1 DNA because the H1/H3
double-stranded structure has a higher binding affinity and
greater thermodynamic stability compared to the H5N1 DNA/
H1 structure. This displacement releases the H5N1 DNA, allow-
ing it to re-enter the cycle and initiate another reaction with an
additional H1 molecule, effectively generating multiple three-
way junctions (TW]J). This repeated cycle is termed Cycle 1,
where numerous TWJs are produced, greatly amplifying the
signal. Once Cycle 1 is complete, Cycle 2 begins. In Cycle 2,
the TW]J structures act as primer-template junctions that drive
strand displacement amplification (SDA). This step is facili-
tated by the action of Klenow fragment polymerase (KF exo-)
and the nicking enzyme Nt.BbvCl. Klenow fragment polymer-
ase initiates DNA synthesis at the primer-template junction,
while Nt.BbvCI introduces specific nicks in the double-
stranded DNA, creating entry points for subsequent strand dis-
placements. These processes—extension, nicking, and strand
release—are repeated in multiple cycles, resulting in the expo-
nential production of activators. The produced activators then
pair with the CRISPR RNA (crRNA), forming an active CRISPR/
Cas12a complex. The Cas12a enzyme, once activated, exhibits
non-specific single-stranded DNase activity. This activity is
crucial for the detection mechanism, as it results in the collat-
eral cleavage of surrounding single-stranded DNA (ssDNA)
probes labeled with a fluorophore and a quencher (FQ signal
molecule). Upon cleavage, the fluorophore is separated from
the quencher, resulting in the release of a strong fluorescence
signal. This fluorescence can be easily measured, providing a
quantitative readout that indicates the presence of H5N1 DNA.
The combination of SDA for target amplification and CRISPR/
Casl12a for signal transduction ensures a highly sensitive and
specific detection system, capable of identifying even low con-
centrations of H5N1 DNA in complex biological samples.

3.2 Feasibility of the H5N1 DNA detection

The feasibility of the method for H5N1 DNA detection was veri-
fied using both gel electrophoresis and fluorescence tests. In
Scheme 1 and Fig. S1,f three metastable stem-loop hairpins
were designed with partial complementarity. As illustrated in
Fig. 1A, distinct bands corresponding to hairpins H1, H2, and
H3 are observed in lanes 1, 2, and 3, respectively, indicating
the successful formation of individual hairpins. Lane 4
demonstrates the hybridization between H5N1 DNA and
hairpin H1. When H5N1 DNA was introduced into a mixture of
H1, H2, and H3, the brightness of the original hairpin bands
decreased, and four bright bands with varied mobility
appeared in lane 5, and a lighter band above the TW] likely
resulted from a chain reaction between open hairpin H2 and
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Scheme 1 Schematic diagram of the method for detecting HSN1 DNA.
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Fig. 1 Feasibility of the proposed method. (A) PAGE verification of feasibility. (M: DNA marker. Lanel: H1. Lane 2: H2. Lane 3: H3. Lane 4: H1 + H5N1
DNA. Lane 5: H1 + H2 + H3 + H5N1 DNA. Lane 6: H1 + H2 + H3); (B) The fluorescence spectra based on CRISPR/Casl12a for HSN1 DNA detection.
(With H5N1: all of them. Without KF exo-: just no KF, everything else. Without crRNA: just no crRNA, everything else. Without H5N1: just no H5N1

DNA, everything else).

unopened H2 in the H5N1 DNA/H1/H2 complex, indicating
successful formation of the three-way junction (TW]J) struc-
tures. In contrast, incubation of H1, H2, and H3 without H5N1
DNA did not produce any new bands (lane 6), confirming the
stability of the hairpins and demonstrating that the SDA
process is specifically triggered by the presence of H5N1 DNA.

1544 | Analyst, 2025, 150, 1541-1552

The PAGE results strongly support the notion that the TWJ is
initiated only in the presence of the target H5N1 DNA, highlight-
ing the specificity of the assay. This conclusion is
further corroborated by fluorescence analysis, as illustrated in
Fig. 1B. In the experimental group (red line), the addition of 2
nM H5N1 DNA in a 200 pL final reaction volume led to a

This journal is © The Royal Society of Chemistry 2025
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significant increase in fluorescence intensity compared to
the control group (yellow line). In the whole reaction
system, only the absence of crRNA (blue line) or KF exo- (black
line), other reagents unchanged, negligible fluorescence signals
were detected, indicating that both the assembly of the Cas12a
protein with crRNA and the presence of KF exo- are crucial for
initiating the trans-cleavage activity of CRISPR/Cas12a. The invol-
vement of KF exo- specifically enhances the fluorescent signal by
facilitating strand displacement and amplification.

3.3 Optimization of the CRISPR/Cas12a system

To optimize the performance of the CRISPR/Cas12a system for
quantitative detection, the concentration of crRNA was investi-
gated.”® It was determined that a concentration of 5 nM
LbCas12a protein per reaction, combined with varying concen-
trations of crRNA, formed protein-crRNA complexes optimally,
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resulting in a fluorescence plateau within the range of 5 to
20 nM crRNA (Fig. 2A). Fluorescence significantly decreased at
crRNA concentrations above 20 nM, which was attributed to
excess crRNA binding to the activator, thereby reducing the
availability of the activated LbCas12a/crRNA complex.
Consequently, 5 nM was selected as the optimal crRNA con-
centration. Subsequent experiments using this optimized
crRNA concentration showed that fluorescence reached a
plateau at Cas12a concentrations greater than 10 nM (Fig. 2C).
Similarly, fluorescence intensity increased as the recombinant
RNase inhibitor (RRI) concentration ranged from 0.25 to 1 U,
but decreased beyond 1 U (Fig. 2D). The reaction time was also
optimized, with peak fluorescence observed after 35 minutes
(Fig. 2B). Therefore, the optimal conditions for the reaction
were determined to be a crRNA concentration of 5 nM, a
Cas12a concentration of 10 nM, 1 U of RRI, and a reaction
time of 35 minutes.

—e— with activator

= without gggyator
> — . i e

Time (min)

40000

35000

30000

25000

20000

15000

Fluorescence intensity (a.u)

10000

025 050 075 1.00 125 1.50
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In a 200 pL system, the effect of reaction conditions on the fluorescence signal. (A) crRNA concentration; (B) reaction time; (C) Cas12a con-
centration; (D) RRI concentration. Data are expressed as mean + SD (n = 3).
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3.4 Optimization of detection conditions

When comparing the stepwise three-hairpin reaction in cycle 1
with the one-pot reaction, as demonstrated in Fig. 3, enzyme
concentration-dependent fluorescence was observed to
increase with the concentrations of KF polymerase and Nt.
BbvCI endonuclease. Optimized concentrations for polymerase
and endonuclease were 0.5 U and 1.5 U (Fig. 3A and B),
respectively, in the stepwise reaction and 0.4 U and 1.7 U in
the one-pot reaction (Fig. 3C and D). Background signals were
significant in both the cycle 2 reaction time exceeding
40 minutes and the cycle 1 reaction time of 16 minutes
per step (Fig. S2A and Bt), but were absent in the one-pot reac-
tion with cycle 2 at 30 minutes and cycle 1 at 40 minutes
(Fig. S2C and Df), hence the choice for subsequent experi-
ments (Fig. S2t). Furthermore, a plateau was reached six
minutes after the inactivation time of cycle 2 (Fig. S3At). A
1:1:1 ratio of hairpin H1:H2:H3 was determined to be
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optimal in cycle 1, as a disparity significantly decreased fluo-
rescence (Fig. S3Bt).

3.5 Sensitivity of H5N1 DNA detection

Under optimized conditions, the sensitivity of the biosensor
was evaluated across a range of H5N1 DNA concentrations. As
shown in Fig. 4, there is a clear positive correlation between
H5N1 DNA concentration and fluorescence intensity, demon-
strating the reliability of the biosensor for quantitative detec-
tion. Two distinct linear relationships were established: one
within the range of 900 fM to 800 pM (Fig. 4C), represented by
the equation F = 19.65767 x C + 2717.42837 (R* = 0.9921), and
another in the range of 100 fM to 900 fM (Fig. 4D), represented
by the equation F = 2.61357 x C + 994.75328 (R*> = 0.9855). The
calculation formula LOD = 3¢/k according to the 3¢ rule,
where o was the standard deviation of 11 blank samples, k was
the slope, and the detection limit was calculated to be 72.87
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Fig. 3 Ina 200 plL system, the effect of reaction conditions on the fluorescence signal. (A) KF polymerase concentration in stepwise reaction; (B) Nt.
BbvCl concentration in stepwise reaction; (C) KF polymerase concentration in one-pot reaction; (D) Nt.BbvCl concentration in one-pot reaction.

Data are expressed as mean + SD (n = 3).
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Fig. 4 (A) Fluorescence spectra of HSN1 DNA at different concentrations (0—2 nM). (B) The corresponding curve in the range of 0 to 800 pM for
H5N1 DNA detection. (C) The linear calibration curves of 900 fM to 800 pM and (D) 100 fM to 900 fM. Data are expressed as mean + SD (n = 3).

fM. This low detection limit underscores the method’s sensi-
tivity, which is crucial for detecting low concentrations of
H5N1, especially in early-stage infections.

The advantages of this biosensor, including its low detection
limit, wide linear range, high sensitivity, and excellent selectivity,
are largely attributed to its strategic design. The use of three
hairpin structures (H1, H2, and H3) with several base tails at
their 3' ends prevents the aggregation of hairpins and non-
specific cleavage, ensuring stability and efficient formation of the
three-way junctions. Furthermore, the multi-directional chain re-
placement amplification used in this biosensor results in the
production of numerous activators, leading to enhanced signal
amplification. The CRISPR/Cas12a system, known for its highly
specific target recognition and trans-cleavage activity, further
boosts the detection sensitivity and specificity by generating a
strong fluorescence response only when the target is present.

Table 1 provides a comparative analysis of the performance
of the proposed biosensor with other methods for detecting

This journal is © The Royal Society of Chemistry 2025

H5N1 DNA. Compared to previous fluorescence-based tech-
niques, such as those with detection limits of 60 pM," 7.5 pM,>
90 pM,’ and 500 pM,* the proposed biosensor demonstrates a
significantly lower detection limit of 72.87 fM. This represents
a substantial improvement in sensitivity, allowing for the
detection of minute quantities of H5N1 DNA that would be
undetectable with other existing methods. Additionally, the
linear range of the proposed method (100 fM to 800 pM) is
broader than many of the previously reported methods, provid-
ing greater flexibility for quantifying different concentrations
of the target DNA in various sample types. In addition, the bio-
sensing strategy combined with CRISPR/Cas12a and SDA
designed by us has low cost of reagents and equipment,
simple operation, and can detect the presence of targets in
about 2 hours. The TW] is formed in one pot with less step-
wise operation process, and the requirements for equipment
in field application are low, which is expected to be tested
clinically in the future.
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Table 1 Comparison of several methods for detecting DNA

Methods Target Linear range Detection limit Ref.
Fluorescence H5N1 DNA 0.2-20 nM 60 pM 1
Fluorescence H5N1 DNA 0.01-2.5 nM 7.5 pM 2
Fluorescence H5N1 DNA 0.1-50 nM 90 pM 3
Fluorescence H5N1 DNA 500 pM-2 pM 500 pM 4
Fluorescence H5N1 DNA 900 fM-800 pM and 100 fM-900 fM 72.87 ftM This work

The key differentiators of this biosensor, as demonstrated
in Table S2,7 include not only its superior sensitivity but also
its robustness and reliability in complex biological matrices
such as serum. Many traditional methods suffer from high
background noise and limited applicability to real samples
due to non-specific interactions and insufficient amplification
efficiency. In contrast, the combination of SDA with CRISPR/
Cas12a’s collateral cleavage provides a dual amplification

A

mechanism, enhancing both the specificity and the signal-to-
noise ratio of the assay. This dual mechanism ensures that the
biosensor is capable of discriminating the target from closely
related sequences, reducing the likelihood of false positives.
The multi-directional strand displacement amplification
plays a crucial role in increasing the number of activators,
which in turn maximizes the signal generated by the CRISPR/
Casl12a system. Compared to other detection strategies, this
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Fig. 5 (A) Selectivity of the method towards H5N1 DNA. The concentration of target, single-base mismatched (SM), double-bases mismatched
(DM), three bases mismatched (TM) and non-complementary (NC), H7N9, HIN1 DNA was both 2 nM and the control group (buffer instead of target).
(B) The method was tested in actual virus samples. HB (TCID50 = 5.38, Hubei, China) and GX (TCID50 = 5.25, Guangxi, China). Data are expressed as
mean + SD (n = 3). (C) H5N1 DNA test results in buffer (purple) and fetal bovine serum (FBS) samples (green). Data are expressed as mean + SD (n =

3).
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amplification approach, coupled with CRISPR’s specificity, in
the future, devices for reading fluorescence signals will be
miniaturized. For example, Wang et al. developed a SCOPE
platform,> which saves time and is suitable for field use
through simplified procedures performed by miniature wire-
less devices, makes the proposed method particularly powerful
for real-world applications, where sensitivity, precision, and
robustness are of utmost importance. Overall, the results illus-
trate that the proposed biosensor provides a highly competitive
and effective alternative for H5N1 detection, offering improve-
ments in sensitivity, selectivity, and applicability over existing
methods.

3.6 Specific detection of H5N1 DNA

To further ascertain the specificity of the scheme, several mis-
matched bases and avian influenza virus subtypes were
detected alongside the target H5N1 DNA at 2 nM. Non-target
DNA groups exhibited negligible fluorescence responses, while
H5N1 DNA presence resulted in a significant fluorescence
increase (Fig. 5A). This indicates that only H5N1 DNA can
open the hairpin H1 to form a subsequent TW] structure, and
the amplified product further stimulates the trans-cleavage
activity of CRISPR/Cas12a and sends out a fluorescent signal.
In short, the constructed biosensor can detect the target
specifically and has good anti-interference ability.

3.7 Detection of H5N1 DNA in FBS

The functionality of the system was tested in fetal bovine
serum (FBS) to assess its efficacy in a complex biological
matrix. As shown in Fig. 5C, the fluorescence response in
serum samples was comparable to that in buffer systems, con-
firming the system’s efficient signal gain in diverse media. The
recovery rate of H5N1 DNA in serum was greater than 78.09%
and less than 135%, the highest recovery was 135% and the
lowest recovery was 78.09%, which may be affected by the uni-
formity of H5N1 DNA in serum and the experimental pro-
cedure. If there is a large difference between the H5N1 DNA
background value and the standard serum addition value, the
difference between H5N1 DNA and the H5N1 DNA content in
serum may be inaccurate, and the recovery rate may be too
high or too low due to the many steps of the labeled recovery
experiment, with a relative standard deviation below 10%, rein-
forcing the reliability of the system circuitry for quantitative
analysis in complex environments (Table S21).

3.8 Application to real samples

As shown in Fig. 5B, the fluorescence signal of the detected
HB sample (TCID50 = 5.38, Hubei, China) was approximately
10 times that of the without target group and that of the GX
sample (TCID50 = 5.25, Guangxi, China) group was approxi-
mately 6 times that of the without target group, the inconsist-
ent fluorescence between the two groups may be due to the
fact that H5N1 is an RNA virus and is susceptible to RNA
enzymes as well as environmental factors, indicating that the
method can be applied to the actual sample.

This journal is © The Royal Society of Chemistry 2025
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4. Conclusions

We have developed a novel biosensor that combines the prin-
ciples of strand displacement amplification and CRISPR/
Cas12a technology for the highly sensitive detection of H5N1
DNA. The unique design leverages three hairpin structures and
the precise target recognition capabilities of the CRISPR/
Casl2a system, resulting in a detection platform that exhibits
exceptional sensitivity, with a detection limit as low as 72.87
fM, and a broad linear detection range. The biosensor’s per-
formance was validated under various conditions, demonstrat-
ing its effectiveness in both controlled and complex biological
samples, such as serum. The use of three metastable hairpin
structures prevents non-specific reactions and ensures efficient
production of activators. However, when the biosensor forms
TWJ, there will be a non-specific reaction. Subsequent studies
will continue on how to reduce this non-specific reaction to
improve the stability and detection efficiency of the sensor,
while the CRISPR/Casl2a system provides the specificity
needed for selective target cleavage and fluorescence signal
generation. These features collectively contribute to the bio-
sensor’s excellent analytical sensitivity and reliability.
Compared to existing methods for H5N1 detection, the bio-
sensor stands out due to its rapid response time, low detection
limit, and the potential for point-of-care diagnostics, particu-
larly in resource-limited environments. Its ability to perform
well in complex biological matrices further highlights its
utility in real-world applications, making it a promising tool
for early diagnosis and outbreak monitoring. Future studies
could explore the adaptability of this biosensor to other infec-
tious agents by modifying the target-specific sequences.
Additionally, efforts to miniaturize and integrate this bio-
sensor into portable devices could facilitate its use in field set-
tings for rapid, on-site detection. Overall, the biosensor pre-
sents a versatile and powerful approach for pathogen detec-
tion, with significant implications for public health and infec-
tious disease management.
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