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Abstract

In this study, a sliding microfluidic biosensor integrating RPA-SDA cascaded amplification
was developed for the rapid, visual detection of Shigella. A novel RPA primer targeting
the specific ipaH gene was designed to include a 5′-end G-quadruplex (G4) sequence
and the complementary sequence of an Nt.BstNBI endonuclease recognition site. The
RPA product templates a subsequent SDA reaction, generating abundant G4 structures
that form peroxidase-mimicking DNAzymes with hemin, catalyzing a TMB reaction that
produces a distinct blue color for visual readout (on-chip detection at OD370, distinct from
conventional tube assays at OD450). The core on-chip detection process was completed
within 13 min (10 min for SDA and 3 min for color development), achieving a limit of
detection of 3.5 × 10−4 ng/µL for Shigella genomic DNA. This timing explicitly excludes
the preceding, off-chip steps of nucleic acid extraction and RPA amplification. Validation
using spiked lettuce samples confirmed the platform’s high specificity and sensitivity. This
work establishes a proof-of-concept for a portable screening tool, highlighting its potential
for on-site food safety applications. However, further validation in diverse food matrices
and under real-world field conditions is required to fully establish its practical utility.

Keywords: cascaded amplification; sliding microfluidic chip; DNAzyme; visual detection;
Shigella

1. Introduction
Shigella, a Gram-negative bacterium transmitted via contaminated food or water, is

the causative agent of bacillary dysentery. The severe inflammatory disease damages
the colon and ileum, posing a significant public health risk, particularly in developing
countries where it impairs childhood development [1–3]. Effective control is compounded
by the spread of antimicrobial resistance, creating an urgent demand for rapid and sen-
sitive diagnostic tools [4,5]. However, traditional methods are inadequate for point-of-
care diagnostics [6]. Bacterial culture is prohibitively slow and cannot detect viable but
non-culturable (VBNC) cells [7]. Immunoassays suffer from cross-reactivity with other
enteric pathogens [8], and PCR-based techniques require bulky, expensive equipment and
complex handling, precluding their use in on-site settings [9]. Isothermal amplification
techniques have emerged as powerful alternatives to conventional PCR, offering rapid
and equipment-free nucleic acid analysis suitable for Point-of-Care Testing (POCT), which
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help address several of the limitations mentioned above [10]. Notably, recombinase poly-
merase amplification (RPA) and strand displacement amplification (SDA) have emerged as
powerful alternatives due to their exceptional speed and efficiency, making them ideal for
field-deployable applications [11–13].

RPA technology introduced by Piepenburg et al. [14] operates at a low, constant tem-
perature, using specific primers and probes to ensure high sensitivity and specificity [9,15],
which is particularly suitable for providing an important technical support for POCT [16,17].
Likewise, Strand Displacement Amplification (SDA) functions isothermally (for example
37–42 ◦C), eliminating the need for thermal cyclers and enabling diverse detection methods
for its products, such as lateral flow or fluorescence [18,19].

Despite their individual strengths, single isothermal methods can still suffer from
limitations, including inadequate sensitivity or the need for complex readout instrumenta-
tion. To overcome these challenges, cascaded amplification systems have been developed.
These advanced strategies synergistically combine the strengths of multiple techniques to
dramatically improve overall detection sensitivity and specificity, enhance reaction effi-
ciency, and minimize the risk of non-specific amplification, representing a significant step
forward for molecular diagnostics [20–22]. Despite their power, a critical gap prevents
the widespread use of cascaded amplification for on-site Shigella detection: the reliance
on non-integrated, pump-driven systems and functionally limited primers that prevent
a direct link between amplification and a visual signal. This study directly addresses
this limitation by constructing a sliding-based, pump-free microfluidic chip. This device
establishes an integrated ‘amplification-signal output’ system—from reagent storage to
final detection—all made possible by a specially engineered primer that drives both the
amplification and the visual readout on-chip.

Biosensor technology is pivotal for enabling the on-site detection of foodborne
pathogens, offering key advantages in good portability, ease of operation, and rapid
detection. These devices are broadly classified by their signal output mechanism into elec-
trochemical, optical, piezoelectric, and thermal types [23–26]. Among these, colorimetric
biosensors are especially well-suited for field applications, as their visual output allows for
straightforward result interpretation without reliance on complex instrumentation [27]. A
prevalent strategy in colorimetric sensing involves the use of G-quadruplex (G4)/hemin
DNAzymes. These complexes function as peroxidase mimics, catalyzing the oxidation of a
chromogenic substrate (for example ELISA chromogenic substrate) to produce a distinct
color change. This mechanism provides both inherent signal amplification and a direct
visual readout, making it a powerful tool for sensitive detection [28–30]. To realize the full
potential of this approach, these sensing principles are often integrated into microfluidic
“lab-on-a-chip” platforms. Microfluidics allows for the precise handling of samples and
reagents in miniaturized channels, seamlessly coupling the biomolecular recognition event
with signal generation. This integration facilitates the development of rapid, automated,
and highly sensitive sample-to-answer systems for point-of-care diagnostics [31–33].

This study introduces a sliding microfluidic biosensor designed for the visual, on-site
detection of foodborne pathogens, which overcomes key bottlenecks in both biochemistry
and device integration. A common challenge in cascaded amplification is the ‘separation
of functional modules,’ which complicates workflows. Our core biochemical innovation
addresses this directly: we engineered a single RPA primer with a unique all-in-one design,
featuring a 5′-end containing both a G4 sequence and an Nt.BstNBI recognition site. This
specialized sequence engineering allows the RPA product to directly template an SDA
reaction, establishing a seamless ‘amplification-to-detection’ system that generates a visual
signal without needing separate probes. To implement this strategy in a user-friendly
format, we designed an integrated, two-layer sliding microfluidic chip. The upper layer
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houses pre-loaded reagents in separate chambers, effectively minimizing manual pipetting
steps. A simple sliding motion aligns these chambers with the lower layer, creating a
single, continuous fluidic path. This mechanism not only initiates the reaction but also
ensures homogenous mixing, while simultaneously reducing reagent volume, preventing
cross-contamination, and enhancing overall assay stability.

Through systematic optimization, the biosensor achieved a low limit of detection
(LOD) and a broad dynamic range for the demonstrated target. Beyond this specific
application, the platform’s architecture holds strong potential for adaptability. However,
repurposing it for other targets would require more than a simple primer swap; it would
involve a careful re-design of the target-specific primers, including optimization of the
Nt.BstNBI cut-site context to ensure efficient cleavage, and potentially fine-tuning reaction
conditions. This inherent versatility, combined with its all-in-one design ideal for POCT,
positions the device as a promising and adaptable framework for developing future on-
site diagnostics.

2. Materials and Methods
2.1. Materials and Reagents

Bacterial strains: Shigella (CMCC(B) 51572) and (ATCC 12022), Escherichia coli O157:H7
(NCTC 12900), Bacillus cereus (ATCC 14579), Listeria monocytogenes (CMCC(B) 54002), Staphy-
lococcus aureus (CMCC(B) 26003), and Salmonella enterica (CMCC(B) 50115) were all pur-
chased from Luwei Technology Co., Ltd. (Shanghai, China).

Kits and enzymes: The TwistAmp® Basic RPA reaction kit was obtained from TwistDx
(Cambridge, UK). The Ezup Columnar Bacterial Genomic DNA Extraction Kit and the
ELISA chromogenic substrate (TMB) were purchased from Sangon Biotech (Shanghai)
Co., Ltd. (Shanghai, China). Bst DNA Polymerase 2.0 and Nt.BstNBI endonuclease were
purchased from Gene Biotechnology International Trade Co., Ltd. (Shanghai, China).

Chemicals and other materials: Hemin was purchased from Macklin Biochemical
Co., Ltd. (Shanghai, China). Sulfuric acid (H2SO4) was purchased from Kelong Chemical
Co., Ltd. (Chengdu, China). The lettuce was purchased from the local Zhuanxin Farmers’
Market (Yunnan, China).

Sliding microfluidic chip: The sliding microfluidic chip was fabricated from Poly-
dimethylsiloxane (PDMS) by the School of Environmental and Biological Engineering,
Putian University. The device featured circular chambers with a diameter of 8 mm and
a depth of 160 µm, resulting in a nominal reagent volume of 8 µL per chamber. These
chambers were interconnected by channels with a uniform width of 600 µm. No specific
surface treatments were applied to the PDMS. For assembly, a thin layer of mineral oil
was applied between the two PDMS layers to create a reversible, leak-proof seal, and the
device was then secured with external clips. The chips were manufactured to a precise
specification, with intra- and inter-batch volumetric variations controlled to less than 5%,
ensuring the reproducibility required for the assay.

2.2. Instruments and Equipment

Portable Centrifuge: Model DE1008E (Shanghai Keya Biotechnology Co., Ltd., Shang-
hai, China); Thermostatic Mixing Block: Model JXH-100 (Tuohe Electromechanical Tech-
nology Co., Ltd., Shanghai, China); Multi-functional Microplate Reader: Model LUX-3020
(Kunming Youning Technology Co., Ltd., Kunming, China); Benchtop High-Speed Cen-
trifuge: (Eppendorf AG, Hamburg, Germany).
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2.3. Experimental Procedures
2.3.1. Genomic DNA Extraction and Quality Verification

Genomic DNA (gDNA) was extracted from 1 mL of an overnight Shigella culture,
grown in LB broth and harvested at an optical density (OD600) of approximately 1.5
(~1.5 × 109 CFU/mL), using the Ezup Columnar Bacterial Genomic DNA Extraction
Kit following the manufacturer’s protocol. The concentration and purity of the extracted
gDNA were quantified using a NanoDrop 2000 spectrophotometer(Thermo Fisher Scientific,
Wilmington, DE, USA), with purity assessed via the A260/280 and A260/230 absorbance
ratios. DNA integrity was evaluated on 1% agarose gel to confirm the presence of high-
molecular-weight DNA without significant degradation. Furthermore, successful extraction
of amplifiable DNA was validated by PCR targeting the 16S rDNA gene with universal
primers [34], using the following conditions: 94 ◦C for 5 min; 30 cycles of denaturation at
94 ◦C for 30 s, 58 ◦C for 30 s, and 72 ◦C for 30 s; and a final extension at 72 ◦C for 10 min. The
amplicons was visualized on a 2% agarose gel, with the presence of a single, sharp band of
the expected size serving as the criterion for use in subsequent assays. DNA samples that
met these quality standards were stored at −20 ◦C.

2.3.2. Selection and Validation of the Target Gene and Primer Design

Candidate target genes for the specific detection of Shigella were first identified through
a comprehensive literature review (Table S1). The specificity of these candidate genes
was then experimentally validated through a multi-step process. Initially, specificity was
screened against E. coli O157:H7 as a negative control. Genes that showed no cross-reactivity
were further tested against a panel of non-target bacteria, including S. aureus, Salmonella,
L. monocytogenes, and B. cereus. A target gene that consistently amplified only in Shigella
(CMCC(B) 51572) was selected for further evaluation. The inclusivity of this selected gene
was then confirmed by demonstrating consistent amplification in a different strain, Shigella
(ATCC 12022). A gene was selected as the definitive target for this study based on its
performance across our screening panel. In repeated assays, it demonstrated both no
observable cross-reactivity against the selected non-target bacteria and consistent positive
amplification for all tested Shigella strains. Specific RPA primers were then designed based
on the sequence of this validated gene for subsequent assays. Based on the sequence of this
validated gene, specific RPA primers were designed for the subsequent assays.

Based on the sequence of the selected target gene, ipaH (GenBank Accession:
OQ955245.1), candidate primers were designed and screened in silico for potential sec-
ondary structures using the IDT PrimerQuest™ tool (https://www.idtdna.com/pages/
tools/primerquest (accessed 26 December 2023)) to select sequences with minimal risk of
self-dimers and hairpins (Table S2). All oligonucleotides were commercially synthesized
with PAGE purification (Sangon Biotech, Co., Ltd., Shanghai, China). The in silico specificity
of each primer set was rigorously verified via BLASTn analysis against the NCBI nucleotide
database to ensure minimal off-target hybridization. Subsequently, the performance of
these candidate primers was experimentally evaluated using both conventional PCR and
RPA assays, with the products analyzed on 2% agarose gel. The optimal primer set was
selected based on its ability to consistently produce a single, clear band of the expected size,
with no non-specific amplification or primer-dimer formation. This dual-system screening
confirmed the primers’ robustness and suitability for the subsequent development of the
RPA-SDA cascade amplification system.

2.3.3. Design of Primers for the RPA-SDA Cascade System

Based on the preceding validation, the ipaH-c primer set was selected as the foun-
dation for the final assay primers. To construct the RPA-SDA cascade detection sys-

https://www.idtdna.com/pages/tools/primerquest
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tem, the core sequences of the ipaH-c primers were extended at their 5′ ends with two
functional motifs: the complementary sequence of the Nt.BstNBI endonuclease recog-
nition site (5′-GACTC-3′) and the complementary sequence of the PW17 G-quadruplex
(5′-AACCCAACCCGCCCTACCC-3′) [35]. This engineering process, which also incorpo-
rated a poly-thymidine spacer (TTTTT) for flexibility, resulted in the final, fully modified
primers used throughout this study. The complete sequences are as follows, ipaH-SDA-F:
5′-AACCCAACCCGCCCTACCCTTTTGACTCGGCAGCCTGGTTTCCTGAAGCAGATCG-
TCG-3′; ipaH-SDA-R: 5′-AACCCAACCCGCCCTACCCTTTTTGACTCCGGAGGTATTGCG-
TGCAGAGACGGTATCGG-3′. This integrated primer design ensures that the initial RPA
amplicons carry the necessary recognition sites and templates for the subsequent isothermal
SDA reaction and signal generation.

2.3.4. Optimization of the RPA-SDA Cascade Reaction

To improve the performance of the Shigella RPA-SDA assay, we conducted a systematic
optimization of its core parameters. The process began with an initial set of baseline
reaction conditions, which are detailed in Tables S3–S5. Subsequently, a one-variable-
at-a-time approach was employed to refine this baseline protocol. Each optimization
experiment was performed in triplicate (n = 3). For each parameter, the condition that
yielded the highest mean absorbance value with the lowest standard deviation was selected
as optimal. This selection was based on observing a clear, non-overlapping separation in
the mean ± standard deviation values when compared to sub-optimal conditions. Key
parameters for both the RPA and SDA stages were varied across the following ranges:

1. RPA parameter optimization: primer (10 µmol/L): 0, 0.6, 1.2, 2.4, 3.6, 4.8, 6.0, 7.2, 8.4,
9.6, and 10.8 µL; reaction temperature: 27, 30, 33, 36, 39, 42, 45, and 48 ◦C; reaction
time: 5, 10, 15, 20, 25, 30, and 35 min; MgOAc (280 mmol/L): 0, 0.5, 1.0, 1.5, 2.0, 2.5,
3.0, 3.5, 4.0, and 4.5 µL.

2. SDA parameter optimization: enzyme ratio (Bst 2.0/Nt.BstNBI): 2:1, 3:2, 1:1, 5:6, 2:3,
and 1:2; reaction temperature: 56, 58, 60, 62, 64, 66, and 68 ◦C; reaction time: 5, 10,
15, 20, 25, and 30 min; dNTP mixture (10 mmol/L each): 0, 2, 4, 6, and 8 µL; MgSO4

(100 mmol/L): 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 µL.

The outcome of each optimization experiment was evaluated using a colorimetric
assay. The principle of this assay is that the G4 structures within the SDA amplification
products can, in the presence of hemin, catalyze the oxidation of TMB by H2O2, producing a
colored solution. To do this, after SDA, the reaction was continued to be incubated at 95 ◦C
for 20 min to inactivate the enzyme and terminate the reaction, and the 25 µL SDA product
was mixed with 2 µL of 2 µM Hemin. Subsequently, 36.5 µL of TMB color development
solution and 36.5 µL of H2O2 solution were added to the mixture. After a 3 min incubation
at room temperature to allow for color development, the reaction was terminated by adding
23.1 µL of 2 M H2SO4. Quantitative analysis was achieved by immediately measuring the
absorbance at 450 nm (OD450) with a microplate reader. The condition that resulted in the
highest absorbance reading was identified as the optimal setting for that parameter.

2.3.5. Specificity and Sensitivity of the RPA-SDA Cascade Reaction

To validate the specificity of the RPA-SDA cascade reaction, a panel of non-target
bacteria, including Escherichia coli O157:H7, Salmonella, Bacillus cereus, Listeria monocytogenes,
and Staphylococcus aureus, was tested alongside the target organism, Shigella. Genomic DNA
was extracted from overnight cultures of each strain to serve as the template for amplifica-
tion. The reactions were performed under the previously optimized RPA-SDA conditions.
Assay performance was evaluated through a dual-assessment method: qualitatively, by
recording the visual color change of the TMB reaction, and quantitatively, by measuring the
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absorbance at 450 nm with a microplate reader. This approach provided a comprehensive
evaluation of the cascade system’s ability to specifically recognize Shigella.

The analytical sensitivity of the RPA-SDA cascade reaction was subsequently deter-
mined using a 10-fold serial dilution of purified Shigella genomic DNA, starting from an
initial concentration of 30 ng/µL. This generated a series of templates with final concen-
trations of 30, 3, 0.3, 0.03, 0.003, and 0.0003 ng/µL. Each of these dilutions was amplified
using the optimized protocol. Similar to the specificity testing, the results were analyzed
both visually and by absorbance measurement at 450 nm to determine the limit of detection
for the RPA-SDA detection system. The LOD was determined empirically and is defined as
the lowest concentration of target DNA that consistently yielded a positive signal clearly
distinguishable from the negative control across three independent replicates.

2.3.6. Design and Optimization of the Sliding Microfluidic Chip System

A custom-designed sliding microfluidic chip (50 mm × 40 mm) was used for all
on-chip assays. The device features an innovative two-layer structure: a slidable upper
module with four independent storage chambers and a fixed lower module with four
corresponding reaction chambers. This design integrates the amplification and detection
steps into a single, enclosed platform.

The standard operational protocol was as follows: First, a thin layer of silicone oil
was applied to the lower chip surface to enhance sealing and ensure smooth movement.
The upper and lower modules were then precisely aligned. For each reaction, reagents
were loaded sequentially into a storage chamber: 20 µL of the SDA premix, 2 µL of hemin
solution, and 3 µL of the RPA amplification product. Concurrently, 5 µL of the TMB/H2O2

substrate was added to the corresponding reaction chamber. The entire chip was then
sealed with a transparent film to prevent evaporation and contamination.

To adapt the assay for this microfluidic format, which notably eliminates the need for
a sulfuric acid stop solution, the on-chip reaction conditions were systematically optimized.
The process involved a 10 min SDA incubation, followed by sliding the upper module to
mix the amplicon with the TMB substrate to initiate the colorimetric reaction. To determine
the optimal endpoint for this final step, two key parameters were evaluated. First, the color
development time was assessed at intervals of 30, 60, 90, 120, and 180 s. Subsequently, using
the optimal time identified, the reaction temperature was optimized by testing incubation
at 54, 58, 62, and 66 ◦C. For on-chip analysis, the microfluidic device was placed directly
into a standard microplate reader. Measurements were taken using a vertical optical path,
with the light beam passing through the center of the reaction chamber. Absorbance
was recorded at 370 nm. To circumvent the corrosive effects of sulphuric acid on the
chip materials and streamline the detection process, this system employs a strategy of
direct reading without terminating the reaction. Consequently, the detection wavelength
was adjusted from 450 nm (for the acid-stopped product) to the characteristic absorption
peak of the non-terminated blue TMB reaction product at 370 nm. For both optimization
experiments, the ideal condition was selected based on the strongest signal determined by
visual assessment and quantitative absorbance measurement at 370 nm.

2.3.7. Validation of Specificity and Sensitivity of the Sliding Microfluidic Chip

The performance of the sliding microfluidic chip system was validated by assessing its
specificity and sensitivity, following the general methodology established in Section 2.3.5.
For the specificity evaluation, the same panel of target (Shigella) and non-target bacte-
rial DNA was tested using the optimized on-chip protocol. The outcome was assessed
by direct visual observation and absorbance measurement at 370 nm to check for poten-
tial cross-reactivity.
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To determine analytical sensitivity, a 10-fold serial dilution of Shigella DNA, starting
from a concentration of 35 ng/µL, was prepared and analyzed on the chip. The limit of
detection (LOD) was to be determined by identifying the lowest template concentration
that yielded a consistent positive signal.

2.3.8. Validation of the Chip System with Spiked Lettuce Samples

As a proof-of-concept, the detection capability of the sliding microfluidic chip system
was evaluated in a complex food matrix, using lettuce as a representative sample. Commer-
cially available lettuce was first washed with deionized water, homogenized into a slurry,
and then sterilized by autoclaving (121 ◦C for 20 min) to eliminate background microbial
contamination. The sterilized lettuce was then divided into five experimental groups and
artificially contaminated (spiked). To validate the assay’s feasibility in a complex food
matrix, sterile lettuce homogenate was spiked with pathogen genomic DNA to a final
concentration of 3.5 ng/µL, the groups were as follows: 1, a negative Control (un-spiked);
2, a Shigella positive group (spiked with Shigella culture); 3, a non-target control (spiked
only with S. aureus); 4, a co-infection group (spiked with a 1:1 mixture of Shigella and
Staphylococcus aureus cultures); 5, an interference group (spiked with Shigella in the presence
of E. coli O157:H7 culture).

After spiking, all samples were incubated at 37 ◦C for 12 h to simulate contamination.
To recover the bacteria, 5 g of each sample was vigorously mixed with 45 mL of PBS
buffer to release the bacterial cells. The suspension was then centrifuged at 5000 rpm for
10 min to pellet the cells. Genomic DNA was subsequently extracted from the pellets using
an Ezup column bacterial genomic DNA extraction kit according to the manufacturer’s
protocol. This extracted DNA served as the template for the on-chip analysis under the
previously optimized conditions. The final colorimetric reaction was developed using
the TMB substrate at 37 ◦C for 15 min. The outcome was assessed both visually and by
measuring the absorbance at 370 nm with a microplate reader.

3. Results
3.1. Principle and Functional Characterization of the Integrated Microfluidic System

The primary outcome of this work was the development and characterization of a
rapid, integrated biosensing system. The principle and physical embodiment of this system
are illustrated in Figure 1.

 

Figure 1. Specific process of sliding microfluidic biosensing.
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The detection is based on an RPA-SDA enzymatic cascade. In essence, the process uses
an initial RPA step to generate templates that fuel a subsequent SDA reaction, producing
a large quantity of single-stranded G-quadruplex DNA. These DNA strands act as the
key signaling output; they fold and bind with hemin to form a peroxidase-mimicking
DNAzyme, which catalytically converts a TMB substrate into a distinct blue product.

To execute this principle in a user-friendly format, a novel sliding microfluidic chip
(50 mm × 40 mm) was constructed (Figure 1C). The chip’s innovative two-layer design
physically integrates the SDA reaction and the colorimetric detection into a single, self-
contained platform. The upper slidable module holds the initial reagents, while the fixed
lower module contains the reaction chambers. As shown in Figure 1A, this design enables
a simple, two-step workflow: amplification, the chip is incubated for 10 min at 58 ◦C
to generate the G-quadruplex molecules; detection, a manual sliding action merges the
amplification product with the TMB substrate, initiating a 3 min color development reaction
at the same temperature.

The novelty of this work lies in the strategic integration of a cascaded RPA-SDA
isothermal amplification, a functionally engineered primer design, and a user-friendly
microfluidic chip, which collectively enable the rapid, ultrasensitive, and visual detection
of Shigella.

The high specificity of the proposed assay is ensured by a multi-level mechanism.
Firstly, the RPA primers exclusively target the Shigella-specific ipaH gene. Secondly, only the
correct amplicons contain the necessary functional motifs (G4 sequence and endonuclease
site) to initiate the SDA reaction and subsequent signal generation, effectively preventing
false-positive signals from non-target DNA.

This integrated design proved to be highly efficient, successfully translating the com-
plex biochemical process into a simple procedure. The functional characterization con-
firmed that the entire detection workflow, from loading the sample to obtaining a clear,
visual color change, can be completed in under 15 min, demonstrating its potential for
rapid, point-of-care diagnostics.

3.2. Optimization of the RPA-SDA Cascade Reaction

To maximize the analytical performance of the RPA-SDA cascade assay, key parameters
for both the initial amplification stage (RPA) and the signal amplification stage (SDA) were
systematically optimized.

For the initial RPA stage, optimization focused on achieving high amplification ef-
ficiency while minimizing non-specific byproducts, with outcomes analyzed by agarose
gel electrophoresis. A primer volume of 2.4 µL yielded the brightest target band, ensur-
ing sufficient template binding. In contrast, higher concentrations led to the formation
of obvious primer-dimers (Figure S1). The optimal reaction time and temperature were
determined to be 25 min (Figure S2) and 39 ◦C (Figure S3), respectively; shorter times
resulted in incomplete amplification, while longer durations or higher temperatures led
to decreased band intensity, likely due to enzyme activity decline or substrate depletion.
The optimal amount of magnesium ion addition was found to be 1.5 µL (Figure S4), as
concentrations beyond this point caused the amplification efficiency to first plateau and
then significantly decrease.

Following RPA, the parameters for the SDA signal amplification step were optimized
using colorimetric analysis, with results quantified by absorbance at 450 nm. The results
are presented in Figure 2. Enzyme Ratio: The activity ratio of Bst 2.0 DNA polymerase to
Nt.BstNBI endonuclease was critical for balancing the reaction kinetics. An enzyme activity
ratio of 5:6 produced the strongest signal, indicating optimal equilibrium between the
nicking and extension steps (Figure 2A); key reagents: further optimization identified the
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ideal conditions as 2 µL of MgSO4 (Figure 2B) and 4 µL of the dNTP mixture (Figure 2C), as
concentrations outside these values led to significant inhibition or reduced efficiency; time
and temperature: a reaction duration of 10 min was determined to be optimal, at which
point the accumulation of the product reached a plateau (Figure 2D). The temperature
gradient experiment confirmed that 58 ◦C was the ideal reaction temperature, as signal
intensity decreased significantly beyond this point (Figure 2E). All optimization experi-
ments were performed in triplicate. The established parameters from this comprehensive
optimization process formed a robust and reliable protocol for all subsequent experiments.

Figure 2. Optimization of the SDA reaction. The effects of varying key parameters on the colorimetric
signal (OD450), including: (A) the activity ratio of the two enzymes, (B) magnesium ion concentration,
(C) dNTP concentration, (D) reaction time, and (E) reaction temperature.

3.3. Specificity and Sensitivity of the RPA-SDA Cascade Reaction

The analytical performance of the developed RPA-SDA assay was rigorously evaluated
in terms of its specificity and sensitivity.

The specificity of the assay was evaluated against a panel of common foodborne
pathogens to assess its ability to exclusively detect Shigella. As shown in Figure 3A, all
specificity tests were performed in triplicate (n = 3). A strong, distinct positive signal was
observed exclusively when Shigella genomic DNA was used as the template. In contrast,
the absorbance signals from all tested non-target pathogens were indistinguishable from
the negative control, with their mean values and error bars (mean ± SD) overlapping
with the baseline. This result confirms the assay’s high specificity for Shigella, effectively
distinguishing it from other related microorganisms.

The analytical sensitivity was determined by applying the assay to a serial dilu-
tion of Shigella genomic DNA under the fully optimized reaction conditions. A clear
dose-dependent response was observed (Figure 3B). The LOD was established as
3 × 10−3 ng/µL, as this was the lowest concentration where a distinct positive signal
was consistently detected across all replicates (n = 3). At this LOD concentration, the
resulting mean absorbance value and its standard deviation (mean ± SD) were clearly sep-
arated from the negative control baseline, providing the necessary precision. Conversely,
at the next dilution level (3 × 10−4 ng/µL), the signal was indistinguishable from the
negative control.
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Figure 3. Specificity and sensitivity of the RPA-SDA cascade amplification assay. (A) Specificity was
validated against Shigella (positive control) and a panel of non-target pathogens. (B) Sensitivity was
evaluated using a serial dilution of Shigella genomic DNA to determine the limit of detection.

3.4. Optimization and Validation of the Sliding Microfluidic Chip System

To adapt the assay for the miniaturized format and ensure maximal signal intensity
and reliability, the colorimetric detection conditions on the sliding microfluidic chip were
systematically optimized.

The results of the color development time optimization are presented in Figure 4A.
As the reaction time increased, the absorbance value at 370 nm (OD370) showed a corre-
sponding increase. The optimal signal intensity was achieved at 120 s. At this time point,
the background-deducted signal reached its maximum, indicating the best balance be-
tween a strong positive signal and minimal non-specific interference, resulting in a distinct
blue color.

Figure 4. Optimization and visual results of the sliding microfluidic chip assay. Optimization of
reaction temperature (A) and reaction time (B) for the on-chip assay. (C) Visual demonstration of
the chip’s performance showing the results for a blank (lane 1), a negative control (lane 2), and two
parallel positive samples (lane 3 and 4) under the final optimized conditions.

Using this optimal reaction time, the effect of temperature on the color development
efficiency was then evaluated (Figure 4B). The system’s performance peaked when the
reaction temperature was 58 ◦C, as evidenced by the highest OD370 value and background-
deducted signal. It was noted that when the temperature exceeded 58 ◦C, the signal
intensity began to decrease, likely due to the adverse effects of a high-temperature envi-
ronment on the stability or activity of the DNAzyme. Based on these results, the finalized
optimal conditions for all subsequent on-chip experiments were established as a 120 s color
development step performed at 58 ◦C.

Our proposed RPA-SDA assay offers significant operational advantages over standard
methods like qPCR. By operating at a single constant temperature, it reduces the total assay
time to under 40 min and eliminates the need for a specialized thermal cycler. To validate
its practical utility for POCT, we then implemented this optimized assay on a microfluidic
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chip and compared it to the conventional 96-well plate format (Figure 4C). The on-chip
system not only introduced further efficiencies, such as reduced reagent consumption, but
also maintained a fully comparable detection performance. Crucially, it preserved the key
analytical metrics established for the method: the high sensitivity (LOD of 3 × 10−3 ng/µL,
Figure 3B) and the high specificity with no false positives against non-target pathogens
(Figure 3A). This successful adaptation confirms the robustness of the optimized conditions
on the miniaturized platform and validates its value for rapid and reliable screening.

3.5. Specificity and Sensitivity Validation of the Sliding Microfluidic Chip System

To confirm the practical performance of the integrated device, the specificity and
sensitivity of the sliding microfluidic chip system were rigorously validated.

The specificity of the on-chip assay was tested against a panel of common non-target
pathogens. As demonstrated in Figure 5A, the results were definitive. The non-target strains
produced no discernible colorimetric reaction, with their absorbance values remaining at a
low baseline level, identical to the negative control. In sharp contrast, the chip produced a
significant colorimetric signal and a high absorbance value exclusively for Shigella. This
confirms that the high specificity of the assay is fully maintained within the microfluidic
system, with no evidence of cross-reactivity.

Figure 5. Specificity and sensitivity performance of the sliding microfluidic chip. (A) Specificity of
the assay was confirmed against a panel of non-target foodborne pathogens, with Shigella serving as
the positive control. The assay’s sensitivity was evaluated both quantitatively and visually; (B) A
calibration curve showing the colorimetric response (OD370) to serial dilutions of Shigella genomic
DNA. (C) The corresponding visual results on the microfluidic chip, where lanes 3–10 contain
decreasing concentrations of target DNA (from 35 down to 3.5 × 10−5 ng/µL), alongside a blank (1)
and a negative control (2).

The on-chip LOD was determined using a serial dilution of Shigella genomic DNA. The
results, shown in Figure 5B, indicate that the system could reliably detect the target down
to a concentration of 3.5 × 10−4 ng/µL, producing a clear color reaction and a signal unam-
biguously distinct from the negative control. At the next dilution (3.5 × 10−5 ng/µL),
the signal was indistinguishable from the background, thus establishing the LOD at
3.5 × 10−4 ng/µL.

This on-chip sensitivity not only matches but slightly improves upon the performance
of the conventional 96-well plate assay. The successful and reproducible validation of
both specificity and sensitivity strongly supports the fundamental reliability and practical
value of this integrated microfluidic system. While further studies are needed to quantify
inter-chip variation and long-term reagent stability, these results demonstrate a robust
foundation for its use in rapid and accurate pathogen detection.
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3.6. Validation of the Assay in Spiked Food Samples

To evaluate the practical applicability of the sliding microfluidic chip system, its
performance was tested using artificially contaminated lettuce samples (Figure 6). Lettuce
homogenate was spiked with Shigella at a concentration of 3.5 ng/µL (genomic DNA). To
challenge the assay’s specificity in an interference test, a high concentration of a competing
microorganism, S. aureus, was simultaneously added at 3.5 ng/µL (genomic DNA).

Figure 6. Validation of the microfluidic system using spiked lettuce samples. (A) Quantitative
absorbance readings (OD370); (B) The corresponding visual results on the chip, tests were performed
on a negative control (lane 1) and lettuce samples spiked with Shigella (lane 2), S. aureus (lane 3), a
mixture of Shigella and S. aureus (lane 4), and E. coli (lane 5) to demonstrate practical applicability and
specificity in a complex food matrix.

The system demonstrated excellent performance under these conditions. As shown in
Figure 6, control samples containing only the lettuce matrix yielded no reaction, confirming
that food components did not trigger false positives. In contrast, the system achieved
a 100% hit rate (n = 3 replicates), successfully detecting Shigella in all spiked samples.
Crucially, this detection was unaffected by the high concentration of S. aureus, with no
observable interference. Taken together with the specificity results, the successful detection
amidst a high concentration of competing bacteria and complex food matrix components
underscores the system’s strong anti-interference capabilities.

While the ability to perform accurately despite potential food-based inhibitors and
competing DNA highlights its significant potential for on-site screening, we acknowledge
this proof-of-concept study was limited to a single food matrix. Further validation in other
matrices, such as meat or dairy, is a key objective for future work.

4. Discussion
In this study, we successfully developed and validated an integrated sliding microflu-

idic chip system for the rapid, highly sensitive, and specific detection of Shigella. This
platform provides an efficient solution for on-site pathogen screening, addressing a crit-
ical need in food safety. The discussion below will focus on the technical innovations,
performance advantages, and practical application potential of this system.

1. Technical Innovation and Design Advantages

A primary innovation of this work is the synergistic cascade of two isothermal ampli-
fication techniques—RPA and SDA—integrated with a visually clear colorimetric readout.
RPA’s rapid, low-temperature (39 ◦C) operation serves as an ideal primary amplification
stage, while the subsequent SDA reaction (58 ◦C) provides a powerful secondary signal
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amplification. This signal is generated through the release of G-quadruplex-forming DNA
sequences, which assemble with hemin to create a DNAzyme that catalytically oxidizes
TMB, producing a distinct blue color. This eliminates the need for complex analytical
instrumentation. It is worth noting that differences in wavelength and timing between
tubular reactions and chip-based assays, alongside potential stability fluctuations within
the G-quadruplex/heme DNAase chemical system, necessitate systematic optimisation
and evaluation to ensure the feasibility of subsequent translational applications.

The dual-layer sliding microfluidic chip is another key design advantage. This sim-
ple, pump-free mechanism allows for sequential reagent mixing via a single manual ac-
tion, dramatically simplifying the workflow. From a design standpoint, the enclosed and
miniaturized reaction chambers are intended to minimize the risk of aerosol-based cross-
contamination. This is a critical consideration, as carryover between samples is a known
factor that can compromise the stability and reproducibility of nucleic acid amplification
assays. The strategic engineering of the primers to contain both the Nt.BstNBI recogni-
tion site and the G-quadruplex sequence was fundamental to ensuring the efficiency and
specificity of this cascade.

2. Superior Detection Performance

The optimized system demonstrated excellent analytical performance. The on-chip
assay achieved a LOD of 3.5 × 10−4 ng/µL for Shigella genomic DNA. This sensitivity
is nearly an order of magnitude higher than that of the same assay performed in a con-
ventional 96-well plate format (LOD of 3.0 × 10−3 ng/µL). Furthermore, specificity tests
confirmed that the system accurately distinguished Shigella from a panel of other common
foodborne pathogens with no observable cross-reactivity.

While PCR is the gold standard, its reliance on thermal cyclers limits its field utility. In
contrast, our system is inherently designed for on-site use by integrating rapid, instrument-
free isothermal amplification with simple visual detection on a portable microfluidic chip.

At the field application level, this system demonstrates significant advantages: the en-
tire detection process can be completed within 13 min without relying on bulky electrically
powered equipment such as thermal cyclers, greatly enhancing operational convenience
in the field. Through validation using spiked lettuce samples, this method successfully
achieved accurate detection of the target pathogen, confirming its practical application
potential in on-site food safety monitoring. However, to transition this proof-of-concept
into a fully validated, field-deployable tool, several aspects must be addressed in future
work. First, the use of autoclave-treated lettuce—while deliberately chosen for this initial
study to establish a clear baseline—is a limitation. Second, nucleic acid extraction is cur-
rently an external process, and the method has only been validated for a single matrix.
Therefore, subsequent research will focus on two primary goals: developing an integrated
sample-to-answer system, and validating its performance across a variety of fresh, non-
sterilized food samples. This comprehensive validation will be essential for assessing the
method’s real-world robustness and for performing a full quantitative analysis, including
the systematic determination of its recovery efficiency and limit of quantification (LOQ).

Finally, it is worth noting that several technical aspects warrant systematic optimisation
to ensure the feasibility of subsequent translational applications. Future work should
therefore include: (1) expanding specificity testing against a more comprehensive non-
target panel; and (2) addressing minor inconsistencies in signal timing and stability, which
may stem from differences between reaction formats and the inherent variability of the
G-quadruplex/hemin catalytic chemistry.

3. Future Outlook and Potential for Industrialization
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While this system offers clear advantages in speed, simplicity, and cost, we acknowl-
edge areas for further development. The primary opportunity lies in creating a true
sample-to-answer device by integrating an on-chip sample preparation module. Future
work should also focus on expanding the platform’s capability for multiplex detection to
simultaneously screen for several pathogens. Finally, incorporating intelligent integration,
such as using a smartphone application to read and quantify the colorimetric signal, would
enhance data management and user-friendliness.

In conclusion, through a combination of innovative molecular strategy and user-centric
microfluidic design, this study has produced a powerful diagnostic platform. Its demon-
strated high sensitivity, specificity, and robustness confirm its significant potential for com-
mercialization and widespread application, particularly for on-site food safety screening.

5. Conclusions
In this study, we successfully developed and validated an integrated sliding microflu-

idic chip that combines a novel RPA-SDA cascade amplification with a simple colorimetric
readout for the detection of Shigella. This system provides a powerful and practical solution
for rapid, point-of-care food safety testing. The key achievement of this work is the creation
of a highly efficient assay that achieves a limit of detection of 3.5 × 10−4 ng/µL in under
15 min. This high performance is realized through the synergistic combination of two
isothermal amplification methods and a G-quadruplex/hemin DNAzyme-catalyzed visual
signal, which completely eliminates the need for complex instrumentation and significantly
lowers the barrier to use. The innovative, pump-free sliding chip design proved to be
robust and user-friendly, successfully detecting Shigella even in complex food matrices. This
confirms its reliability for real-world applications. By establishing a platform that is simulta-
neously rapid, sensitive, specific, and easy to operate, this research provides a valuable tool
for decentralized food safety monitoring. The principles demonstrated here can be readily
adapted to target other pathogens, holding significant promise for preventing foodborne
disease outbreaks and advancing molecular diagnostics in resource-limited settings.
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results of magnesium ion addition in RPA reaction system. Table S1: Primer sequence of Shigella
target gene. Table S2: Sequence of RPA candidate primers for Shigella. Table S3: RPA reaction steps.
Table S4: SDA reaction systems. Table S5: TMB color reaction system.

Author Contributions: Conceptualization, N.Z. and G.F.; methodology, N.Z.; validation, N.Z., N.Y.,
Y.Z. and W.X.; formal analysis, T.X.; investigation, G.F.; data curation, N.Z.; writing—original draft
preparation, N.Z.; writing—review and editing, Y.S.; visualization, N.Z.; supervision, Y.S.; project
administration, Y.S.; funding acquisition, Y.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China (32260624).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Material, further inquiries can be directed to the corresponding author.

Acknowledgments: We thank Gaowa Xing (School of Environmental and Biological Engineering,
Putian University) for her invaluable guidance and technical support on the design and preparation
of the sliding microfluidic chip.

https://www.mdpi.com/article/10.3390/foods14223891/s1
https://www.mdpi.com/article/10.3390/foods14223891/s1


Foods 2025, 14, 3891 15 of 16

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

RPA recombinase polymerase amplification
TMB ELISA chromogenic substrate
G4 G-quadruplex
SDA Strand Displacement Amplification
POCT Point-of-Care Testing
VBNC viable but non-culturable
LOD limit of detection

References
1. Bennish, M.L.; Ahmed, S. 48—Shigellosis. In Hunter’s Tropical Medicine and Emerging Infectious Diseases, 10th ed.; Ryan, E.T., Hill,

D.R., Solomon, T., Aronson, N.E., Endy, T.P., Eds.; Elsevier: London, UK, 2020; pp. 492–499.
2. Coulombe, G.; Tamber, S. Salmonella enterica Outbreaks Linked to the Consumption of Tahini and Tahini-Based Products.

Microorganisms 2022, 10, 2299. [CrossRef]
3. Cao, M.; Wang, W.; Zhang, L.; Liu, G.; Zhou, X.; Li, B.; Shi, Y.; Zhu, Z.; Zhang, J. Epidemic and molecular characterization of

fluoroquinolone-resistant Shigella dysenteriae 1 isolates from calves with diarrhea. BMC Microbiol. 2021, 21, 6. [CrossRef]
4. Zhao, G.; Zhan, X. Facile preparation of disposable immunosensor for Shigella flexneri based on multi-wall carbon nan-

otubes/chitosan composite. Electrochim. Acta 2010, 55, 2466–2471. [CrossRef]
5. Angamuthu, S.; Thangaswamy, S.; Raju, A.; Husain, F.M.; Ahmed, B.; Al-Shabib, N.A.; Hakeem, M.J.; Shahzad, S.A.; Abudujayn,

S.A.; Alomar, S.Y. Biogenic Preparation and Characterization of Silver Nanoparticles from Seed Kernel of Mangifera indica and
Their Antibacterial Potential Against Shigella spp. Molecules 2023, 28, 2468. [CrossRef]

6. Petrucci, S.; Costa, C.; Broyles, D.; Dikici, E.; Daunert, S.; Deo, S. On-site detection of food and waterborne bacteria-Current
technologies, challenges, and future directions. Trends Food Sci. Technol. 2021, 115, 409–421. [CrossRef]

7. Vinayaka, A.C.; Ngo, T.A.; Kant, K.; Engelsmann, P.; Dave, V.P.; Shahbazi, M.-A.; Wolff, A.; Bang, D.D. Rapid detection of
Salmonella enterica in food samples by a novel approach with combination of sample concentration and direct PCR. Biosens.
Bioelectron. 2019, 129, 224–230. [CrossRef] [PubMed]

8. Du, M.; Li, J.; Liu, Q.; Wang, Y.; Chen, E.; Kang, F.; Tu, C. Rapid detection of trace Salmonella in milk using an effective pretreatment
combined with droplet digital polymerase chain reaction. Microbiol. Res. 2021, 251, 126838. [CrossRef] [PubMed]

9. Liu, H.; Wang, J.; Zeng, H.; Liu, X.; Jiang, W.; Wang, Y.; Ouyang, W.; Tang, X. RPA-Cas12a-FS: A frontline nucleic acid rapid
detection system for food safety based on CRISPR-Cas12a combined with recombinase polymerase amplification. Food Chem.
2021, 334, 127608. [CrossRef]

10. Bruno, J.G. Syringe filter-based DNA aptamer-enzyme-linked colorimetric assay of Salmonella on lettuce. J. Microbiol. Methods
2022, 193, 106406. [CrossRef] [PubMed]

11. Du, Y.C.; Zhu, L.N.; Kong, D.M. Label-free thioflavin T/G-quadruplex-based real-time strand displacement amplification for
biosensing applications. Biosens. Bioelectron. 2016, 86, 811–817. [CrossRef]

12. Dong, J.; Lu, X.; Guo, W.; Yang, Q.; Zhang, W. Research progress on isothermal amplification technology in the detection of
foodborne pathogens. Food Ferment. Ind. 2021, 47, 256–260.

13. Liu, L.; Zhao, G.; Li, X.; Xu, Z.; Lei, H.; Shen, X. Development of rapid and easy detection of Salmonella in food matrics using
RPA-CRISPR/Cas12a method. LWT-Food Sci. Technol. 2022, 162, 113443. [CrossRef]

14. Piepenburg, O.; Williams, C.H.; Stemple, D.L.; A Armes, N. DNA detection using recombination proteins. PLoS Biol. 2006, 4, 204.
[CrossRef]

15. Hu, A.; Chen, H.; Shi, C.; Lu, Z.; Meng, F.; Bie, X. RT-RPA and RPA-LFA assay for rapid and ultrasensitive detection of Vibrio
parahaemolyticus. Food Control 2024, 166, 110732. [CrossRef]

16. Jiang, H.; Wang, J.; Jiang, W.; Wang, J.; Gu, X.; Feng, X.; Lu, C.; Fang, J. Simultaneous detection of Vibrio parahemolyticus and
antimicrobial resistance genes using immonomagnetic separation combined with RPA-microfluidic method in seafood. Food
Control 2024, 165, 110653. [CrossRef]

17. Wang, Y.M.; Chen, C.; Feng, L.Y.; Shan, J.W.; Zhang, L.K.; Ma, X.P.; Chu, Y.N.; Wu, H.P.; Zhou, G.H. FEN1-Aided RPA (FARPA)
Coupled with Autosampling Microfluidic Chip Enables Highly Multiplexed On-Site Pathogen Screening. Anal. Chem. 2025, 97,
5762–5770. [CrossRef]

https://doi.org/10.3390/microorganisms10112299
https://doi.org/10.1186/s12866-020-02050-9
https://doi.org/10.1016/j.electacta.2009.12.005
https://doi.org/10.3390/molecules28062468
https://doi.org/10.1016/j.tifs.2021.06.054
https://doi.org/10.1016/j.bios.2018.09.078
https://www.ncbi.nlm.nih.gov/pubmed/30318404
https://doi.org/10.1016/j.micres.2021.126838
https://www.ncbi.nlm.nih.gov/pubmed/34390956
https://doi.org/10.1016/j.foodchem.2020.127608
https://doi.org/10.1016/j.mimet.2022.106406
https://www.ncbi.nlm.nih.gov/pubmed/34999147
https://doi.org/10.1016/j.bios.2016.07.083
https://doi.org/10.1016/j.lwt.2022.113443
https://doi.org/10.1371/journal.pbio.0040204
https://doi.org/10.1016/j.foodcont.2024.110732
https://doi.org/10.1016/j.foodcont.2024.110653
https://doi.org/10.1021/acs.analchem.4c07015


Foods 2025, 14, 3891 16 of 16

18. Leonardo, S.; Toldrà, A.; Campàs, M. Biosensors Based on Isothermal DNA Amplification for Bacterial Detection in Food Safety
and Environmental Monitoring. Sensors 2021, 21, 602. [CrossRef]

19. He, X.; Deng, L.; Zhou, S.; Dong, J.; Zhu, S.; Li, J.; Li, X.; Huo, D.; Hou, C. CRISPR/Cas12a-coupled multiplexed strand
displacement amplification for miRNA155 one-tube detection: Via a dual-cavity PCR tube. Microchim. Acta 2024, 191, 470.
[CrossRef]

20. Liu, J.-H.; Zhang, X.-Z.; Zhang, Y.-Z.; Li, L.-R.; Wang, H.-J.; Geng, F.-Z.; Gao, J.; Tan, J.-X. Detection of Salmonella by G-quadruplex-
Based PCR-RCA Double Amplification. Food Sci. 2022, 43, 325–333.

21. Zhang, Y.; Li, S.; Tian, J.; Li, K.; Du, Z.; Xu, W. Universal linker Polymerase Chain Reaction-triggered Strand Displacement
Amplification visual biosensor for ultra-sensitive detection of Salmonella. Talanta 2021, 222, 121575. [CrossRef]

22. Wang, Y.; Peng, Y.; Bai, J.; Li, S.; Han, D.; Ren, S.; Qin, K.; Li, S.; Han, T.; Zhou, H.; et al. Programmable hybridization assemble
nicked displacement amplification for detecting ricin toxin. Sens. Actuators B-Chem. 2022, 368, 132139. [CrossRef]

23. Chen, X.; Liu, Y.; Wang, B.; Liu, X.; Lu, C. Understanding role of microstructures of nanomaterials in electrochemiluminescence
properties and their applications. TrAC-Trends Anal. Chem. 2023, 162, 117030. [CrossRef]

24. Cesewski, E.; Johnson, B.N. Electrochemical biosensors for pathogen detection. Biosens. Bioelectron. 2020, 159, 112214. [CrossRef]
25. Bayramoglu, G.; Ozalp, V.C.; Oztekin, M.; Arica, M.Y. Rapid and label-free detection of Brucella melitensis in milk and milk

products using an aptasensor. Talanta 2019, 200, 263–271. [CrossRef]
26. Lamanna, L.; Rizzi, F.; Bhethanabotla, V.R.; De Vittorio, M. Conformable surface acoustic wave biosensor for E-coli fabricated on

PEN plastic film. Biosens. Bioelectron. 2020, 163, 112164. [CrossRef] [PubMed]
27. Wu, M.; Tian, Y.; Wang, Z.; Guo, L.; Liu, C.; Fang, S.; Liu, Q. Progress in the Development of Salmonella Biosensors. Food Sci. 2021,

42, 339–345.
28. CLu, C.; Liu, C.; Shi, G. Colorimetric enzyme-linked aptamer assay utilizing hybridization chain reaction for determination of

bovine pregnancy-associated glycoproteins. Microchim. Acta 2020, 187, 316. [CrossRef]
29. Shang, Q.; Su, Y.; Liang, Y.; Lai, W.; Jiang, J.; Wu, H.; Zhang, C. Ultrasensitive cloth-based microfluidic chemiluminescence

detection of Listeria monocytogenes hlyA gene by hemin/G-quadruplex DNAzyme and hybridization chain reaction signal
amplification. Anal. Bioanal. Chem. 2022, 414, 4011. [CrossRef]

30. Fu, Y.; Du, C.; Zhang, Q.; Xiao, K.; Zhang, X.; Chen, J. Colorimetric and Photocurrent-Polarity-Switching Photoelectrochemical
Dual-Mode Sensing Platform for Highly Selective Detection of Mercury Ions Based on the Split G-Quadruplex-Hemin Complex.
Anal. Chem. 2022, 94, 15040–15047. [CrossRef]

31. Xing, G.; Zhang, W.; Li, N.; Pu, Q.; Lin, J.-M. Recent progress on microfluidic biosensors for rapid detection of pathogenic bacteria.
Chin. Chem. Lett. 2022, 33, 1743–1751. [CrossRef]

32. Abeyawardhane, D.L.; Sevdalis, S.E.; Adipietro, K.A.; Godoy-Ruiz, R.; Varney, K.M.; Nawaz, I.F.; Spittel, A.X.; Hunter, D.;
Rustandi, R.R.; Silin, V.I.; et al. Pore formation by the CDTb component of the Clostridioides difficile binary toxin is Ca-dependent.
Commun. Biol. 2025, 8, 901. [CrossRef]

33. Lu, Y.; Zhang, J.; Lu, X.; Liu, Q. Isothermal nucleic acid amplification based microfluidic “lab-on-a-chip” for the detection of
pathogenic bacteria and viruses in agri-foods. Trends Food Sci. Technol. 2024, 148, 104482. [CrossRef]

34. Song, J.; Peng, S.; Yang, J.; Zhou, F.; Suo, H. Isolation and identification of novel antibacterial peptides produced by Lactobacillus
fermentum SHY10 in Chinese pickles. Food Chem. 2021, 348, 129097. [CrossRef] [PubMed]

35. Zhao, S.-H.; Liu, L.; Sun, X.-R.; Yu, L.-J.; Ding, C.-G. A cyanine dye probe for K+ detection based on DNA construction of
G-quadruplex. Anal. Sci. 2023, 39, 1163–1170. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/s21020602
https://doi.org/10.1007/s00604-024-06538-3
https://doi.org/10.1016/j.talanta.2020.121575
https://doi.org/10.1016/j.snb.2022.132139
https://doi.org/10.1016/j.trac.2023.117030
https://doi.org/10.1016/j.bios.2020.112214
https://doi.org/10.1016/j.talanta.2019.03.048
https://doi.org/10.1016/j.bios.2020.112164
https://www.ncbi.nlm.nih.gov/pubmed/32568688
https://doi.org/10.1007/s00604-020-04301-y
https://doi.org/10.1007/s00216-022-04042-2
https://doi.org/10.1021/acs.analchem.2c03084
https://doi.org/10.1016/j.cclet.2021.08.073
https://doi.org/10.1038/s42003-025-08343-x
https://doi.org/10.1016/j.tifs.2024.104482
https://doi.org/10.1016/j.foodchem.2021.129097
https://www.ncbi.nlm.nih.gov/pubmed/33515941
https://doi.org/10.1007/s44211-023-00325-5
https://www.ncbi.nlm.nih.gov/pubmed/37231185

	Introduction 
	Materials and Methods 
	Materials and Reagents 
	Instruments and Equipment 
	Experimental Procedures 
	Genomic DNA Extraction and Quality Verification 
	Selection and Validation of the Target Gene and Primer Design 
	Design of Primers for the RPA-SDA Cascade System 
	Optimization of the RPA-SDA Cascade Reaction 
	Specificity and Sensitivity of the RPA-SDA Cascade Reaction 
	Design and Optimization of the Sliding Microfluidic Chip System 
	Validation of Specificity and Sensitivity of the Sliding Microfluidic Chip 
	Validation of the Chip System with Spiked Lettuce Samples 


	Results 
	Principle and Functional Characterization of the Integrated Microfluidic System 
	Optimization of the RPA-SDA Cascade Reaction 
	Specificity and Sensitivity of the RPA-SDA Cascade Reaction 
	Optimization and Validation of the Sliding Microfluidic Chip System 
	Specificity and Sensitivity Validation of the Sliding Microfluidic Chip System 
	Validation of the Assay in Spiked Food Samples 

	Discussion 
	Conclusions 
	References

