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Rapid and accurate screening of pathogenic contamination is essential for timely intervention and infection
prevention. In this work, one-pot RPA-CRISPR/Casl2a strategy combined with an innovative electrochemical
lateral flow strip (OPRCC-eLFS) was presented for ultrasensitive and precise detection of Salmonella. Highly
sensitive dual-mode detection of Salmonella in various samples has been simultaneously achieved with electro-
chemical detection limit of 3.84 CFU/mL and visual detection limit of 384 CFU/mL, respectively, with improved
detection efficiency and prevention of uncapping-related aerosol-contamination. This dual-mode biosensing
platform demonstrates exceptional stability, remarkable sensitivity, and robust on-site quantification capability,

emphasizing its potential in food safety monitoring and disease prevention.

1. Introduction

A major global public health risk to consumers is food contamination
by bacterial infections (Li et al., 2023; Vieira et al., 2022; Wei and Zhao,
2021). Annually, microbial contamination results in over 600 million
cases of foodborne illness and approximately 420,000 deaths worldwide
(Gao et al., 2022; Lee and Yoon, 2021; Ma et al., 2023). Salmonella has
emerged as one of the most prevalent causes of foodborne disease due to
its remarkable environmental tolerance and rapid growth rate (Shen
et al., 2022). Typically, infection occurs through the consumption of
untreated water and contaminated food, leading to symptoms of
abdominal cramps, fever, diarrhea, and even death. Bacterial infection
therefore poses serious public health risks and can result in substantial
economic losses (Galan, 2021; Shen et al., 2021). Consequently, regu-
latory agencies worldwide have established strict allowable limits for
Salmonella residues in various food samples (Jiang et al., 2024).

Numerous methods have been developed for Salmonella detection,
including traditional culture-assisted plate counting (Qiu et al., 2023),
polymerase chain reaction (PCR) (Fu et al., 2021; Shen et al., 2021),
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quantitative real-time PCR (qPCR) (Liu et al., 2018), and antigen-based
immune-recognition assay (Gu et al., 2022; Ren et al., 2022). However,
most of these current existing detection methods are often
time-consuming or require expensive equipment, and are usually con-
ducted in professional centered laboratories by trained personnel
(Younes et al., 2024).

Consequently, there has been a growing need for methods that are
simple to operate, of high sensitivity and accuracy that are effective in
supporting routine food safety monitoring.

Due to its high specificity and the programmability of CRISPR, it has
been extensively adopted across various fields for precise recognition
and signal amplification (Cheng et al., 2022; Wu et al., 2024). While
CRISPR-based protocols demonstrate powerful and robust signal
amplification capabilities, the sensitivity is still inadequate for direct
analysis of samples without nucleic acid amplification (Zhang et al.,
2024). To further improve the sensitivity, CRISPR is usually utilized and
combined with nucleic acid amplification methods (Hu et al., 2023;
Song et al., 2022; Wang et al., 2024; Yin et al., 2024). Among these,
recombinase polymerase amplification (RPA) has emerged as one of the
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most widely utilized approaches in conjunction with CRISPR, owing to
its simplicity, shorter reaction time, and unique isothermal condition
(Ahamed et al., 2024; Yang et al., 2024). Currently, among common Cas
families, application of Cas9 needs the complicated design of
tracrRNA-crRNA with just proved lower trans-cleavage effect (Chen
et al., 2024) while the Casl3 with the trans-cleavage effect to
single-stranded RNA probe, which can induce the false results due to the
degradation of RNA probe. As one of the most mature and widely
adopted subtype of Casl2, the Casl2a holds the superior random
trans-cleavage effect to the single-stranded DNA probe and has been
widely utilized. However, most of RPA-CRISPR/Casl2a-mediated
methods strictly require separated operational steps to avoid the
non-specific cleavage of RPA raw reagents. Traditional two-step opera-
tions not only increase complexity but also elevates the risk of aerosol
contaminations due to tube opening, thereby limiting their widespread
applications (Mao et al., 2023; Zhong et al., 2025). Ideally, integrating
isothermal amplification with CRISPR/Cas12a in the single-tube format
is essential. However, this integration poses significant and critical
challenges, as the trans-cleavage activity of the Casl2a protein can
non-specifically cleave newly synthesized amplicons or unreacted
primers, resulting in a remarkable reduction in amplification efficiency.

Various strategies have been explored to address this issue, including
optically activating crRNA post-amplification (Shen et al., 2022), uti-
lizing glycerol and paraffin for the physical separation of two reaction
systems (Lin et al., 2022; Tan et al., 2024), employing suboptimal PAMs
to mitigate CRISPR trans-cleavage (Wang et al., 2023), and imple-
menting asymmetric RPA amplification (Yang et al., 2024). However,
these approaches still present certain limitations including non-real
one-pot, or compromised amplification efficiency. To overcome these
challenges, we designed efficient primers to enhance the RPA and
meticulously optimized the key components of both RPA and CRISP-
R/Casl2a systems. This optimization enabled us to achieve a balanced
reaction system, resulting in a truly integrated one-pot reaction with
significantly improved simplicity and sensitivity.

The reliability of the analytical modes is crucial for expanding their
applications. Lateral flow strips (LFS) have emerged as prominent and
successful diagnostic tools due to their simplicity, cost-effectiveness,
stability, and rapid judgements (Younes et al., 2024). Currently, LFSs
are utilized extensively in food safety, environmental monitoring, and
disease diagnosis, owing to their quick response and user-friendly design
(Wang et al., 2022). However, while conventional LFSs are straightfor-
ward and economical, they exhibit limitations in sensitivity and quan-
tification ability, yielding only the colorimetric signal-assisted
qualitative results (Li et al., 2024). To overcome these intrinsic limita-
tions, integrating LFS with more sensitive electrochemical techniques is
essential for developing an effective dual-mode detection strategy.
Compared to single-mode techniques, the dual-mode approach com-
bines two complementary detection modes, enabling simultaneous
qualitative screening and quantitative analysis. This integration en-
hances sensitivity, broadens applicability, and improves accuracy.
Moreover, dual-mode analysis mitigates the inherent limitations of
single-mode sensing methods by leveraging the unique advantages of
each mode, creating a synergistic effect that greatly enhances analytical
performance.

In response to the highlighted issues, we have developed a stream-
lined one-pot RPA-CRISPR/Casl2a integrated electrochemical lateral
flow strip (OPRCC-eLFS) for accurate detection of target Salmonella.
This innovative approach enables rapid, semi-quantitative, and quanti-
tative detection of Salmonella across in various applications. In this
newly designed approach, we utilized gold nanoparticles (AuNPs)
simultaneously as a colorimetric signal molecule and as a catalytic tag
for in-situ redox reactions. The redox response involves the reduction of
ferricyanide ([Fe (CN)]%, Fe**) to Fe?* by ammonia-borane (H3N-BHs,
AB) as the reductant in the presence of AuNPs, resulting in a significant
increase in current output and thereby enhancing the sensitivity of eLFS.
This dual-mode sensing system presents several advantages, which
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renders it a robust tool for rapid and reliable pathogen detection.
2. Experimental section
2.1. Chemicals and apparatus

Streptavidin (SAV), DNA probes (refer to Table S1), 20 x PBS (pH
7.4-7.6), 1 M Tris-HCl (pH 7.4 and pH 8.0), and bovine serum albumin
(BSA) were acquired from Sangon Biotech (Shanghai, China). Tween-20,
potassium ferricyanide (Ks[Fe (CN)g]), ammonia borane (NHs3-BHj),
trisodium citrate (C¢HsNagO7), sodium borohydride (NaBH,4), hydrox-
ylamine hydrochloride (NH,OH-HCl), ascorbic acid (AA), and other
common reagents were sourced from Sinopharm Chemical Reagent
(Shanghai, China). Chloroauric acid tetrahydrate (HAuCl4) was ob-
tained from J&K Scientific (Beijing, China), while RPA kits were sup-
plied by GenDx Biotech (Suzhou, China). The bacterial genomic DNA
extraction kit was provided by Tiangen Biotech (Beijing, China).
NEBufferl and EnGen® Lba Cas12a were procured from New England
Biolabs Inc., and crRNA (refer to Table S1) was purchased from Bilig
Biotech (Shanghai, China). The nitrocellulose membrane (AE99) was
sourced from Wen Xinjie Biotech (Shanghai, China). The anti-FITC
antibody was purchased from Abgree Bio (Guangzhou, China). The
screen-printed carbon electrode (SPCE) was provided by Shenzhen
Refresh Biosensing Technology., LTD (Shenzhen, China). The universal
dye-based fluorescent quantitative PCR kit for Salmonella (Cat. No.
YB1279L) was ordered from Shanghai Yubo Biotechnology Co., Ltd.

All electrochemical measurements were performed at room tem-
perature using a CHI 660D Electrochemical Workstation from Shanghai
Chenhua Instrument Co., Ltd. The catalytic reduction of the Fe>*/AuNP/
AB system was analyzed using a microplate reader (MK3) from Thermo
Fisher Scientific (USA). The Fluorescent spectra were measured using a
F97 Pro fluorescence spectrophotometer (Shanghai Cold 116 Light
Technology Co., Ltd.).

2.2. Development of one-pot RPA-CRISPR/Cas12a (OPRCC) assay

The one-pot RPA-CRISPR/Cas12a system was initially set as 25 pL
containing pre-freeze-dried powder, 0.6 pM forward and reverse
primers, 1 x NEBufferl, 0.02 uM Cas12a, 0.1 pM crRNA, 0.6 pM FAM-
ssDNA-BHQ, and 10 mM magnesium acetate. DEPC-treated water was
used in this system. The initial fluorescence detection conditions were
set at 37 °C for 60 min. After optimization, the forward and reverse
primer concentrations were increased to 1.2 pM, while the crRNA and
Casl2a concentrations were adjusted to 0.16 pM and 0.04 pM, respec-
tively. The reaction temperature and duration were optimized to 41 °C
and 90 min, respectively.

2.3. Construction of eLFS

The eLFS was designed and constructed in the similar way as the
traditional LFS reported in our previous research (Li et al., 2023), with
the key distinction of being incorporated with SPCE positioned between
the nitrocellulose (NC) membrane and the backing pad of LFS. Briefly,
1000 pL of AuNPs were adjusted to the desired pH using 10 pL 0.1 M
potassium carbonate (KoCO3). Subsequently, anti-FITC antibody conju-
gates were prepared by coupling 4 g of the anti-FITC antibody to the
surface of the AuNPs, which were then deposited onto the conjugate
pads. For the spraying process, 1 mg/mL of streptavidin (SAV) and goat
anti-mouse antibody were coated onto the NC membrane to establish the
test (T) line and control (C) line, respectively. The components,
including the sample pad, conjugate pad, SPCE, NC membrane, and
absorbent pad were assembled sequentially onto the backing pad. The
SPCE was strategically inserted between the backing pad and the NC
membrane, ensuring that its working electrode was closely aligned with
the T line on the NC membrane. Details of the assembly process are
provided in Fig. S1.
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2.4. Detection of Salmonella with the developed OPRCC-eLFS

For OPRCC, this one-pot RPA-CRISPR/Cas12a system was developed
with the volume of 25 pL containing pre-freeze-dried powder, 1.2 pM
forward and reverse primers, 1 x NEBufferl, 0.04 pM Cas12a, 0.16 uM
crRNA, 10 nM FITC-ssDNA-Bio, and 10 mM magnesium acetate. DEPC-
treated water was used in the reaction system. The reaction was carried
out at 41 °C for 90 min. For eLFS, 1.5 puL of the one-pot reaction product
was mixed with 48.5 pL running solution (10 mM Tris-HCI, 2 x SSC, 5
mM KCl, 5 mM MgCl,, 0.5 % PEG, 20000, 1 mM CTAB, 1 % Tween-20, 1
% BSA, pH 8.0) and dropped onto the sample pad for visual analysis.
After 10 min, 100 pL of the catalytic solution (containing 5 mM Ks[Fe
(CN)el, 5mM AB, and 1 x PBS, pH 7.4) was added to the T line of eLFS.
The electrochemical signal was measured after 2 min.

2.5. Real sample preparation and DNA extraction

The standard Salmonella strain (ATCC 14028) was sourced from the
Anhui Province Institute of Product Quality Supervision & Inspection at
an initial concentration of 3.84 x 10’ CFU/mL. Milk, orange juice, and
egg samples used for practical testing were purchased from a local su-
permarket and verified to be free of Salmonella contamination through
culture-based methods. To assess the reliability and accuracy of the
methodology, simulated Salmonella-contaminated samples were pre-
pared. Typically, 1 mL of the 3.84 x 107 CFU/mL bacterial solution was
centrifuged at 10,000 g for 10 min, and the pellet was resuspended in 1
mL of milk, orange juice, or egg samples. The spiked samples were then
serially diluted in their respective food matrices to generate Salmonella
samples with varying concentrations. DNA was extracted following the
TIANamp Bacteria DNA Extraction Kit instructions and resuspended in
50 pL of 1 x TE buffer.
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2.6. Fluorescent and electrochemical signal measurement

Fluorescence intensity measurement: Set the excitation wavelength
at 490 nm and record the emission spectrum from 500 to 650 nm. Set
both excitation and emission slit widths of 10 nm, and maintain the
photomultiplier tube (PMT) voltage at 650 V.

Electrochemical measurement: Set the scan rate of cyclic voltam-
metry (CV) of 50 mV/s. For chronoamperometric detection, apply a
constant voltage of 0.3 V for 50 s and monitor the terminal current after
the stabilization of redox reaction (Fe3+/AuNPs/AB).

3. Results and discussion
3.1. Design principle of OPRCC-eLFS

The overall principles of the proposed OPRCC-eLFS for Salmonella
detection are depicted in details in Fig. 1. As shown in Fig. 1A. As the
first step, the one-pot reaction system based on RPA-CRISPR/Cas12a is
developed. By designing efficient primers and optimizing reaction con-
ditions for both RPA and CRISPR/Casl2a, respectively, the system is
able to achieve an optimal balance between these two reactions. The
balance means that the RPA can produce enormous amplicons to acti-
vate the trans-cleavage effect of Casl2a while the activated CRISPR-
Cas12a will not consume the essential reagents and decrease the effi-
ciency of RPA. Fig. 1B illustrates the practical workflow for detecting
RPA-CRISPR/Cas12a reaction products with eLFS. Unlike conventional
LFS, the eLFS includes an additional assembly of SPCE between the NC
membrane and the backing pad. The SPCE’s working electrode is pre-
cisely aligned with the T line on the NC membrane. In the detection
process, a catalytic redox step, which is absent in traditional LFS, will be
completed within just 2 min. Typically, Fe>", AB, and AuNPs serve as the
mediator, reducing agent, and catalytic tag, respectively. This reaction
occurs exclusively in the presence of AuNPs, which catalyze the
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Fig. 1. Schematic illustration of the OPRCC-eLFS for accurate quantification of Salmonella.
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reduction of Fe>* to Fe2* by AB.

For the detection and signal output mechanism with above eLFS, in
the absence of target Salmonella, RPA will not be processed and no
double-stranded amplicons will be produced, which will not activate the
trans-cleavage of Cas12a. Then, the intact signal probe can be captured
on the T line by the specific recognition between the biotin on the probe
and the pre-immobilized streptavidin (SAV) on the T line. Meanwhile,
the AuNPs-Ab pr¢ complex could also be retained on the T line by the
specific recognition between FITC on the probe and the Ab on the
AuNPs. This simultaneous recognition of FITC and biotin on the probe
will cause the retention of AuNPs on T line and the coloration of T line
for colorimetric signal output. However, for the target gene analysis, in
the presence of target Salmonella, RPA generates enormous double-
stranded DNA, which can be specifically recognized by crRNA, acti-
vating Cas12a’s trans-cleavage activity. This activation cleaves the Bio-
ssDNA-FITC signal probe. And for this cleaved signal probe only the
biotin-modified segments could be captured onto the T line while the
FITC-modified segments of the probe recognized by the AuNPs-Ab gir¢
complex will not be retained onto the T line and no or weak coloration of
T line will occur. Additionally, when the catalytic solution is applied
onto the T line, the lack of captured catalytic tag (AuNPs) significantly
reduces redox reaction efficiency, preventing Fe>* reduction to Fe?>* by
AB, resulting in a low current response in the electrochemical quanti-
tative detection mode. Besides, considering the future on-site screening
applications, the chronoamperometric method is adopted for measure-
ment and signal output due to the simple parameter setting and opera-
tion by non-professional personnel. Notably, the goat anti-mouse
antibody pre-modified on the C line captures AuNPs-FITC-Ab regardless
of the presence of Salmonella or not, ensuring a consistent color signal on
the C line. In summary, for negative samples, both the C and T lines are
visible on the eLFS, and electrochemical detection yields a high current
response. On the other hand, for positive samples, only the C line is
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visible (or the T line appears faint), and the current response is low
(Fig. 1C). Meanwhile, the common non-specific amplification in RPA
could be well avoided with the designed CRISPR/Cas12a to guarantee
the specificity of the designed OPRCC-eLFS. Thus, enabling the in-situ
electrochemical measurement on LFS to output the quantitative results
directly with excellent sensitivity for efficient and accurate quantitative
detection of Salmonella.

3.2. Mechanistic investigations of redox processes

To construct the eLFS for quantitative measurement, the establish-
ment of catalytic AuNPs-depended redox reaction system is a critical
step. The fundamental strategy for selecting stable redox components for
the system is as follows: (i) Fe>* can be rapidly and efficiently reduced
catalytically in the presence of both AuNP and AB; (ii) the electron
mediator (Fe>*/3%) exhibits remarkable self-stability; and (iii) (iV) the
direct reduction of Fe>* by either AB or AuNP alone is slow or nearly
nonexistent (Fig. 2A). The redox system with Fe3+, AB, and AuNPs
acting as the mediator, reductant, and catalytic tag, respectively, was
carefully validated. The results in Fig. 2B show that only under the
condition of co-existence of the three components (Fe®>™ +AB + AuNPs
and AuNPs + Fe>* + AB), the redox reaction could occur to result in the
exhaustion of Fe>*, leading to the disappearance of the characteristic
peaks of Fe>* at 420 nm and the decreased and red-shift of typical peak
of AuNPs at 520 nm, respectively. The red-shift of the typical peak of
AuNPs to the higher wavelength indicates the aggregation of AuNPs in
the catalytic redox system, which may be attributed to the variation of
the electric charges of the solution. For all other comparison control
groups in Fig. 2B, the characteristic peak signal of Fe> remains the
same, thus indicating an exclusive condition for the reduction of Fe3* to
Fe?" by AB in the presence of AuNPs for electrochemical measurements.

Furthermore, the feasibility of the designed strategy was verified by
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chronoamperometric response of Fe>* and AB was recorded at +0.3 V, with or without AuNPs. Fe®>* and AB were both prepared at a concentration of 5.0 mM in 10
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other electrochemical modes of detection. Both the i-t and cyclic vol-
tammetry in Fig. 2C and D clearly demonstrate the similar outcomes for
the electrochemical measurements. Of great significance for quantita-
tive electrochemical measurement on T line of the eLFS, the effect of the
amount of AuNPs on the sensing current was also considered. A positive
dependence relationship is observed as shown in Fig. 2E, which strongly
support the feasibility of quantitative analysis conducted on the T line of
eLFS. Besides, to achieve the best redox efficiency for quantitative
analysis, various reducing agents were tested and AB was considered as
the most stable and exhibited robust reducing performance in the
presence of AuNPs (Fig. 2F).

3.3. Feasibility verification and parameter optimization of OPRCC-eLFS

The feasibility of the one-pot RPA-CRISPR/Casl2a system for
detecting Salmonella was demonstrated by integrating two primary
units: RPA for target DNA amplification and Casl2a for sequence-
specific recognition.

Initially, the performances of RPA and CRISPR/Casl2a in the one-
pot reaction were evaluated, and the procedural details are provided
in Fig. 3A. As expected, the results in Fig. 3B indicate that in the
designed one-pot RPA-CRISPR/Casl12a system, the presence of target
DNA extracted from Salmonella (3.84 x 10° CFU/mL) could induce a
substantial increase in fluorescent output signals compared to other
groups lacking the essential components for amplification or cleavage.
This significant difference in fluorescence signals clearly demonstrates
the ability to successful utilize this one-pot RPA-CRISPR/Cas12a strat-
egy for detection of Salmonella.

Subsequently, the dual-labeled Bio-ssDNA-FITC probe was adopted
for the verification of OPRCC-eLFS (see details in Fig. 3C). In the pres-
ence of target Salmonella, the isothermal produced amplicons activate
the cleavage property of Casl2a and the dual-labeled Bio-ssDNA-FITC
probes were hydrolyzed into pieces. Then, less dual-labeled Bio-ssDNA-
FITC probes are captured on the T line of eLFS and the corresponding
colorimetric signal on T line was decreased while other groups did not
induce the T line signal variations compared to the negative control
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(Fig. 3D). Notably, the T line in Fig. 3D was further treated with the
catalytic solution, then the current responses were measured in situ as
shown in the scheme (Fig. 1). Similar results were obtained with the
obvious decrease of sensing current on the T line of the positive group
while not for others (Fig. 3E). The corresponding quantitative histogram
in Fig. 3F also corroborate the high feasibility of this proposed OPRCC-
eLFS method.

As designed, to achieve a highly sensitive, rapid, convenient and
quantitative detection, the one-pot RPA-CRISPR/Casl2a system was
innovatively integrated with the electrochemical lateral flow strip, as
OPRCC-eLFS, with a multi-mode detection by LFS and an electro-
chemical sensor. Several critical parameters were optimized to obtain a
rationally balanced amplification and Casl2a cleavage system. Magne-
sium acetate is a crucial activator of the RPA reaction, directly influ-
encing DNA amplification efficiency. Similarly, primer concentration
affects the amplification rate. Insufficient primer concentrations result
in weak signal output, whereas excessive concentrations may interfere
with Casl2a trans-cleavage activity, reducing detection efficiency.
Through optimization, the optimal magnesium acetate concentration
and primer concentration were determined to be 10 mM and 1.2 pM,
respectively, yielding improved sensing performance. The concentra-
tions of crRNA and Casl2a directly impact Casl2a trans-cleavage ac-
tivity. While higher concentrations can enhance cleavage efficiency,
excessive levels may degrade unreacted primers too quickly, compro-
mising RPA amplification and reducing overall signal strength. Opti-
mization experiments revealed that the strongest fluorescence signal
and the highest signal-to-noise ratio were achieved with 0.16 pM crRNA
and 0.04 pM Cas12a. The reaction time and temperature of the one-pot
system play a critical role in RPA amplification efficiency and Cas12a
trans-cleavage activity. Optimization studies demonstrated that a reac-
tion time of 90 min at 41 °C produced the highest detection signal (See
details in Fig. S2). And under the optimized conditions, this proposed
one-pot RPA-CRISPR/Casl2a produced a comparable fluorescence
signal to that of the traditional two-step RPA and CRISPR/Cas protocol
(Fig. S3). Besides, the concentration of dual-labeled Bio-ssDNA-FITC
probe and the loading volume of the one-pot amplification product were
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Fig. 3. The feasibility of the OPRCC-eLFS method was evaluated through comprehensive analyses. (A) Schematic of one-pot RPA-CRISPR/Cas12a reaction mech-
anism. (B) Fluorescence assay validate the efficiency of the one-pot RPA-CRISPR/Cas12a method. (C) Schematic illustration of the eLFS for detecting Salmonella. (D)
Visual validation demonstrates the detection capability of the OPRCC-eLFS method. (E) Electrochemical analysis further confirms the method’s effectiveness. (F) The

current signal intensity corresponding to the electrochemical conditions in (E)

is presented.
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considered for OPRCC-eLFS measurement and 10 nM of the probe
concentration (Fig. S4A) and 1.5 pL of the loading volume of amplicons
(Fig. S4B) gave the best colorimetric and electrochemical signals.

3.4. Sensing performance of OPRCC-eLFS for Salmonella detection

Under the optimized sensing conditions, comprehensive sensing
performance studies of OPRCC-eLFS were carried out for detecting
Salmonella. Firstly, the rapid colorimetric qualitative screening of Sal-
monella was performed in three parallel eLFS tests as shown in Fig. 4A.
Evidently, the colorimetric optical signal on the T line decreased with
increasing Salmonella concentration from 3.84 to 3.84 x 107 CFU/mL.
Even though, the routine gray intensity treatment of the T line on LFS
was also conducted for obtaining quantitative analysis information.
Results in Fig. S5 demonstrated the quantitative treated results of the
gray intensities on T line of eLFS. Meanwhile, to get the more accurate
results, the quantitative electrochemical measurement was further per-
formed by adding a catalytic solution onto the T line of eLFS and the in-
situ chronoamperometric data were recoded and presented in Fig. 4B.
The linear relationship obtained from the electrochemical signals on the
T line of eLFS is shown in Fig. 4C with equation Y = 3.423-0.464 X (R?
= 0.985, Y, the current value on T line; X, the logarithm of Salmonella
concentration). The visual detection limit of the OPRCC-eLFS was 38.4
CFU/mL, while the electrochemical detection limit was calculated to be
as low as 1.96 CFU/mL using the 30/k criterion, where ¢ represents the
standard deviation of the blank and k is the slope of the calibration
curve. Compared to any single-mode detection, the OPRCC-eLFS dual-
mode strategy realized the simultaneous qualitative screening and
quantitative determination. The sensitivity of the single LFS mode was
improved by the OPRCC-eLFS dual-mode strategy while the accuracy
could be guaranteed by the mutual calibration of two modes, mini-
mizing the false negatives/positive and enhancing overall detection
confidence. Notably, the proposed OPRCC-eLFS also exhibited compa-
rable or even superior analytical performance than other reported
CRISPR/Cas12a based methods on the basis of sensitivity, operational
simplicity, and linear range (details in Table S2). Besides, considering
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the on-site screening application, this dual-mode OPRCC-eLFS could be
miniatured as portable device for simultaneous colorimetric qualitative
screening and electrochemical quantitative analysis, which holds
greater superiority compared to common fluorescent assisted CRISPR/
Cas12a methods.

In complicated food samples, multiple bacteria may often coexist,
thus making selectivity a crucial criterion for evaluating the new pro-
posed method. Consequently, the selectivity of the OPRCC-eLFS was
assessed under identical detection conditions in the presence of other
common bacteria, including Cronobacter sakazakii (C. sakazakii),
Staphylococcus  aureus  (S. aureus), Vibrio  parahaemolyticus
(V. parahaemolyticus), Pseudomonas aeruginosa (P. aeruginosa), Listeria
monocytogenes (L. monocytogenes), and Escherichia coli (E. coli). Control
bacterial samples at concentrations of 10° CFU/mL and corresponding
samples mixed with 10* CFU/mL Salmonella were measured with the
OPRCC-eLFS. Additionally, the specificity of the OPRCC-eLFS was
further evaluated using four different Salmonella serotypes (Salmonella
ATCC 13076, CMCC 50093, CICC 10437, and CICC 21512), each tested
at 10* CFU/mL. As shown in Fig. 4D, only Salmonella (regardless of
serotype) or the mixed samples with the target Salmonella exhibited a
significant reduction in the signal intensity on the T line of eLFS. The
control pathogens, even at 100 times higher concentrations than for
Salmonella, only displayed optical signals on the T line that are identical
to that of the blank control. The corresponding electrochemical sensing
results on the T line of eLFS show in Fig. 4E that only the target Sal-
monella induced distinguishable current variations, while the control
bacteria did not, and, thus, indicating that the OPRCC-eLFS gave no
response to the non-target bacteria. The primer set adopted in this
research was designed to differentiate the strains of the bacteria and not
precise to the serotypes of Salmonella, which effectively guarantee the
specificity. And this excellent specificity of the OPRCC-eLFS is also
ascribed to the presence of both RPA and CRISPR/Cas12a.

It is also very important that the proposed ORPCC-eLFS demonstrate
very high reproducibility and stability for ensuring its effectiveness and
reliability for practical applications. The repeatability was therefore
evaluated by measuring the same Salmonella solution (3.84 x 10* CFU/
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Fig. 4. (A) Visualization of Salmonella detection results at varying concentrations using the OPRCC-eLFS method. (B) Quantification of T-line signals for each eLFS
from (A) using an electrochemical analysis method. (C) The linear relationship between T-line electrochemical signals and Salmonella concentrations. (D) Selectivity
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line electrochemical signals for each eLFS mentioned in (D).
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mL) 10 times. A low variation of the ten measurements was subsequently
confirmed with a relative standard deviation (RSD) of 6.42 % (Fig. S6A
and B), indicating that the repeatability of the proposed OPRCC-€eLFS is
satisfactory. Additionally, the stability of the OPRCC-eLFS was validated
by storing and reusing it for detection of Salmonella at 3.84 x 10* CFU/
mL with three parallel measurements for varying durations (up to 30
days). Both the visual and chronoamperometric signals exhibited min-
imal fluctuation with RSD of 9.49 % of the current values after 30-day
storage (Fig. S6C and D). Furthermore, batch-to-batch consistency was
also investigated, yielding an acceptable RSD of 9.02 % of current values
(Fig. S6E and F). These results demonstrate that the OPRCC-eLFS
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exhibited excellent stability and reproducibility for Salmonella
detection.

3.5. Recovery of Salmonella in spiked samples

To assess the recovery efficiency of OPRCC-eLFS for Salmonella in
real samples, four food samples with different matrix including milk,
orange juice, eggs and salmon were spiked with Salmonella and then
measured to determine the recovery efficiency. Within the spiked range
(from 3.84 to 3.84 x 10’ CFU/mL), the visual detection limit was ach-
ieved as 384 CFU/mL for all food matrices, while the electrochemical
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detection was achieved at 3.84 CFU/mL for milk samples and 38.4 CFU/
mL for orange juice, egg and salmon samples (Fig. 5). These differences
in detection limit and linearity among different samples may be attrib-
uted to the matrix effects of different food samples. Additionally,
detection results with the commercial real time PCR kit (Fig. S7) were in
well agreement with those of our method, confirming the accuracy and
reliability of this developed dual-mode OPRCC-eLFS. The satisfactory
sensitivity and specificity of OPRCC-eLFS for real samples is attributed
to the double-recognition of RPA amplicons mediated CRISPR/Cas12a,
along with the two-step signal amplification via redox reactions cata-
lyzed by AuNPs on the T line of eLFS. Furthermore, the integration of
visual and electrochemical detection modules effectively addresses
detection requirements for different application scenarios.

4. Conclusion

We have successfully developed a novel and innovative dual-mode
colorimetric and electrochemical detection platform, referred to as
OPRCC-eLFS, for rapid, sensitive and reliable detection of Salmonella in
different food samples. This platform integrates the simplicity of LFS-
based qualitative colorimetric mode synergistically with the high
sensitivity and quantitative capabilities of electrochemical mode,
enabling simultaneous qualitative and quantitative detection of Salmo-
nella. When applied to the detection of Salmonella in milk, juice, egg and
salmon samples, this proposed dual-mode method outperformed previ-
ously reported two-step methods. Notably, this new developed OPRCC-
eLFS effectively overcomes the intrinsic limitations of traditional
methods, which often require use of multiple containers and multi-step
procedures, by integrating RPA and CRISPR technologies into the one-
pot reaction. This integration minimizes the risk of multiple reagent
additions associated aerosol contamination. The dual-mode OPRCC-
eLFS platform is user-friendly, time-efficient, and suitable for on-site
applications. It provides an affordable solution for the rapid and
continuous routine monitoring of Salmonella and other foodborne
pathogens. Furthermore, the platform leverages the strengths of both
techniques including the isothermal amplification, and cyclic cleavage,
enhancing accuracy and sensitivity. Additionally, the inclusion of AuNPs
serves as both the colorimetric signal tag for qualitative screening and
the catalytic factor of the redox reactions used for quantitative electro-
chemical measurement, hence significantly improving the overall
sensing performance of the OPRCC-eLFS. Meanwhile, the mutual cali-
bration between the qualitative screening and quantitative analysis
could further guarantee the accuracy of detection compared with single-
mode methods. This proposed new dual-mode OPRCC-eLFS method
further highlights and strengthen the use of molecular diagnostic tech-
nologies in food safety monitoring and biomedical diagnostics, thus
contributing to advancements in these critical fields.
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