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A B S T R A C T

Conventional colorimetric CRISPR/Cas methods rely on a single chromogenic substrate and bulky and special
ized signal detection instrument, which hinder their practical application. Herein, a portable and accessible 
CRISPR/Cas12a biosensor was for the first time reported to sensitively quantify Salmonella enterica serovar 
typhimurium (S. typhimurium), utilizing a multi-indicator pH millimeter disc (millidisc) for signal visualization, 
combined with a smartphone-based imaging platform for signal readout. The pH millidisc, composed of multiple 
indicators, possessed sensitive pH responsiveness and exhibited diverse color changes. The self-developed RGB 
mini-program, named DeepFood, was designed for portable smartphone use, featuring user-friendly operation 
and trend visualization for preliminary result analysis. Based on the RGB signal variation pattern with 
S. typhimurium, a distinct Senh signal type was designed, enhancing the signal-to-noise ratio from 3.38 to 7.11. 
Compared to the R signal type, the Senh signal type improved detection sensitivity by 36.23-fold (7.26 CFU/mL) 
in 0.01 M PBS buffer and 15.53-fold (1.41 × 102 CFU/mL) in chicken. The proposed biosensor offers significant 
improvements in detection sensitivity and practical applicability, with potential in food safety and environ
mental protection.

1. Introduction

A promising novel CRISPR/Cas-based rapid detection method has 
emerged (Li et al., 2022). The Cas endonucleases (e.g., Cas9, Cas12a, 
Cas13) form binary complexes with guide RNA to achieve rapid and 
highly specific recognition of nucleic acid from pathogenic bacteria (Li 
et al., 2021). Upon target binding, these nucleases undergo conforma
tional rearrangements that expose the RuvC domain(Swarts and Jinek, 
2019), activating their nucleic acid cleavage capabilities and triggering 
signal generation. To expand the applicability of CRISPR/Cas-based 
methods in field testing and diverse scenarios, the development of 
portable and user-friendly instrument is essential (Qiu et al., 2022). 
Detection instruments are broadly categorized into those for sample 
pre-treatment and those for signal readout. Sample pre-treatment, in
volves nucleic acid extraction and amplification, traditionally per
formed with standard laboratory instruments such as water baths, 

centrifuges, and PCR machines. While these devices are reliable and 
versatile, they are not the primary focus for enhancing detection per
formance. Alternative methods, such as boiling for DNA extraction and 
the use of recombinase polymerase amplification (RPA) or 
recombinase-aided amplification (RAA) kits (Zhao et al., 2024), offer 
significant time savings and reduced reliance on complex instruments. 
In contrast, signal detection instrument significantly impacts the sensi
tivity and accuracy of both qualitative and quantitative outcomes, 
thereby meriting careful consideration. Specialized instruments like 
UV-visible spectrophotometers (Zhang et al., 2021), fluorescence spec
trometers (Chen et al., 2020), electrochemical workstations (Liu et al., 
2022), and Raman spectrometers (Choi et al., 2021) deliver excellent 
performance but are often bulky, expensive, and operationally complex, 
limiting their suitability for on-site applications (Shi et al., 2024). Sig
nificant efforts have been made to develop portable signal readout in
struments. For example, Tanifuji et al. utilized a portable glucometer to 
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detect glucose signals induced by human papilloma virus (Tanifuji et al., 
2024), while Zhao et al. employed a simple pH meter to monitor pH 
signal changes with and without aflatoxin B1 (Zhao et al., 2018). Simi
larly, Uygun et al. and Zeng et al. used miniaturized electrochemical 
(Uygun et al., 2020) and pressure-sensitive chips (Zeng et al., 2021) for 
signal readout. Although these approaches rely on compact and portable 
devices, such instruments remain specialized and are not widely acces
sible to the general public, limiting their widespread availability.

The pH-responsive colorimetric detection method utilizes target- 
induced pH shifts to trigger color transitions in chromogenic reagents, 
providing intuitive visual signals suitable for on-site detection (Gong 
et al., 2021). For example, Ki et al. developed a urease-based signal 
probe, in which urease catalyzes the alkalization of the solution, causing 
the indicator phenol red to transition from yellow to red (Ki et al., 2022). 
Xiong et al., (2017) and Pei et al., (2018a) employed the acid-base in
dicator bromocresol purple dye to visualize changes in the solution pH. 
These methods predominantly rely on a single chromogenic substance to 
indicate pH changes triggered by the target. They suffer from low pH 
response sensitivity, a limited detection range, and a lack of diverse 
color transitions, which restrict its utility in semi-quantitative and 
high-sensitivity detection applications. Researchers have utilized the 
etching of gold nanoflowers and nanorods to modulate localized surface 
plasmon resonance (LSPR) by altering their shape, size, and surface 
characteristics, thereby generating diverse color variations. For 
instance, Pei et al. demonstrated that target-induced etching of gold 
nanoflowers could produce even more pronounced color changes (Pei 
et al., 2018b). Besides, Huang et al., (2020) and Xiong et al., (2018)
achieved vibrant and dynamic color shifts by employing target-triggered 

etching of gold nanorods. This approach enables diverse color varia
tions, facilitating effective semi-quantitative detection with the 
naked-eye. However, the reliance on nanomaterials renders the system 
susceptible to environmental factors and poses challenges for long-term 
storage.

To address these challenges, a signal detection system integrated 
with multi-indicator pH millimeter disc (millidisc) and smartphone RGB 
mini-program was proposed, aiming to overcome the limitations of 
conventional single chromogenic systems and bulky instruments in 
CRISPR/Cas-based pathogen detection. The multi-indicator pH milli
disc, composed of cresol red, bromocresol blue, and bromothymol blue, 
was used for signal visualization. It exhibited a sensitive pH response 
and a rich variety of color changes, which contributed to enhancing the 
detection sensitivity. The smartphone-based self-developed DeepFood 
mini-program was used for signal readout. It was multi-platform 
compatible, useable on both computers and smartphones for greater 
flexibility. Built on WeChat, a widely used social app in China, it oper
ated efficiently within the platform. Additionally, its trend analysis 
feature enabled intuitive visualization of result variations. To the best of 
our knowledge, this is the first attempt to develop and integrate a multi- 
indicator pH millidisc with a smartphone-based RGB readout system for 
CRISPR/Cas-based pathogen detection. In a word, it could expand 
CRISPR/Cas diagnostics to more accessible, decentralized, and resource- 
limited applications.

Fig. 1. Schematic illustration of the proposed biosensor system, which integrated target recognition, signal generation, and signal detection. The signal detection 
system comprised a multi-indicator pH millidisc for visual signal output and the DeepFood mini-program for digital signal detection and analysis.
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2. Experimental sections

2.1. Detection procedure of the proposed biosensor

Before detection, the samples were pretreated with DNA extraction 
and amplification steps for further analysis. The detailed procedures for 
bacteria culture and pretreatment are provided in Supplementary Ma
terial 2.1 and 2.2. The detection procedure was as follows: firstly, 10 μL 
of enzyme-free sterile water, 10 μL of 10 × NEBuffer, 10 μL of 1 μM 
Cas12a (0.01 nmol), and 10 μL of 1 μM crRNA (0.01 nmol) were mixed 
and incubated at 25 ◦C for 10 min (The oligonucleotide sequences are 
presented in Table S1). Then, 20 μL of the above pretreated sample was 
added and incubated at 37 ◦C for 10 min. Next, 40 μL of the nanoreporter 
(Supplementary Material 2.5) was added and incubated at 37 ◦C for 1 h. 
The nanoreporter was prepared by mixing of latex nanoparticle (LNP) 
labeled with linker DNA and glucose oxidase (LNP-DNA-GOx conjugate) 
and magnetic nanoparticle labeled with SA (MNP-SA conjugate), fol
lowed by magnetic separation and resuspension in PBS. Following this, 
magnetic separation was performed. Then, 100 μL of 1 M β-D-glucose 
solution (100 μmol) was added and incubated at 37 ◦C for 90 min. 
Subsequently, 5 μL of the above solution was added dropwise to the 
circular pH millidisc prepared with a punch. A smartphone-based 
DeepFood mini-program was used to photograph and analyze the 

color change of pH millidisc, converting the color into numerical values. 
The detailed experimental methods for the evaluation of sensitivity and 
specificity are described in the Supplementary Material 2.6 and 2.7. Line 
fitting analysis was conducted using Origin software to construct the 
calibration curve.

2.2. Application evaluation

The feasibility of the proposed biosensor was evaluated using 
chicken samples. Firstly, chicken sample was minced under sterile 
conditions. Then, 25 g of the minced chicken and 225 mL of sterile 0.01 
M PBS buffer were added to a sterile sampling bag for homogenization. 
Subsequently, Salmonella enterica serovar typhimurium (S. typhimurium) 
was gradually spiked into the supernatant after homogenization. The 
detection procedures followed the proposed protocol above.

3. Results and discussion

3.1. Working principle of the proposed biosensor

This study aims to utilize the nucleic acid recognition and cleavage 
capabilities of Cas12a to establish a correlation between the presence of 
S. typhimurium and pH signal variations. Based on this principle, the 

Fig. 2. (A) Schematic illustration of the signal system. (B) The preparation for pH millidiscs. Verification of pH differentiation between glucose and gluconic acid 
through (C) naked-eye (1: glucose, 2: gluconic acid) and (D) DeepFood mini-program. Analysis of pH responses to different gluconic acid concentrations via (E) 
naked-eye (1-6: 0.005-1 mol/L gluconic acid) and (F) DeepFood mini-program. Verification of pH variation induced by GOx through (G) naked-eye (1: H2O, 2: 
glucose, 3: GOx, 4: GOx + glucose) and (H) DeepFood mini-program. Analysis of pH responses to different GOx concentrations via (I) naked-eye (1-6: 0-100 U GOx) 
and (J) DeepFood mini-program.
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multi-indicator pH millidisc and self-developed DeepFood mini 
program-mediated signal detection system was developed to enable 
portable detection of S. typhimurium (Fig. 1). The study consists of three 
main components: target recognition, signal generation, and portable 
signal detection.

For target recognition, when S. typhimurium DNA is present, it was 
specifically recognized by the crRNA within the Cas12a-crRNA duplex 
through base-pairing, forming a Cas12a-crRNA-S. typhimurium DNA 
ternary complex. This recognition triggered a conformational change in 
the Cas12a enzyme, exposing its RuvC domain and activating its 
cleavage function(Swarts and Jinek, 2019), enabling indiscriminate 
cleavage of nearby single-stranded DNA; For signal generation, the 
activated Cas12a cleaved the linker DNA in the nanoreporter, which was 
designed with MNP at one end and GOx at the other end. This cleavage 
disconnected the linkage between MNP and GOx, leading to the release 
of GOx. Following magnetic separation, the freed GOx catalyzed the 
conversion of β-D-glucose into gluconic acid, which ionized to release 
H+, generating the pH signal; The final step was signal detection, which 
consisted of multi-indicator pH millidisc-mediated signal visualization 
and a self-developed DeepFood mini program-based signal readout. The 
pH millidisc, composed with multi-indicator including cresol red, 

bromocresol blue, bromothymol blue, was sensitive to pH changes and 
showed diversity of color variations. As the H+ concentration increased, 
the color of the pH millidisc gradually shifted from blue to yellow, 
providing a clear visual representation of the signal. For signal readout, 
the DeepFood mini-program was used for RGB signal measurement. 
With the color change, the red (R) and green (G) values increased, while 
the blue (B) value decreased, enabling digital interpretation of the 
pH-based signal.

3.2. Feasibility validation of signal output system

The schematic diagram of the signal output system was illustrated in 
Fig. 2A, including GOx catalyzing β-D-glucose to gluconic acid, pH 
millidisc visualizing the pH of solution, and DeepFood mini-program 
measuring RGB value. To achieve uniform signals, pH millidisc was 
perforated using a puncher with a diameter of 6 mm (Fig. 2B). Initially, 
pH millidisc was employed to measure glucose (1 M) and gluconic acid 
solution (1 M), followed by photography and signal processing 
(Supplementary Material 2.4). As shown in Fig. 2C, the results observed 
with naked-eye displayed glucose and gluconic acid appearing as blue 
and yellow colors respectively on the pH millidiscs. By referencing the 

Fig. 3. Particle size (A), Zeta potential (B), and infrared spectra (C) of MNPs before and after SA labeling. Particle size (D), Zeta potential (E), and infrared spectra (F) 
of LNP before and after DNA and GOx conjugation. (G-H) TEM images of MNP-SA at different magnifications. (I-J) TEM images of LNP-DNA-GOx at different 
magnifications. (K-N) TEM images of the assembled nanoreporter at different magnifications.
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pH millidisc color chart, the pH levels of glucose and gluconic acid were 
estimated to be approximately 5 and 2, respectively. Subsequently, the 
results were analyzed using the DeepFood mini-program. The results 
were illustrated in Fig. 2D, where the RGB values of glucose were 35.33 
± 1.25, 65.67 ± 2.05, and 96.33 ± 2.49, respectively. The RGB values of 
gluconic acid were 145.67 ± 6.85, 128.33 ± 7.32, and 40.67 ± 6.34, 
respectively. The interface and part of the code of the DeepFood mini- 
program were shown in Fig. S1. The detailed usage steps of DeepFood 
were listed in Fig. S2 and S3.

To validate the dose-response relationship between gluconic acid 

concentration and pH, pH millidiscs were utilized to measure gluconic 
acid solutions with varying concentrations (0.005-1 mol/L). The results 
observed by naked-eye indicated a gradual color change of the pH 
millidiscs from green to yellow with increasing concentrations of glu
conic acid (Fig. 2E). The results outputted by the DeepFood mini- 
program were displayed in Fig. 2F and Fig. S4, where an upward 
trend in RGB values was observed with increasing concentrations. Spe
cifically, the R value exhibited the most significant signal change, 
increasing from 24.31 ± 3.74 to 177.23 ± 10.40 with rising concen
trations. To evaluate the reliability of the smartphone-based DeepFood 

Fig. 4. (A) Detection of varying concentrations of S. typhimurium (0-108 CFU/mL) utilizing the proposed biosensor. (B) The S/N of different signal output types. (C) 
Calibration curve illustrating the performance of the proposed biosensor with different signal output types. (D) Quantitative calibration curve of the proposed 
biosensor utilizing R and Senh signal output types. Specificity evaluation for S. typhimurium (106 CFU/mL) using this biosensor with (E) RGB and (F) Senh signal 
output type.
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RGB mini-program, a comparative analysis was conducted with another 
widely used color analysis software, ColorGrab. As shown in Fig. S5, the 
RGB readings obtained from both programs were largely consistent, 
indicating that the DeepFood RGB mini-program exhibited good 
comparability with ColorGrab in terms of signal processing.

To verify that pH variation can be induced by GOx, different 
experimental groups were set up (H2O, glucose, GOx, and GOx +
glucose). As observed with the naked eye in Fig. 2G, in the presence of 
both GOx and glucose, the pH millidisc turned green, indicating a pH of 
approximately 3 according to the pH chart. In contrast, the other groups 
showed blue color, correlating to a pH of about 5. The results outputted 
by the DeepFood mini-program indicated that in the presence of both 
GOx and glucose, compared to the other three control groups, the R 
value increased from 54.00 ± 0.82 to 99.33 ± 1.25, the G value from 
81.67 ± 1.25 to 109 ± 0.82, and the B value decreased from 93.00 ±
1.63 to 66.33 ± 0.95 (Fig. 2H). To further validate the dose-response 
relationship between the concentration of GOx and pH, pH millidiscs 
were used to measure solutions catalyzed by different concentration of 
GOx. The results observed by naked-eye showed a gradual color change 
from blue to yellow with increasing GOx concentrations (0-100 U) 
(Fig. 2I). The results outputted by the DeepFood mini-program demon
strated that the R value gradually increased from 68.67 ± 8.73 to 185.67 
± 1.25, the G value from 89.67 ± 10.14 to 186 ± 0.82, while the B value 
showed minimal change, remaining within the range of 83.00 ± 11.52 
to 123 ± 2.94 (Fig. 2J). In summary, the GOx was able to induce pH 
variation indicating the feasibility of signal output system.

3.3. Characterization of nanoreporter

As the core component of the signal generation system, the nano
reporter consisted of MNP-SA conjugate and LNP-DNA-GOx conjugate. 
To verify the successful modification of functional components onto the 
nanoparticle carriers, the hydration particle size, Zeta potential, and 
infrared spectra of the MNP and LNP were measured before and after 
labeling. The results for the MNP indicated that after SA labeling, the 
particle size increased from 615 nm to 825 nm (Fig. 3A). The absolute 
value of the Zeta potential decreased from 23.20 ± 1.56 to 10.55 ± 0.74 
(Fig. 3B). The infrared spectroscopy of the MNPs was illustrated in 
Fig. 3C. The MNP before labeling exhibited a C=O stretching vibration 
peak at 1638 cm-1, likely due to the presence of carboxyl groups on the 
surface of the MNP. After labeling with SA, a new peak appeared at 
1621 cm-1 and a C-N stretching vibration peak were observed at 1085 
cm-1, indicating the successful coupling of SA to the MNPs. The exper
imental results of LNP (Fig. 3D) shown that the particle size was 78.8 nm 
before labeling. After labeling with linker DNA, GOx, and both DNA and 
GOx, the LNP increased to 106 nm, 255 nm, and 396 nm, respectively. 
Notably, the LNP labeled solely with GOx showed two peaks of different 
intensities, with the higher intensity peak corresponding to a particle 
size of 225 nm, and the lower intensity peak corresponding to a particle 
size of 1280 nm. The possible reason was that a small amount of cross- 
linking occurred during the coupling process, likely due to multiple 
amino groups on GOx condensing with carboxyl groups on different 
LNP. However, this phenomenon disappeared when both linker DNA 
and GOx were labeled, indicating that the coupling of linker DNA 
weakened the cross-linking of LNP during the labeling process. The Zeta 
potential results (Fig. 3E) showed a gradual decrease in the absolute 
value after labeling. Infrared spectroscopy results shown that, LNP-DNA, 
LNP-GOx, and LNP-DNA-GOx exhibited stronger C=O stretching vi
bration peaks at 1659.22 cm-1 (Fig. 3F), compared to LNP. It was likely 
due to the abundance of C=O groups in DNA and GOx. Additionally, 
LNP-DNA and LNP-DNA-GOx showed characteristic phosphate stretch
ing vibration peaks at 988.82 cm-1, which were not present in the LNP 
and LNP-GOx. Additionally, an N-H stretching vibration peak is 
observed at 3474 cm-1. These above results indicated that linker DNA 
and GOx were successfully labeled onto the LNPs.

Transmission electron microscopy (TEM) was subsequently used to 

observe the size and distribution of nanoreporter. As shown in Fig. 3G 
and 3H, the MNP-SA was uniformly dispersed with a spherical shape 
with a particle size of about 100.93 ± 23.43 nm (Fig. 3I and Fig. S7A). 
Similarly, the LNP-DNA-GOx also exhibited good dispersibility with a 
particle size of about 81.27 ± 2.09 nm (Fig. 3J and Fig. S7B). After 
mixing and incubating the two types of conjugates, TEM was conducted. 
Theoretically, the SA on the MNP-SA conjugate and the biotin carried by 
one end of the linker DNA on the LNP-DNA-GOx conjugate bind through 
non-covalent interactions, forming the nanoreporter. As shown in 
Fig. 3K-3N, under different magnifications, the MNP-SA conjugate was 
observed to bind with the LNP-DNA-GOx conjugate, indicating the 
successful preparation of nanoreporter. The resulting signal nano
reporter, MNP-DNA-LNP-GOx, utilized LNP as carriers to enhance GOx 
loading capacity. This design facilitated an increased release of GOx per 
single cleavage event mediated by Cas12a, thereby contributing to the 
analytical sensitivity of the method.

3.4. Performance evaluation of the proposed biosensor

To evaluate the feasibility of the constructed method, S. typhimurium 
was diluted in 0.01 M PBS buffer for detection. The detection process 
takes approximately 3 h from the sample pre-treatment to the final result 
readout. The results observed by naked-eye indicated that with 
increasing concentrations of S. typhimurium, the color of the pH milli
discs gradually changed from blue to yellow (Fig. 4A). According to the 
comparison with the pH chart, the pH decreased from 5 to 3. Notably, as 
the pH gradually decreased, the color distribution of the circular pH 
millidisc became increasingly uneven. Within a certain concentration 
range, some of the multi-indicator components undergo color changes 
due to protonation, while others retain their original color. As a result, 
the pH millidisc contains multiple-colored indicators, creating a diverse 
and vibrant color presentation. Furthermore, the evaporation rate of 
differently colored indicators was higher at the edges, causing liquid to 
flow from the center toward the edge. This led to an increased concen
tration of the indicator at the edges, resulting in the coffee ring effect 
(Yang et al., 2022). To standardize the data acquisition region, an 
auxiliary reading ring (Fig. S2) was used to define a circular area with a 
3 mm diameter at the center of the pH millidisc as the designated 
detection area, ensuring data stability and comparability. The cut-off 
value for distinguishing negative and positive results was determined 
as the mean of negative samples plus three times the standard deviation. 
Results showed that all ten negative samples were below the cut-off, 
indicating no false positives (Fig. S17).

As shown in Fig. 4A, the R and G signals increased with the con
centration, while the B signal generally decreased with the increasing 
concentration. To obtain optimal concentration-signal variation, 
different signal-to-noise ratio (S/N) of RGB signal types were compared. 
The results showed that the S/N of the R, G, and B signal types were 
3.38, 2.15, and 0.89, respectively. The R signal type had the highest S/N. 
As shown in Fig. 4A, the concentration-signal relationship exhibited the 
following trend: the R and G values increased with the concentration of 
S. typhimurium, while the B value showed a general decreasing trend. To 
achieve more pronounced concentration-signal variations, an enhanced 
signal type (Senh) was designed to enhance signal changes, enabling high 
sensitivity detection. 

Senh=R + G-B                                                                                     

Compared to R signal type, the negative signal of Senh signal type 
decreased from 39.00 to 28.33, and the positive signal increased from 
132.00 to 201.67. The S/N was improved to 7.11. This demonstrated 
that the Senh signal type amplified signal variation.

To evaluate the feasibility of Senh signal type, the Senh signals of 
different concentrations of S. typhimurium were observed. As depicted in 
Fig. 4C, the Senh signal increased with the concentration of 
S. typhimurium, showing an appropriate trend. As shown in Fig. 4D, for 
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the R signal type, the linear equation was Y=13.58Log(X) + 22.23 with 
an R2 of 0.99, and the linear range was 101-106 CFU/mL. For the Senh 
signal type, the linear equation was Y=25.40Log(X) + 24.66 with an R2 

of 0.98, and the linear range was 101-107 CFU/mL. The limits of 
detection (LOD) for the two signal types were calculated to be 2.63 ×
102 CFU/mL and 7.26 CFU/mL, respectively. The Senh signal type 
enhanced the sensitivity by 36.23-fold. This demonstrated that the 
proposed biosensor had high sensitivity. The versatility of this method 
was determined by the crRNA. After replacing it with a Staphylococcus 
aureus-specific crRNA (Zhou et al., 2022), the method achieved suc
cessful detection of Staphylococcus aureus with a LOD of 79 CFU/mL 
(Fig. S18).

To evaluate the specificity of the constructed biosensor, five common 
foodborne pathogens were detected both individually and in a mixed 
sample. Details of the bacterial strains are provided in Table S2. Using 
0.01 M PBS buffer solution as the negative control, the measured RGB 
values were 45.125 ± 1.96, 65.5 ± 1.66, and 83.75 ± 2.28. Subse
quently, five non- S. typhimurium pathogens were tested both individu
ally and in a mixed sample. The results showed that, when tested 
individually, the RGB values for the five non- S. typhimurium pathogens 
ranged from 38.625 ± 0.86 to 43.75 ± 0.83, 56.75 ± 0.66 to 62.38 ±
0.86, and 77.5 ± 1.32 to 80.63 ± 1.49, respectively (Fig. 4E). In the 
mixed sample, the five pathogens yielded RGB values of 45.75 ± 1.79, 
62.5 ± 1.41, and 78.75 ± 1.79. No substantial differences were 
observed between the negative control and the five non- S. typhimurium 
pathogens. In contrast, S. typhimurium displayed marked changes in RGB 
values, with R and G increasing to 100.25 ± 1.85 and 119.75 ± 1.64, 
respectively, and B decreasing to 56.875 ± 1.69. The results for the Senh 
signal type were similar (Fig. 4F) but with more pronounced signal 
variation. This demonstrated that the proposed biosensor had good 
specificity.

To assess the applicability of the constructed biosensor, 
S. typhimurium-spiked chicken samples were detected. As shown in 
Fig. 5A and 5B, with increasing concentrations of S. typhimurium, the R, 
G, and Senh values showed an upward trend, while B values showed a 
downward trend. Subsequently, the signals were linearly fitted with the 
S. typhimurium concentration to calculate and evaluate the sensitivity of 
the biosensor. As shown in Fig. 5C, for the R signal type, the linear 
equation was Y=10.39Log(X) + 38.18 with an R2 of 0.96, and the linear 
range was 102-106 CFU/mL. For the Senh signal type, the linear equation 
was Y=22.72Log(X) + 14.00 with an R2 of 0.99, and the linear range 
was 102-106 CFU/mL. The LOD for the two signal types were calculated 
to be 2.19 × 103 CFU/mL and 1.41 × 102 CFU/mL, respectively. The Senh 
signal type increased the sensitivity by 15.53-fold. Notably, a weighted 
linear regression was applied in this study, where each data point was 
assigned a weight equal to the inverse square of its measurement error 
(wi=1/ei

2). Compared to unweighted regression, the weighted approach 
emphasizes data points with smaller errors and higher quality, allowing 
the fitted curve to more closely align with those reliable points. For 
comparison, unweighted linear regression-assuming equal weights for 
all data points-was also performed, in which the fitted curve attempts to 

minimize the average distance from all data regardless of data quality. 
The resulting equations were as follows: for the R signal type, 
Y=9.60Log(X) + 39.80 with an R2 of 0.91; and for the Senh signal type, 
Y=22.10Log(X) + 14.60 with an R2 of 0.95. The spiked recovery results 
showed that the CV value (7.34 %-18.16 %) was within an acceptable 
range (Table S3). This demonstrated that the proposed biosensor had 
potential applicability.

4. Conclusion

In summary, a CRISPR/Cas12a-based biosensor for portable and 
accessible detection of S. typhimurium was developed, utilizing multi- 
indicator pH millidisc colorimetry combined with smartphone imaging 
system. This approach provided a user-friendly, on-site signal detection 
platform, reducing the reliance on sophisticated laboratory instruments. 
Based on the RGB signal variation pattern with S. typhimurium DNA, an 
Senh signal type was designed, improving the S/N ratio from 3.38 to 
7.11. The sensitivity of the R and Senh signal type in buffer solution were 
2.63 × 102 CFU/mL and 7.26 CFU/mL, respectively, representing a 
36.23-fold improvement in sensitivity with the designed type. In chicken 
samples, the sensitivities of the R and Senh signal types were 2.19 × 103 

CFU/mL and 1.41 × 102 CFU/mL, respectively, demonstrating a 15.53- 
fold improvement. Despite the promising results, certain limitations 
remain. Detection accuracy may be affected by the environmental fac
tors, such as lighting variations during smartphone imaging. Addition
ally, sample preparation requires further simplification to improve 
practicality. To improve accessibility for non-expert users, a deep 
learning model can be integrated to enable direct result output from 
captured images, eliminating manual RGB extraction and analysis. 
Future efforts will focus on stabilizing the imaging environment, 
streamlining sample preparation, and incorporating AI-based models to 
achieve more user-friendly and intelligent detection, thereby broad
ening the platform’s applicability across diverse diagnostic conditions.
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