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ABSTRACT
Bacterial infections are one of the primary triggers of global disease outbreaks. Traditional detection 
methods, such as bacterial culture and PCR, while reliable, are limited by their time-consuming 
procedures and operational complexity. In recent years, the CRISPR-Cas system has demonstrated 
significant potential in gene editing and diagnostics due to its high specificity and precision, offering 
innovative solutions for bacterial detection. By integrating pre-amplification techniques, the CRISPR-Cas 
system has substantially enhanced detection sensitivity, particularly excelling in detecting low- 
concentration target bacteria. This review summarizes the principles and application examples of 
CRISPR-Cas-based fluorescence, electrochemical, lateral flow, and colorimetric nanostructured biosen
sors developed over the past three years, categorizing them according to their recognition methods 
(e.g. bacterial genomes, aptamers, antibodies). It systematically explores the broad application pro
spects of these sensors in medical diagnostics, environmental monitoring, and food safety assessment. 
Additionally, this review discusses future research directions and potential development prospects, 
providing new insights and technical support for the rapid diagnosis and treatment of bacterial 
infections.

ARTICLE HISTORY
Received 6 September 2024  
Accepted 4 March 2025  

KEYWORDS
Bacteria; CRISPR-Cas; 
nanostructured biosensor; 
fluorescence; 
electrochemistry; 
microfluidics

CONTACT Hongzhi Pan panhongzhi@163.com The Affiliated Zhoupu Hospital, Shanghai University of Medicine and Health Sciences, 279 Zhouzhu RD, 
Pudong New District, Shanghai 201318, China

NANOMEDICINE                                                                                                                                                    
2025, VOL. 20, NO. 8, 903–915
https://doi.org/10.1080/17435889.2025.2476384

© 2025 Informa UK Limited, trading as Taylor & Francis Group

http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/17435889.2025.2476384&domain=pdf&date_stamp=2025-04-04


1. Introduction

Bacterial infections annually trigger millions of disease out
breaks globally [1], often involving multiple bacteria in 
a single sample, some of which can cause substantial illness 
even at low concentrations [2]. Traditional detection methods, 
including bacterial culture and enrichment [3,4], typically 
necessitate 3 to 5 days for conclusive results [5]. While 
enzyme-linked immunosorbent assay (ELISA) [6] and polymer
ase chain reaction (PCR) [7] have expedited detection to 1–2  
days, they require complex procedures, sophisticated nucleic 
acid extraction, and expensive equipment. Especially in diag
nosing clinical infectious diseases, accurately determining 
whether the infecting bacteria are viable or dead is crucial 
for formulating treatment plans. Therefore, there is an urgent 
need for an accurate, rapid, and sensitive detection method to 
distinguish between viable and dead bacteria to assist in early 
clinical diagnosis.

The diversity of bacterial detection technologies stems 
from the unique biological characteristics of bacteria and the 
specific detection requirements. Currently, the main technical 
approaches include genome extraction [8], immune recogni
tion [9], and aptamer recognition [10], each with its distinct 
advantages and applicable scenarios. Genome extraction tech
nology achieves detection by amplifying specific sequences 
within the bacterial genome, offering extremely high sensitiv
ity and specificity, and is capable of detecting bacteria at very 
low concentrations. However, its complex operational proce
dures and the need for sophisticated equipment limit its 
application in rapid on-site detection. Based on the classic 
antigen-antibody interaction, immune recognition enables 
highly sensitive detection of target bacteria through 

techniques such as ELISA or immunofluorescence. Its mature 
technological framework and the extensive availability of com
mercial antibodies make it an essential tool for rapid screening 
[11]. Compared to traditional antibodies, aptamers offer 
broader applicability, enabling precise detection without 
immunogenic structures on bacteria. Aptamer recognition is 
a particular detection method based on nucleic acid mole
cules, where aptamers, selected through the Systematic 
Evolution of Ligands by Exponential Enrichment (SELEX) tech
nology, can bind with high affinity and specificity to surface 
antigens or proteins of target bacteria [12].

The CRISPR-Cas system, recognized for its high specificity 
and precision in gene editing, was originally an integral part of 
the bacterial immune system [13]. It comprises multiple arrays 
of regularly spaced short palindromic repeats (CRISPR) and 
associated proteins (Cas). As a multifaceted and utility-driven 
suite of enzymatic editing tools within biological sciences [14– 
16], it has garnered extensive interest in applications ranging 
from genome editing and bioengineering [17] to diagnostic 
technologies [18]. However, in practical applications, the con
centration of target bacteria is often low, and direct detection 
may face challenges of insufficient sensitivity. To address this 
issue, pre-amplification technologies (such as PCR and isother
mal amplification) have been introduced, significantly enhan
cing the sensitivity and reliability of detection by amplifying 
target nucleic acids [19]. Pre-amplification technology enriches 
low-concentration targets to detectable levels and reduces 
interference from nonspecific signals by incorporating specific 
primers or probes, thereby improving detection specificity 
[20]. Furthermore, combining amplification products with the 
unique optical, electrical, and magnetic properties of signal 
molecules further enhances the performance of biological 
recognition elements. Among these, nanomaterials, as signal 
molecules, offer high surface area, tunable optical properties, 
and excellent electrical performance, providing robust techni
cal support for signal amplification and multifunctional inte
gration [21]. In 2017, Feng Zhang’s research group developed 
the SHERLOCK platform, which harnesses the power of recom
binase polymerase amplification (RPA) amplicons to engage 
the nuclease activity of CRISPR-Cas13a. This activation process 
facilitates the high-sensitivity detection of pathogens like Zika 
and dengue viruses, utilizing a paper-based diagnostic system. 
Concurrently, the DETECTR system, developed by Doudna and 
colleagues, has employed loop-mediated isothermal amplifica
tion (LAMP) amplicons to activate CRISPR-Cas12a, enabling 
precise fluorescence-based detection of specific DNA 
sequences, such as those from HPV16 or HPV18 [22,23]. 
CRISPR-Cas14a also can bind to nucleic acid targets and cleave 
single-stranded DNA (ssDNA) [24]. In comparison, CRISPR-Cas9, 
directed by a small-guide RNA (sgRNA), specifically targets and 
cleaves double-stranded DNA (dsDNA), while the nuclease- 
inactive CRISPR-dCas9 variant can bind to DNA under sgRNA 
guidance without leading to DNA strand cleavage [25].

CRISPR-Cas technology has emerged as a highly promising 
tool for nucleic acid detection, leveraging its proteins’ unique 
tunable nuclease activity [26]. This versatile system has been 
employed in nanostructured biosensors to detect various tar
gets, including bacteria, viruses, RNA, and small molecules 
[27–33]. Cas9 [34], dCas9 [35], Cas12a [36], Cas13a [37], and 
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Cas14 [38] proteins have been utilized as recognition elements 
for target, which are then converted into various detection 
signals such as fluorescent, electrochemical, colorimetric, and 
electrochemiluminescent (ECL). These versatile analytical tools 
have penetrated numerous fields, including but not limited to 
medical diagnostics, environmental monitoring, food safety 
assessment, and bioprocess optimization [39].

2. CRISPR-Cas based fluorescent nanostructured 
biosensors

The genomic DNA of target bacteria can be amplified through 
PCR or isothermal amplification techniques. Meanwhile, the 
target bacteria can also be specifically recognized by antibo
dies and aptamers, which are then converted into nucleic acid 
signals for further amplification. In the CRISPR-Cas system, the 
CRISPR-Cas12a protein, guided by CRISPR RNA (CrRNA), binds 
to the amplified products, activating its trans-cleavage activity. 
As illustrated in Figure 1, when the ends of single-stranded 
DNA/RNA (ssDNA/ssRNA) are modified with a fluorescent 
group (FAM) and a quencher group (BHQ), FAM is initially 
quenched by BHQ through fluorescence resonance energy 
transfer (FRET). Upon cleavage of the ssDNA, the fluorescent 
group regains its fluorescence, potentially indicating the pre
sence of the target nucleic acid molecule [40–43]. This system 
enables accurate target recognition and amplified signal trans
duction [44]. Researchers have also proposed various enhance
ments to improve the performance of fluorescent 
nanostructured biosensors within the CRISPR-Cas system. 
These improvements include the integration of PCR amplifica
tion, isothermal amplification techniques, enzymes, visualiza
tion methods, and nanomaterials. The synergistic combination 
of these technologies has significantly enhanced the speed, 
sensitivity, and simplicity of detecting bacteria.

Nanostructured biosensor detection of bacteria generally 
involves recognizing genomic DNA, Genomic DNA amplifica
tion of target signals can be achieved through various techni
ques. Zhou et al. extracted genomic DNA from Salmonella, 
amplified it via PCR, and combined it with plintR ligase to 

form DNA products that activate both the cis and trans clea
vage functions of CRISPR-Cas12a, thereby generating 
a fluorescent signal. This method has successfully attained 
a detection threshold of 10 colony-forming units (CFU) for 
Salmonella, simultaneously allowing for the discrimination 
between live and dead bacteria and the identification of multi
ple serotypes [45].

PCR requires nucleic acid amplification across three distinct 
temperatures, escalating the assay’s cost and complexity. 
Conversely, emerging isothermal nucleic acid amplification 
methods, including LAMP, RPA, recombinase-assisted amplifi
cation (RAA), nuclease-assisted amplification (NEAA), hetero
geneous chain reaction (HCR), primer exchange reaction (PER), 
and salting-out rolled-circle amplification (SRCA), dispense 
with the need for costly temperature-control equipment and 
are comparatively more uncomplicated to execute. Combining 
amplified products formed through isothermal amplification 
technology with the CRISPR-Cas system, highly specific, sensi
tive, and user-friendly nanostructured biosensors have been 
developed, making them ideal for rapid on-site detection. In 
2020, Wang et al. utilized RPA technology to swiftly DNA 
structure, effectively triggering the cleavage function of 
CRISPR-Cas12a, allowing for the detection of 1 CFU/mL of 
Escherichia coli (E. coli) O157:H7 and Staphylococcus aureus 
(S. aureus) within 50 minutes [36]. More recently, in 2022, Bia 
et al. employed NEAA to amplify the genome, detecting 80 
CFU/mL of Salmonella in eggs within a mere 20 minutes [46].

Nanomaterials offer a rapid method for bacterial detection 
and may enhance the early diagnosis of bacterial infections, 
especially in resource-limited environments [47]. In 2022, Zhou 
et al. integrated functionalized quantum dots with RAA-CRISPR 
-Cas12a to reduce the signal-to-noise ratio, allowing the detec
tion of S. aureus at concentrations as low as 5.4 × 102 CFU/mL 
[48]. Liu et al. integrated RAA-CRISPR-Cas12a with ZIF-8@FLS 
fluorescent nanocomposites for the sensitive detection of 
Salmonella typhimurium (S. typhimurium), achieving 
a remarkably low detection limit of 1.3 × 102 CFU/mL and 
enabling sample detection within 2 hours [49]. Li et al. inte
grated the target recognition capabilities of LAMP and dCas9 

Figure 1. Principle of CRISPR-Cas-based fluorescent nanostructured biosensor.
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to fabricate a portable, visual, bimodal nanostructured biosen
sor, which employs a combination of fluorescence and colori
metric signals for the visual detection of foodborne pathogens 
and is accompanied by a custom 3D-printed fluorescence 
reader and a handheld colorimeter for on-site analysis [50]. 
Other pre-amplification CRISPR-Cas nanostructured biosensors 
using the genome as a template are shown in Table 1 
[4,51–58].

Due to antibodies’ specific recognition of antigens, the 
fluorescent probes prepared by immobilizing antibodies on 
the surface of carbon dots exhibit excellent specificity and 
sensitivity in bacterial detection. By using magnetic nanopar
ticles modified with capture antibodies (MNPs@Ab1) and RCA 
primers linked to specific antibodies (primer@Ab2), target 
bacteria are isolated through immunomagnetic separation, 
and detection is achieved by combining rolling circle amplifi
cation (RCA) with CRISPR-Cas12a signal amplification. This 
method demonstrates a wide linear range for detecting 
S. typhimurium, with a detection limit as low as 1.93 × 102 

CFU/mL [59].
Aptamers are short ssDNA or ssRNA molecules capable of 

forming specific three-dimensional structures for targeted 
binding to proteins or cells. Leveraging their unique biological 
and chemical properties, aptamers have demonstrated signifi
cant value in developing diagnostic reagents and therapeutic 
agents. Compared to antibodies, aptamers offer minimal 
batch-to-batch variation, lower production costs, and ease of 
modification. By combining aptamers with carbon dots that 
feature easily modifiable surfaces and excellent fluorescence 
properties, highly specific fluorescent probes with superior 
detection limits can be constructed, providing an efficient 
tool for the specific identification of pathogenic bacteria [60]; 
Shen et al. utilized a variant probe that incorporated the 
structural domain of an aptamer and the structural domain 
of the T7 promoter for RNA transcription and amplification. 
They combined this with the side-branching cleavage activity 
of the CRISPR-Cas13a system to detect Salmonella in milk 
samples and serum across a range of concentrations from 1 
to 105 CFU [61]. Qiao et al. utilized the interaction between 
Pseudomonas. aeruginosa (P. aeruginosa) and its aptamer on 

a DNA three-way junction (TWJ) structured probe to trigger 
the migration of double-stranded DNA branches, thereby acti
vating CRISPR-Cas14a1. The method detected target bacteria 
at concentrations ranging from 10 to 105 CFU/mL within 30  
minutes, with a detection limit as low as 3.4 CFU/mL [62]. By 
integrating aptamer-based magnetic separation with bifunc
tional HCR-scaffolded multivalent aptamers and the activity of 
CRISPR-Cas12a, ultrasensitive detection of Salmonella was 
achieved, with a linear range of 0–107 CFU/mL and 
a detection limit of 2 CFU/mL [63].

Fluorescent nanostructured biosensors facilitate the intro
duction of reporter nucleic acid molecules bearing fluorescent 
groups into the reaction system, enabling highly sensitive 
detection of target nucleic acid molecules with broad applic
ability. Nonetheless, current research indicates that most 
nucleic acid signal amplification strategies employing the 
trans-cleaving activity of CRISPR-Cas systems typically utilize 
5–15 base pair ssDNA fused with fluorescent reporters. The 
susceptibility of these short-sequence ssDNA to degradation 
can lead to the premature release of the fluorescent signal, 
potentially resulting in false-positive outcomes. Future 
research should focus on the strategic design of reporter 
molecule DNA length and conformation to enhance stability 
and reduce the incidence of false-positive results. When faced 
with complex samples that contain interfering fluorescent 
signals, such as biological fluids and soil, which can disrupt 
the performance of fluorescent nanostructured biosensors, it is 
crucial to optimize sensitivity and accuracy within these com
plex matrices. This can be achieved through sample pretreat
ment or the incorporation of highly sensitive fluorescent 
nanomaterials, enabling more reliable detection in challenging 
environments.

3. CRISPR-Cas-based electrochemical 
nanostructured biosensors

Electrical signal fluctuations, including voltage and current, are 
typically correlated with the concentrations of target analytes. 
The CRISPR-Cas system has been successfully integrated into 
electrochemical biosensing, primarily by establishing a direct 

Table 1. CRISPR-Cas12a-based fluorescent bacterial nanostructured biosensors.

Sample
Detection 

time Bacteria Name
Amplification 

method
Bio- 

Recognition
Signal 
Source Detection Range

Detection 
Limit References

Milk, Pure drinking water ＞1 h B. cereus RAA Genomic 
DNA

FAM 101–108 CFU/mL 500 CFU/ 
mL

[4]

Natural food sample ＞1 h L. monocytogenes RAA Genomic 
DNA

FAM 0.68 × 10−13 M − 
0.68 × 10−19 M

0.68 aM [51]

Enoki mushroom ＞1 h L. monocytogenes LAMP Genomic 
DNA

FAM 100–106 CFU/mL 1 CFU/mL [52]

Milk ＞1 h S. typhimurium RAA Genomic 
DNA

FAM 8.7–8.7 × 104 2 CFU/mL [53]

Aaliva ＞1 h M. tuberculosis LAMP Genomic 
DNA

FAM 50 fg − 5 ng 10 copies 
(50 fg)

[54]

Milk ＞1 h Salmonella RPA Genomic 
DNA

FAM 2.58 × 101 − 2.58 × 104 

CFU/mL
0.2 CFU/mL [55]

Serums ＞1 h S. typhimurium RPA Genomic 
DNA

FAM 3 × 103 − 3 × 105 CFU/ 
mL

3 × 103 

CFU/mL
[56]

Beef 45 min V. parahemolyticus, 
E. coli, S. aureus

RPA Genomic 
DNA

FAM 10–106 copies 10 copies [57]

Rice flour, fresh white flour, 
glutinous rice flour

＞1 h B. gladioli RPA Genomic 
DNA

FAM 100–106 CFU/mL 101 CFU/mL [58]
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correlation between electrical signals and target concentra
tions, thereby facilitating the quantitative detection of these 
targets [64,65]. Upon recognition of the genomic sequence or 
aptamer/antibody, it is converted into amplified products, 
thereby catalyzing the trans-cleavage activity of the CRISPR- 
Cas protein. This process involves cleaving the methylene blue 
(MB)-labeled single-stranded DNA/RNA immobilized on the 
electrode surface, releasing MB molecules and reducing the 
electrochemical signal, enabling precise quantification of the 
target in the test sample (Figure 2).

He et al. extracted DNA from S. typhimurium and initially 
amplified it using PCR, followed by a secondary amplification 
through the activation of CRISPR-Cas12a, which targets the 
side-branch cleavage of a signal hairpin DNA probe. This 
process triggers the release of an electrochemical marker, 
resulting in a marked reduction in current. The method 
achieves a detection limit of 55 CFU/mL for S. typhimurium 
[66]. Li et al. employed RAA technology to amplify genomic 
DNA. They combined it with CRISPR-Cas12a for the rapid and 
ultra-sensitive detection of Listeria monocytogenes 
(L. monocytogenes), achieving a detection limit as low as 0.68 
aM [51]. Huang et al. immobilized a sulfhydryl-modified repor
ter probe (SH-ssDNA-MB) on the surface of a gold nanoparti
cle-modified electrode via an Au-S bond. In the presence of 
S. aureus, the amplification of genomic DNA by the SRCA 
method activated the trans-cleavage activity of CRISPR- 
Cas12a, inducing the cleavage of SH-ssDNA-MB from the 
Gold nanoparticle (AuNPs)-modified electrode, leading to 
a decrease in the current signal [67].

Electrochemical aptamer-based nanostructured biosensors 
achieve sensitive detection of analytes by transducing the 
changes in charge transfer, which occur at the interface of 
a conductive matrix due to the specific binding of an aptamer 
to its target, into discernible electrical signals. Such nanostruc
tured biosensors offer the advantages of simplicity, quick 
response, and high sensitivity. The interaction with the 
S. aureus aptamer initiates the trans-cleavage activity of 
CRISPR-Cas12a. This enzyme nonspecifically cleaves bystander 

single-stranded DNA sequences attached as electrochemical 
labels on the electrode surface, altering the electron transfer 
from the labels and changing the electrochemical read
out [68].

DNA metallization is the process where metal nanowires 
are formed by exploiting the electrostatic attraction between 
negatively charged DNA and positively charged metal ions, 
following the application of a reducing agent or an electric 
potential. This method facilitates the development of highly 
sensitive nanostructured biosensors. The nanostructured bio
sensor’s integration of dual electrochemical signals facilitates 
self-calibration, as the target is determined by calculating the 
ratio, thereby diminishing interferences. This approach leads 
to precise analytical results and enhances reliability. The ratio
metric nanostructured biosensor developed by Zheng et al., 
utilizing the IFc/IMB format, achieves 100% sensitivity in 
detecting Salmonella and shows consistency with the results 
of real-time fluorescence quantitative PCR (RT-qPCR) [69].

Electrochemical nanostructured biosensors can directly 
analyze clinical samples, such as urine, serum, and whole 
blood. Ideally, these sensors facilitate rapid, precise, and highly 
stable continuous bacteria monitoring within complex 
matrices. However, The detection duration for electrochemical 
nanostructured biosensors employing the CRISPR-Cas system 
exceeds 1 hour. Priority should be given to enhancing their 
response time and sensitivity to advanced CRISPR-Cas-based 
electrochemical nanostructured biosensors. Achievements in 
this area may stem from employing novel and efficacious 
electrode materials, refining sensor architecture, and incorpor
ating sophisticated signal augmentation methods. 
Nanomaterials can significantly bolster sensor responsiveness 
and expedite detection due to their distinctive electrochemi
cal attributes. Beyond material innovation, the sensor’s struc
tural configuration and overall design are paramount. 
Integration with microfluidics allows for rapid mixing and 
processing of samples in confined spaces, significantly accel
erating the detection process. This is particularly critical for 
biological samples that require immediate processing. 

Figure 2. Principle of CRISPR-Cas-based electrochemical nanostructured biosensor.
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Simultaneously, applying intelligent algorithms and data pro
cessing technologies facilitates efficient data analysis and 
result interpretation, enabling operators to obtain reliable 
test results without sophisticated instrumentation.

4. CRISPR-Cas-based lateral flow assay (LFA) 
nanostructured biosensor

LFA (Lateral Flow Assay) is a rapid and portable detection 
platform that has recently gained widespread popularity. The 
team led by Zhang Feng developed SHERLOCKv2, integrating 
nucleic acid test strips as a signal reporting system, offering 
exceptional convenience for Point-of-Care Testing (POCT) 
applications.They engineered the probe by attaching two 
small molecule labels, FAM and biotin, at each end. The com
mercial nucleic acid test strips they employed utilize anti-FAM 
antibodies conjugated with colloidal gold, while the test line 
on the NC membrane is coated with streptavidin to capture 
biotin. Originally, these test strips were designed to detect 
nucleic acid amplification products containing both FAM and 
biotin via a sandwich assay.In a groundbreaking innovation, 
Zhang Feng’s team reimagined the interpretation approach 
for these test strips. They repurposed the quality control line 

of the sandwich assay test strip as the detection line, enabling 
the determination of whether the probe has been cleaved 
[70]. The integration of isothermal amplification, CRISPR- 
Cas12a technology, and lateral flow chromatography through 
the use of test strips makes the assay cost-effective. It enables 
visual detection of bacteria in clinical or food samples 
(Figure 3).

Lee et al. utilized a ssDNA probe labeled with biotin and 
FAM. On the test (T) line, streptavidin binds the tagged ssDNA 
probes, resulting in a red appearance. Conversely, ssDNA 
cleaved by CRISPR-Cas12a fails to immobilize on the T line. 
The cleavage activity of the ssDNA probe is contingent upon 
LAMP amplicon production, which allows for the visual dis
tinction of test results as either positive or negative [71].

Wang et al. amplified the Mycobacterium tuberculosis 
(M. tuberculosis) complex (MTC) using LAMP, followed by 
CRISPR-Cas12a activation, successfully detecting 10 copies 
(50 fg of the MTC genomic template) via a lateral flow sensor 
[54]. Similarly, Zhu et al. employed lateral flow immunochro
matographic strips to read the results after 15 minutes of RPA 
amplification and 10 minutes of CRISPR-Cas12a cleavage, 
achieving rapid detection and typing of Helicobacter pylori 
(H. pylori). The process takes only 25 minutes, with 

Figure 3. Principle of CRISPR-Cas-based LFA nanostructured biosensor.

908 H. ZHANG ET AL.



a sensitivity as low as 2 ng/μL [72]. Qiu et al. developed 
a CRISPR-Cas12a-mediated nucleic acid detection platform 
named CRISPR-CLA, which integrates CRISPR-Cas12a-based 
nucleic acid detection with LAMP technology. By applying 
CRISPR-CLA, they successfully achieved accurate detection of 
Neisseria faecalis (N. faecalis) using a novel species-specific 
gene called pbr1, detecting as low as 100 fg of double- 
stranded DNA in sputum samples [73]. Employing functiona
lized quantum dots facilitates the integration of lateral flow 
assay with fluorescence detection. Zhou et al. devised a cost- 
effective, straightforward, and sensitive method for detecting 
S. aureus. This method combines RAA, CRISPR-Cas12a technol
ogy, and lateral flow fluorescence with functionalized quan
tum dots. In their approach, CRISPR-Cas12a-mediated 
activation initiates trans-cleavage activity, digesting the non- 
complementary biotinylated DNA probe to the capture probe 
anchored on the test line (T line). This action causes the T line 
to emit no fluorescence signal on the LFA nanostructured 
biosensor. Visual inspection or a fluorescent strip reader can 
measure the fluorescence intensity of both the T and control 
lines [48].

The high specificity of the CRISPR-Cas system, combined 
with the convenience of traditional lateral flow assays, pro
vides a rapid, accurate, and cost-effective detection method. 
This technology harnesses the CRISPR-Cas system’s ability to 
identify specific nucleic acid sequences and generate 
a detectable signal in as little as several minutes from sample 
processing to result in readout. Such rapidity is crucial for 
clinical and field settings where immediate decision-making 
is paramount. Moreover, its simplicity and portability render it 
ideal for low-resource areas and urgent field-based testing, 
significantly broadening its potential applications. 
Nevertheless, a significant limitation of conventional lateral 
flow assays is their design, which typically supports the detec
tion of only one target substance, thus restricting their utility 
when concurrent identification of multiple pathogens or ana
lytes is necessary. To address this challenge, researchers 
should aim to advance the development of multiple lateral 
flow test paper sensors and expand the application range of 
LFA through various innovative means. Specific innovations 
include configuring multiple test lines on the same test paper, 
each dedicated to a specific target, enabling simultaneous 
multi-target detection.

Additionally, diverse detection markers were adopted to 
enhance the sensitivity and applicability of the reagents. 
Furthermore, integrating these multi-detection solutions into 
intelligent, automated platforms enables advanced quantita
tive analysis and data processing, significantly enhancing 
detection accuracy and ease of operation.

5. CRISPR-Cas-based colorimetric nanostructured 
biosensor

Colorimetric nanostructured biosensors, widely utilized across 
fields like biomedicine, food industry, and environmental 
sciences, are preferred for their high sensitivity and selectivity, 
ease of handling, and visible detection with the naked eye. In 
recent years, significant advancements have been achieved in 
developing CRISPR-Cas-based colorimetric nanostructured 

biosensors. For instance, in 2021, Chen et al. demonstrated 
the translation of sequence information into peroxidase- 
mimicking activity by a G-quadruplex DNAzyme nanostruc
ture, enabling CRISPR-Cas-based colorimetric detection of 
Vibrio parahaemolyticus (V. parahaemolyticus) at 
a concentration as low as 9.8 CFU/mL [74]. Wei et al. utilized 
a silver ion (Ag+) aptamer, serving both as a trans-cleavage 
substrate in the CRISPR-Cas12a system and as a modifier for 
the Ag/TMB chromogenic reaction. By integrating RPA tech
nology, they achieved visual detection of Methicillin-Resistant 
Staphylococcus aureus (MRSA) with a detection concentration 
as low as 8 CFU/mL [75]. In 2024, Shang et al. introduced 
a novel droplet microfluidics-based assay coupled with 
a colorimetric strategy integrating RAA and CRISPR-Cas13a. 
This approach enables the precise and sensitive detection of 
a broad spectrum of bacteria by altering the color of the 
droplets, boasting a sensitivity threshold of as low as 101 
copies/μL [76].

CRISPR-Cas-based colorimetric nanostructured biosensors 
offer a rapid, precise, and user-friendly detection method, 
ideally suited for resource-limited settings or where immediate 
on-site analysis is imperative. Despite the widespread use of 
gold nanoparticles in colorimetric nanostructured sensors, 
their high cost has constrained broader application. 
Although CRISPR-based colorimetric techniques boast sub
stantial benefits in bacterial detection, they may encounter 
signal instability and diminished accuracy in discerning low- 
concentration samples. To surmount these hurdles, research
ers must delve into creating innovative nanomaterials and 
refine detection systems and signal processing algorithms to 
enhance sensitivity and stability.

Moreover, the majority of colorimetric nanostructured bio
sensors are single-use. Consequently, the advancement of 
reusable reagents and the creation of continuous monitoring 
sensor systems are pivotal for cost reduction, curbing chemical 
waste production, and fulfilling the demand for real-time 
tracking of sample dynamics. To encapsulate, such enhance
ments are set to propel significant advancements in colori
metric nanostructured biosensors, broadening their 
applicability across diverse fields.

6. CRISPR-Cas-based magnetic relaxation switching 
(MRS) nanostructured biosensor

The MRS method, based on magnetic nanoparticles (MNPs), 
represents an emerging rapid detection technique. It com
bines nuclear magnetic resonance (NMR), immunoassay, and 
nanotechnology to achieve a high signal-to-noise ratio and 
immunity to signal interference from sample matrices. This 
method applies to the trace detection of hazardous sub
stances in food and environmental samples [77,78]. In 2022, 
Shen et al. obtained the genomic DNA of Salmonella typhi
murium through PCR and controlled the binding of MNPs of 
two different sizes using the CRISPR-Cas12a system. They 
employed smaller MNPs as magnetic probes to achieve MRS 
output. The detection limits for Salmonella in spiked samples 
of pure bacterial solution and chicken extract were 1.3 × 102 

CFU/mL and 1.8 × 103 CFU/mL, respectively [79]; Wen et al. 
accomplished the detection of Salmonella at concentrations as 
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low as 53 CFU/mL using a cascade-conjugated technique that 
employs terminal deoxynucleotidyl transferase (Tdt)-mediated 
signal amplification. This method leverages UDG’s resistance 
to contamination, the specificity of PCR primers, the CRISPR- 
Cas12a system’s accurate recognition abilities, and magnetic 
probe signals that remain unaffected by the sample 
matrices [80].

MRS nanostructured biosensors that leverage the CRISPR- 
Cas system exemplify state-of-the-art biotechnological detec
tion. By harnessing the CRISPR-Cas enzyme’s unparalleled tar
geting accuracy, these sensors can trigger a reaction among 
magnetic particles when detecting specific nucleic acid 
sequence variations, thereby enabling the sensitive and spe
cific identification of target molecules. Nevertheless, MNPs 
frequently require enhanced cross-linking or exhibit nonspe
cific binding to the target, which can impede effective inter
action with the target molecule, leading to diminished 
detection signals. Additionally, nonspecific binding can intro
duce background noise, compromising the accuracy of detec
tion outcomes. Consequently, refining the synthesis of MNPs 
or enhancing their surface functionalization is imperative to 
achieve greater surface activity and biocompatibility. 
Developing innovative chemical cross-linking approaches is 
crucial for ensuring a robust and specific connection between 
MNPs and targets. Furthermore, computational simulations 
and high-throughput screening methods can optimize the 
binding dynamics between MNPs and targets, boosting the 
sensors’ performance.

Microarray-based high-throughput MRS detectors are now 
available. They feature compact, portable, and efficient 
designs ideal for field applications and resource-constrained 
settings. As a result, developing novel CRISPR-Cas high- 
throughput MRS sensors has emerged as a pivotal avenue 
for future research.

7. CRISPR-Cas-based surface-enhanced Raman 
scattering (SERS) nanostructured biosensor

SERS is a spectroscopic technique that leverages the surface 
effects of metallic nanostructures to amplify the Raman scat
tering signals of molecules adsorbed onto their surfaces. This 
technique is highly regarded for its optical sensing capabil
ities, offering single-molecule level sensitivity and molecular 
fingerprinting spectroscopy, all while exhibiting a remarkable 
insensitivity to quenching [81]. For example, by leveraging 
SERS, Ma et al. developed an integrated microfluidic paper- 
based analytical device (μPAD) based on recombinase RPA 
and CRISPR-Cas, creating an RPA-Cas12a-μPAD sensor for 
ultrasensitive and instantaneous detection of pathogenic bac
teria [82]. Wang et al. utilized the CRISPR-Cas9 system to 
identify and unwind target gene amplicons induced by RPA 
accurately. They then bound many AuNS@Ag to the inter
mediate bridge structure on the test strip’s test line (T line). 
They obtained recognizable SERS signals using a smartphone- 
integrated portable Raman spectrometer. This method can 
detect Staphylococcus aureus at concentrations as low as 1 
CFU/mL, with the entire analysis process completed in just 45  
minutes [83].

SERS technology, when integrated with the gene-editing 
prowess of the CRISPR-Cas system, provides a spectroscopic 
tool for bacterial detection. The strength of the SERS signal 
hinges on the substrate preparation’s quality, with factors like 
metal nanoparticle size, shape, distribution, and interactions 
with the substrate material significantly affecting signal repro
ducibility and stability. To bolster the reliability of CRISPR-Cas- 
based SERS sensors, researchers must employ a range of 
optimization tactics, including meticulous control over nano
particle characteristics and enhancing substrate uniformity via 
surface modifications and self-assembly. By implementing 
these thorough strategies, SERS sensor performance is 
expected to improve substantially, broadening their applic
ability in environmental monitoring, food safety, biomedical 
diagnostics, and beyond.

8. CRISPR-Cas-based nanostructured biosensor for 
other signals

Electrochemiluminescence (ECL), which integrates electro
chemistry with chemiluminescence, has garnered attention in 
bioanalysis and clinical diagnostics because of its exceptional 
features, including simple device requirements, low back
ground noise, high sensitivity, and a broad dynamic range 
[84]. Wang et al. developed a method wherein Salmonella 
triggers an isothermal amplification reaction, activating 
CRISPR-Cas12a and releasing the ECL emitter from the por
phyrin metal-organic framework (MOF, PCN-224), resulting in 
a decrease in the ECL signal. This method achieves a detection 
limit for Salmonella as low as 37 CFU/mL [85]. Although 
CRISPR-Cas-based ECL sensors show great potential in bio- 
detection, they still face challenges and problems in their 
practical application and further development. The stability 
and reproducibility of the sensor are critical technical chal
lenges because any small environmental changes may affect 
the cleavage efficiency of the CRISPR-Cas system and the 
intensity of the ECL signal, thereby affecting the accuracy of 
the detection results. To optimize the conditions of the elec
trochemiluminescence reaction, one must consider the selec
tion of electrode materials, electrolyte composition, excitation 
voltage, and current to ensure stable luminescence signals.

Due to its high resolution and spatial controllability, photo
thermal sensing has garnered significant attention in optical 
imaging applications, including disease treatment and diag
nosis, environmental monitoring, and more. It effectively 
addresses the limitations of traditional sensors, such as sus
ceptibility to interference, high cost, inconvenient portability, 
and reliance on specific operating procedures. The silver nano
particle-mediated DNA metallization strategy can employed in 
the CRISPR-Cas12a system to generate a photothermal signal 
for detection, which can be easily captured using a portable 
infrared camera, thereby reducing dependence on sizable 
analytical equipment. Gu et al. integrated CRISPR-Cas12a 
with silver particles deposited in situ on DNA structures as 
a signaling mechanism for photothermal detection. This 
approach enabled them to quantify, visualize, and detect 
S. aureus and L. monocytogenes with high sensitivity, reaching 
as low as 1 CFU/mL [86]. Photo-responsive temperature 
change sensors, which rely on photo-thermal conversion, 
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overcome the limitations of conventional sensors and offer an 
alternative approach with greater potential for various appli
cations. Consequently, there is a need to develop high- 
performance photo-thermal conversion materials that exhibit 
exceptional photo-thermal properties and stability.

Biolayer Interferometry (BLI) utilizes a probe-based nanos
tructured biosensor to enable direct detection of samples, 
eliminating the requirement for fluorescent or isotopic label
ing. The instrument directs white light onto the nanostruc
tured biosensor’s surface, subsequently capturing the 
reflected light. The reflected spectrum, which encompasses 
various frequencies, is modulated by the thickness of the 
sensor’s optical film layer, forming an interference pattern 
[87]. Qian et al. developed a real-time, sensitive, and rapid 
digital system employing CRISPR-Cas-BLI to detect the ALP 
gene in E. coli DH5α. The CRISPR nanostructured biosensor, 
immobilized on the biolayer, could recruit the target DNA to 
the sensor surface, thereby altering its optical thickness. This 
change in thickness resulted in modifications to the interfer
ence pattern and the response signal of BLI, achieving 
a detection limit of 1.34 pg for E. coli DH5α [88]. The CRISPR- 
Cas-based BLI system is a promising approach for the rapid 
and sensitive detection of target DNA analytes. With the 
advancement of miniaturization and integration technologies, 
future BLI devices are anticipated to become more portable 
and cost-effective, thereby expanding their applicability in 
clinical diagnostics and field testing scenarios.

Personal glucose meters (PGM) are among the most widely 
used devices. Using the ability of convertase enzymes to 
catalyze the hydrolysis of sucrose to glucose, researchers use 
PGMs to detect proteins, small organic molecules, metal ions, 
and nucleic acid molecules [89–91]. Zhou et al. demonstrated 
that a combination of glucose signaling, RAA, CRISPR-Cas12a 
reaction, enzyme reaction, and PGM reading can detect 
Salmonella at a 5 CFU/mL concentration in complex food 
samples [92]. Portable nanostructured biosensors are easy to 
operate and can be used in various working environments, 
facilitating scientific research, public health monitoring, and 
food safety management while offering the capability to 
respond to emergencies. Consequently, there is a growing 
need to develop more portable, noninvasive, low-cost, and 
multifunctional monitoring technologies. CRISPR-Cas nanos
tructured biosensors, which can be based on personal glucose 
meters, have the potential to support personalized medicine 
by monitoring an individual’s genetic variants or disease mar
kers, thereby enabling the provision of a customized treat
ment plan for the patient.

9. Multimodal nanostructured biosensors based on 
the CRISPR-Cas system

Multimodal nanostructured biosensors typically integrate mul
tiple sensing signals, either simultaneously or sequentially, 
with the aim of cross-validating assay results to achieve opti
mal sensitivity and accuracy. Xu et al. employed the RPA 
technique to amplify the target signal, activating the nonspe
cific degradation of ssDNA by CRISPR-Cas12a. The simulta
neous emission of fluorescence and electrochemical signals 
enabled the detection of as few as two copies per reaction 

of the positive reference plasmid. This level of sensitivity is on 
par with that of the traditional PCR method [93]. Wang et al. 
developed a CRISPR-Cas9-based dual-mode platform that 
combined SERS and colorimetry. This platform could detect 
S. aureus with detection limits as low as 1 CFU/mL within 45  
minutes [34].

Multimodal sensors integrate multiple sensing techniques 
to enable comprehensive and accurate capture of environ
mental information, demonstrating significant potential for 
efficient bacterial detection. However, one of the challenges 
current technologies face is signal interference, which directly 
affects the accuracy of the signal output. To address this, 
researchers must develop innovative sensing mechanisms 
and sensitive materials to eliminate such interference and 
enhance sensor performance.

Regarding data processing, the signals collected by multi
modal sensors require meticulous analysis and processing. The 
study and application of machine learning algorithms can 
effectively extract valuable information from complex signals. 
Additionally, introducing feedback control algorithms can help 
optimize human-robot interaction and refine intelligent robot 
control. Integrating these technologies enhances the sensors’ 
intelligence level and lays a solid foundation for achieving 
more accurate biological detection and intelligent control.

10. Conclusion

This review systematically explores the application of CRISPR- 
Cas system-based nanostructured biosensors in bacterial 
detection and highlights their significant potential in medical 
diagnostics, food safety, and environmental monitoring. By 
integrating pre-amplification techniques, providing a detailed 
classification of signal mechanisms, conducting an in-depth 
analysis of the role of nanomaterials, and discussing practical 
applications and challenges, we offer a comprehensive and 
innovative perspective on research in this field. (1) Unlike 
previous reviews, our study emphasizes combining pre- 
amplification techniques with the CRISPR-Cas system and 
nanomaterials for bacterial detection. This approach signifi
cantly enhances the sensitivity and specificity of detection, 
a distinctive feature of our research. (2) Our review provides 
a detailed classification of various signal mechanisms, focusing 
on fluorescence signals. We innovatively categorize fluores
cence signals based on bacterial genomic DNA, aptamers, 
and immune recognition, offering a more structured and in- 
depth analysis. (3) While previous reviews have extensively 
discussed CRISPR-Cas-driven nano biosensors, our study spe
cifically highlights the role of nanomaterials in signal amplifi
cation and detection performance, as well as their synergistic 
effects with the CRISPR-Cas system; (4) Our review dedicates 
a section to discussing the applications of these biosensors in 
real-world bacterial detection scenarios, along with their lim
itations and challenges. This provides a more balanced and 
application-oriented perspective; (5) We incorporate the latest 
research progress in this field to ensure the timeliness and 
relevance of the review. We hope these innovative insights 
will inspire further research, promoting the widespread appli
cation of this technology in bacterial detection and related 
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fields, thereby making greater contributions to human health, 
food safety, and environmental protection.

11. Future perspective

Bacterial nanostructure biosensors based on the CRISPR-Cas sys
tem exhibit immense potential for application in medical diag
nostics, food safety, and environmental monitoring. However, 
with the continuous advancement of technology and the expan
sion of application scenarios, numerous challenges remain to be 
overcome while presenting new opportunities. Below are the key 
directions for future research and development:

(1) Distinguishing between live and dead bacteria is crucial 
for diagnosing and treating infectious diseases. Future 
research should focus on developing biomarkers to 
identify cell membrane integrity (such as compounds 
or proteins specific to membrane permeability) and 
designing improved CRISPR-Cas nanostructure biosen
sors that produce distinct signal outputs for live and 
dead bacteria. Additionally, integrating nanoparticles as 
carriers and utilizing encapsulation techniques to pene
trate bacterial walls to identify and differentiate live and 
dead bacteria, generating different signal responses, 
will further enhance detection accuracy and practicality.

(2) Current bacterial detection methods often require the 
extraction of genomic DNA, which is time-consuming 
and complex, limiting their application in rapid diag
nostics and POCT. Aptamers, such as ssDNA or ssRNA 
sequences with high affinity, specificity, and ease of 
modification, show great promise. Future research 
should further optimize the screening and refinement 
of aptamers, leveraging SELEX technology and compu
tational simulation methods (such as molecular 
dynamics simulations, docking algorithms, and 
machine learning models) to accelerate aptamer devel
opment. A deeper understanding of the interactions 
between aptamers and bacteria, improving their stabi
lity and affinity, will significantly enhance detection 
efficiency and convenience.

(3) With the continuous optimization of CRISPR-Cas tech
nology, developing nanostructure biosensors capable 
of simultaneously detecting multiple bacteria becomes 
feasible. This multi-target detection capability will aid in 
improving early disease diagnosis rates and advancing 
precision medicine. By generating distinct signals for 
each bacterium, doctors can provide personalized treat
ment recommendations based on tailored detection 
protocols, improving treatment outcomes. Future 
research should further explore technical pathways for 
multi-target detection, optimizing signal output and 
data analysis methods to meet the demands of com
plex sample detection.

(4) Creating more efficient CRISPR variants is key to enhan
cing the performance of bacterial biosensors. By opti
mizing these variants’ targeting efficiency and 
specificity, detection sensitivity and accuracy can be 
significantly improved. Additionally, engineering PAM 

sequences to expand their recognition range will 
enable the detection of a broader spectrum of bacteria. 
Introducing multiplex CRISPR systems or dual- 
verification mechanisms can enhance detection reliabil
ity, reducing false positives or negatives. These 
improvements advance the application of bacterial bio
sensors in medical diagnostics, food safety, and envir
onmental monitoring and provide stronger technical 
support for rapid and precise bacterial detection.

(5) Miniaturization and portability are core trends in develop
ing bacterial nanostructure biosensors. Micro-nano manu
facturing technologies to develop compact, rapid, on-site 
detection systems can meet the need for immediate test
ing in resource-limited or emergency situations. Future 
research should focus on enhancing sensor integration 
and portability, reducing operational complexity. Specific 
technical pathways include combining the CRISPR-Cas 
system with microfluidic or paper-based microfluidic tech
nologies to develop low-cost, portable devices; utilizing 
smartphone cameras or fluorescence detection modules 
for real-time visual readouts; and improving stability and 
storage performance through lyophilized CRISPR-Cas com
ponents for field use. Additionally, integrating real-time 
monitoring with wireless technology will enable remote 
operation and continuous biological process monitoring, 
while establishing wireless sensor networks will facilitate 
real-time big data analysis, supporting research and deci
sion-making, thereby promoting widespread application 
in medical, environmental, and food safety fields.

(6) Incorporating artificial intelligence and machine learning 
technologies will significantly enhance the intelligence 
and automation of bacterial nanostructure biosensors. 
By optimizing detection processes and data analysis 
through intelligent algorithms, the reliability and accu
racy of sensors will be further improved. With wireless 
communication technology, remote operation and real- 
time data transmission of sensors can be achieved, mak
ing them suitable for long-term monitoring scenarios.

(7) Alongside technological development, environmental 
sustainability is a crucial direction for future research. 
Developing eco-friendly materials and manufacturing 
processes to reduce environmental impact is key to 
the long-term application of bacterial nanostructure 
biosensors. Future research should focus on the life
cycle management of sensors, promoting their applica
tion in protecting human health, maintaining the 
environment, and advancing sustainable development. 
Through green manufacturing and sustainable design, 
sensors will better serve the long-term development 
goals of society and the environment.
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