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ABSTRACT: Methods enabling rapid and on-site detection of pathogenic bacteria are a prerequisite for public health assurance,
medical diagnostics, ensuring food safety and security, and research. Many current bacteria detection technologies are inconvenient
and time-consuming, making them unsuitable for field detection. New technology based on the CRISPR/Cas system has the
potential to fill the existing gaps in detection. The clustered regularly interspaced short palindromic repeats (CRISPR) system is a
part of the bacterial adaptive immune system to protect them from intruding bacteriophages. The immunological memory is saved
by the CRISPR array of bacteria in the form of short DNA sequences (spacers) from invading viruses and incorporated with the
CRISPR DNA repeats. Cas proteins are responsible for triggering and initiating the adaptive immune function of CRISPR/Cas
systems. In advanced biological research, the CRISPR/Cas system has emerged as a significant tool from genome editing to
pathogen detection. By considering its sensitivity and specificity, this system can become one of the leading detection methods for
targeting DNA/RNA. This technique is well applied in virus detection like Dengue, ZIKA, SARS-CoV-2, etc., but for bacterial
detection, this CRISPR/Cas system is limited to only a few organisms to date. In this review, we have discussed the different
techniques based on the CRISPR/Cas system that have been developed for the detection of various pathogenic bacteria like L.
monocytogenes, M. tuberculosis, Methicillin-resistant S. aureus, Salmonella, E. coli, P. aeruginosa, and A. baumannii.

1. INTRODUCTION
Rapid, sensitive, specific, and on-site detection of pathogenic
bacteria is critical in clinical diagnosis, treatment, surveillance
of foodborne disease, and biological research.1−3 It helps to
gather clinical information in order to provide appropriate
treatment and prevent the spread of disease.4 According to the
World Health Organization’s standard, an ideal pathogen
diagnostic test should be assured: affordable, sensitive, specific,
easy-to-use, rapid, without large equipment, and delivered to
the user.5 In order to detect nucleic acid signatures of
pathogens, a vast array of detection methods have emerged
based on PCR/qPCR, isothermal amplification-based detec-
tion assays, and next-generation sequencing.6−8 To improve
sensitivity, affordability, simplicity, and rapidity there are
various advanced nucleic acid detection techniques developed
so far. One of the latest and advanced methods is clustered

regularly interspaced short palindromic repeats (CRISPR)
associated systems (CRISPR/Cas),9,10 which have recently
gained great importance and attention in nucleic acid analysis
and detection. In order to achieve higher sensitivity, the
CRISPR/Cas system is frequently associated with polymerase
chain reaction (PCR) and with isothermal nucleic acid
amplification techniques like NASBA,11 RCA,12−14 SDA,15,16

LAMP,17 RPA,18 and EXPAR.19 The combination of CRISPR/
Cas with advanced isothermal amplification technologies is
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promoting the development of novel optical and electro-
chemical biosensing devices.

CRISPR/Cas systems provide adaptive protection to
bacteria and archaea against invading foreign nucleic
acids.9,10 The CRISPR/Cas system in bacteria recognizes
and degrades foreign genetic elements generally from viruses.20

These systems are primarily guided by an RNA called guide-
RNA (gRNA) or CRISPR RNA (crRNA), which recognizes
the target and directs Cas proteins to locate and cleave
invading DNA sequences.21 This system works through three
steps: adaptation or spacer-acquisition,22 crRNA processing,23

and interference.24 In the spacer acquisition step, when new
foreign DNA/RNA is introduced in the bacterial cell, a short
piece of the DNA/RNA segment, called protospacer in the
immediate upstream vicinity of a protospacer adjacent motif
(PAM) present in the foreign DNA/RNA, is excised out by the
help of the Cas1−Cas2 complex. This protospacer was then
inserted as a new spacer into the bacterial genomic region of
the CRISPR array (Figure 1a) where all the acquired spacer
resides.22,25

The second step is crRNA biogenesis, which occurs when
pre-CRISPR RNA (pre-crRNA) is transcribed by RNA
polymerase (RNAP) from the CRISPR array region, then
cleaved by specific endoribonucleases into small mature
crRNA (Figure 1a). Each crRNA contains one complementary
sequence of a spacer.26,27 The final step is interference,24 which
entails sequence-specific targeting and cleavage of foreign
DNA/RNA having a protospacer that is complementary to the
spacer sequence in crRNA. To commence crRNA-mediated
DNA binding, a protospacer adjacent motif (PAM) must be
present in the immediate vicinity of a protospacer sequence.28

crRNAs recognize and produce complementary base pairs
unique to foreign RNA or DNA, resulting in the cleavage of
the crRNA-foreign nucleic acid complex29,30 (Figure 1a).

CRISPR/Cas systems are classified according to their
utilization of specific Cas enzymes and methods of
interference. In accordance with recent publications,
CRISPR/Cas systems can be categorized into two classes:
class 1 and 2, six types: types I−VI, and numerous subtypes.31

Class 1 comprises types I, III, and IV; and Class 2 includes
types II, V, and VI (Figure 1b). Each type is distinguished by
discrete effector module configurations that include various
signature proteins.32 The most widely used toolbox for nucleic
acid detection belongs to the class 2 system that contains Cas9,
Cas12, Cas13, and Cas14.33 Cas9 (type II) and Cas12 (type
V) target DNA, while Cas13 (type VI) targets RNA34 and
Cas14 targets ssDNA.33 CRISPR/Cas systems, specifically
Cas9 (type II), have become a popular tool for transcription
regulation, genome editing, and in situ DNA/RNA detection
in recent years.35 Cas12 and Cas13 effectors have a unique
property called “collateral cleavage”.36 In the presence of a
target or reporter DNA/RNA, these Cas effectors are activated
and can do collateral (nonspecific) cleavage on any single-
stranded DNA/RNA present in the near vicinity.37 The
advantage of this collateral cleavage is that it can easily be
detected by fluorescence reporters tagged in single-stranded
DNA/RNA. This has recently displayed remarkable potential
in developing novel biosensing technologies for nucleic acid
detection.37 This technology is widely harnessed for the
detection of viral diseases, such as specific high-sensitivity
enzymatic reporter unlocking (SHERLOCK)38−40 to detect
Zika and Dengue38 and DNA endonuclease-targeted CRISPR

Figure 1. Basic understanding of CRISPR/Cas system and its classification. (a) CRISPR loci consisted of short repeats (gray boxes) interspaced by
various short spacers (colored circular). CRISPR loci are flanked by a cluster of CRISPR-associated (Cas) genes (blue arrows) that encode proteins
responsible for the different stages of the CRISPR/Cas system in adaptive immunity. When a bacteriophage (i) enters the cell, a small piece of
invader DNA (protospacer) is added to the host chromosome’s CRISPR array as a new spacer (red circle). Transcription takes place across the
CRISPR array to generate pre-crRNA, which is then processed into short mature crRNAs. Each crRNA sequence contains one spacer and one
flanking repetition. The effector complexes formed by the assembly of the crRNAs and Cas proteins serve as antisense guides for the effector
complexes. When the same bacteriophage (ii) will attack the bacteria again, the existing crRNA having the spacer sequences complementary to the
portion of the bacteriophage genome will degrade the phage genome by the CRISPR/Cas system. (b) There are two classes and six types of
CRISPR/Cas systems where Cas3, Cas9, and Cas12 target the DNA, Cas13 targets RNA, and Cas10 targets both DNA and RNA.
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Figure 2. Detection of pathogen nucleic acids with a CRISPR/Cas-based assay to detect L. monocytogenes, M. tuberculosis, and MRSA. Schematic
illustration of (a) CAS-EXPAR and (b) CASLFA for the detection of L. monocytogenes, (c) paired dCas9 (PC) reporter system, and (d) CRISPR-
MTB for the detection of M. tuberculosis. (e) CRISPR-mediated DNA-FISH and the (f) E-Si-CRISPR technique for the detection of Methicillin-
resistant Staphylococcus aureus (MRSA).
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trans reporter (DETECTR)41,42 for rapid and specific
detection of HPV and SARS-CoV-2 in humans. Though the
futuristic developments of CRISPR/Cas-based viral detection
techniques are expanding rapidly in biosensing, this technique
is limited to very few bacterial pathogens to date. This limited
use for bacterial pathogens may be because there is a well
established gold-standard detection technique for pathogenic
bacteria and establishing these emerging techniques in practice
will be time-consuming. Also, the viral rate of mutation is
relatively much higher than bacteria, which provides more
priority to develop new methods for viral detection and lesser
focus on bacterial detection. In this review, we have discussed
the different CRISPR/Cas systems as biosensors used for the
detection of bacterial pathogens like L. monocytogenes, M.
tuberculosis, Methicillin-resistant S. aureus, Salmonella, E. coli, P.
aeruginosa, and A. baumannii.

2. DETECTION OF L. MONOCYTOGENES USING
CRISPR/CAS SYSTEM

Listeria monocytogenes is one of the most virulent foodborne
pathogens43 and can be found in a variety of foods like milk,
milk products, eggs, poultry, and meat.44 The FDA upholds a
zero-tolerance policy for L. monocytogenes since it has a low
infectious dose and high mortality rate. In healthy people, it
can cause invasive listeriosis. In young, elderly, or immuno-
compromised people, it can cause septicemia, meningitis, and
infections related to the central nervous system. Infections in
pregnant women can be fatal and can result in spontaneous
abortion or fetal death.45 The slow growth rate of L.
monocytogenes is challenging for the conventional culture and
plating-based detection methods, which can take up to 7 days
to yield results.46

CRISPR/Cas9-triggered isothermal exponential amplifica-
tion reaction (CAS-EXPAR) based detection against Listeria
monocytogenes was developed by Huang et al.47 Here the
hemolysin (hly) gene of L. monocytogenes was used as the target
sequence. It utilizes the target-specific nicking activity of Cas9
and nicking endonuclease (NEase)-mediated amplification.
From bacteria, RNA was isolated and cDNA was generated.
cDNAs were cleaved by Cas9 with the help of specific sgRNA
and PAMmers. These cleaved products are now subjected to
EXPAR-mediated amplification by EXPAR templates and
without exogenous primers. Finally, the amplified products
were detected by fluorescence using SYBR green (Figure 2a).
This method combines the benefits of Cas9/sgRNA site-
specific cleavage and EXPAR fast amplification kinetics. This
process is reported to be highly specific in discriminating
single-nucleotide mismatch. Reprogrammable cleavage activity
of Cas9/sgRNA is also beneficial for targeting various other
pathogens. The merit of this method does not require
exogenous primers for amplification. Therefore, the chances
of nonspecific amplification followed by false positivity could
be minimized. The sensitivity of this technique was reported to
be 0.82 amol (Table 1) of synthetic ssDNA, but in bacteria,
this technique was verified with 1.25 and 2.5 μg of total RNA.
This method may have a problem to detect long targets, as
EXPAR is not efficient for long DNA or RNA targets.

Another method to detect L. monocytogenes was developed
by Wang et al.48 based on CRISPR/Cas9 system integrated
with lateral flow nuclic acid (CASLFA). Here also, the hly gene
was used as a target. This technique is termed as the DNA
unwinding-based hybridization assay with a lateral flow device
for simple and easy detection by the naked eye. Genomic DNA

from bacteria was subjected to amplification (by PCR or any
isothermal reaction) with gene-specific biotinylated primers.
Then biotinylated amplicons are incubated with target specific
sgRNA and dCas9 to form a complex (Cas9/sgRNA-
biotinylated amplicons) without cleaving the targets. This
complex, when applied to a lateral flow device, bound with an
AuNP-DNA probe (gold nanoparticle bound with comple-
mentary DNA sequence of target gene/sgRNA) and combined
with immobilized streptavidin in the test line (T). Accumu-
lation of AuNP-generated color band occurred on the test line
(T). The excess unbound AuNP-DNA probe will form a
control line (C) by binding with the precoated DNA probes
with their control line hybridization region (Figure 2b). There
are two kinds of DNA probes reported by the authors: DNA
unwinding and sgRNA anchor-based.48 The DNA unwinding
probe has a specific DNA sequence for individual target.
Therefore, for every target, there is a need to generate a new
probe. The sgRNA-based probe has a target sequence that has
DNA sequences specific to the crRNA region. The advantage
of the sgRNA-based probe is that it can detect multiple targets
as this is specific to a portion of sgRNA but not the target
DNA. This is a simple and rapid method for the detection of
genetic targets by the naked eye. This detection limit was
reported as low as 150 copies (Table 1) of bacterial targets. As
reported, this method can detect the gene target with almost
no background signal interference and can be completed based
on a cheap and portable tool kit within 40 min in point of
care.48

3. CRISPR/CAS-MEDIATED DETECTION OF M.
TUBERCULOSIS

Tuberculosis (TB) is the leading cause of death among
infectious diseases.57 Due to the difficulty in its diagnosis, it
was anticipated that 40% of the cases failed to be identified and
reported.50

Zhang et al.49 have developed a novel and sensitive detection
method to detect M. tuberculosis using CRISPR/dCas9. The
Mtb 16S rRNA gene was used as a target sequence. In this
method, the luciferase gene was split into N- and C-terminal
halves (NFluc and CFluc) and fused each with separate dCas9
termed as a paired-dCas9 (PC) reporter system. Two guide
RNAs (sgRNA) were also employed which are complementary
to the upstream and downstream proximal segments (∼44bp)
of a target DNA. Upstream and downstream sgRNAs are
separately mixed with NFluc-Cas9 and CFluc-Cas9, respec-
tively, to achieve higher efficiency and specificity. The two
halves can initiate heterodimerization to rebuild the intact
enzyme when target DNA containing the two segments in
proximity is detected and bound by the corresponding sgRNAs
followed by a pair of dCas9 (Figure 2c). Luminescence is
generated from the catalytic activity of luciferase. The PC
reporter system was reported to be sensitive up to 5 × 10−5

nmol/mL (Table 1) but also observed that when the target
concentration was beyond 6 × 10−3 nmol/mL detection signals
decreased due to inefficient pairing between two halves of
luciferase.49 This method requires two target sites, for separate
sgRNAs, spanning approximately 44bp, which could limit the
selection of target region for other pathogens.

The other method to detect M. tuberculosis by CRISPR-
MTB was developed by Ai et al.50 Here MTB-specific insertion
sequence IS6110 of ∼1.5 kb in length was used as the target
sequence. In this method, optimization of the extraction
process was done based on a combination strategy of bead
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Figure 3. Detection of pathogen nucleic acids with CRISPR/Cas-based assay to detect S. enteritidis, Salmonella, E. coli, P. aeruginosa, and A.
baumannii. Schematic representation of (a) allosteric probe-induced catalysis and CRISPR/Cas13a (APC-Cas) system for the detection of S.
enteritidis, (b) CRISPR/Cas12a-powered dual-mode biosensor for colorimetric and photothermal-based detection of Salmonella, (c) CRISPR/
Cas9-triggered SDA-RCA for the detection of E. coli O157:H7, (d) CIA-based LFB for the detection of P. aeruginosa, and (e) simultaneous
detection of multiple genes with Multiplex PCR integrated with the CRISPR/Cas system for A. baumannii.
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beating, chemical lysis, and heating to ensure the higher
efficiency of DNA extraction. As the amplification technique is
RPA, there was no special need for any thermal-cycler. This
method is a combination of RPA reaction with a CRISPR/
Cas12a system (Figure 2d). Fluorescence signal can be
detected by target activated reporter cleavage of Cas12a
trans cleavage activity. The sensitivity of this method was
reported to be 2−5 copies/μL or 50 CFU/mL (Table 1). It
was reported that the extraction efficiency was found to be
high and the extraction time was reduced with fewer
centrifugation steps over the column-based traditional method.
This method also was tested on a variety of sample types such
as sputum, BALF, CSF, and pus. The drawback of this
detection will be that it will fail to detect MTB strains that lack
IS6110 genomic segments.

4. METHICILLIN-RESISTANT S. AUREUS (MRSA)
DETECTION BY CRISPR/CAS SYSTEM

Methicillin-resistant Staphylococcus aureus (MRSA) is one of
the most important multidrug-resistant human pathogens,
causing severe life-threatening diseases.58 MRSA infections are
four times more likely than methicillin-susceptible S. aureus
(MSSA), and it causes serious morbidity and mortality
worldwide.59,60 Traditional culture-based identification meth-
ods for MRSA are time-consuming, and conventional
techniques like MALDI-TOF,61 RT-PCR,62S. aureus protein
A (spa) typing,63 multilocus sequence typing (MLST),64 and
pulsed-field gel electrophoresis (PFGE)65 are labor intensive
and require a high level of professional expertise. Therefore,
MRSA detection requires simplified detection procedures that
are faster, less labor-intensive, and highly specific.

Kyeonghye Guk and colleagues recently introduced a
CRISPR-mediated DNA-FISH.51 This CRISPR-mediated
DNA-FISH was developed to detect methicillin-resistant
Staphylococcus aureus (MRSA) by targeting the gene mecA.
This technique involves dCas9 to specifically recognize the
target gene without cleavage activity and SYBR Green as a
fluorescent probe. The genomic DNA of the target organism
was isolated and treated with dCas9/sgRNA for 15 min at
room temperature to bind the dCas9 with the target. After
hybridization, the dCas9/sgRNA complex was isolated using
Ni-NTA magnet beads, and nontarget unbound DNA was
removed by washing. SYBR green was added to detect the
presence of bound DNA as a target (Figure 2e). In clinical
isolates, this method can detect as low as 10 CFU/mL within
30 min (Table 1). This approach is both quick and sensitive.
This method does not require any amplification which is an
advantage that reduces the detection time and complexity. The
combination of dCas9/sgRNA and SYBR green as a
fluorescent probe makes for labeling a reasonably straightfor-
ward and inexpensive approach. This method of detection has
great potential to be used easily in patient point of care.

Suea-Ngam et al. have developed another amplification-free
method for the detection of MRSA.66 Here also, the mecA gene
was chosen as the target. In this method of detection, the silver
metallization technology was combined with the CRISPR/Cas
to create a novel silver-enhanced E-CRISPR biosensor (E-Si-
CRISPR) for MRSA detection. In the presence of target DNA
the Cas12a−gRNA complex cleaves the ssDNA at random
sites, destroying the electrode’s ssDNA surface layer (Figure
2f). The trans-cleavage mechanism fails in the absence of the
target. The degree of silver deposition during the succeeding
silver metallization stage is proportional to the quantity of

ssDNA left and thus proportional to the initial amount of
target DNA. Square wave voltammetry was used to read the
final electrochemical signal (Figure 2f). The detection and
quantification limits were found to be 3.5 and 10 fM (Table 1).
This new electrochemical CRISPR/Cas biosensor, based on
silver metallization, was stated to be highly selective, sensitive,
and without DNA amplification cycles. As reported, this
amplification-free detection method could yield results within
1.5 h.66 This method is innovative in the aspect of its unique
readout of results through electrochemical signals. One
drawback can be perceived that, contrary to the other
conventional methods, the positive signals are lower than the
negative signals in this method, which could be inconvenient.

5. DETECTION OF SALMONELLA BY CRISPR/CAS
SYSTEM

Food poisoning by Salmonella species is the second most
prevalent cause of food poising followed by severe gastro-
enteritis and bacteremia worldwide.67 To date, traditional
biochemical culture, immunological testing, and molecular
biological approaches (PCR/real-time PCR) have been used to
detect Salmonella.68 These procedures are time-consuming,
have low specificity, and require expensive laboratory equip-
ment.69

Detection of Salmonella enteritidis using a unique allosteric
probe (AP) with a combination of CRISPR/Cas13a (APC-
Cas)is developed by Shen et al.,53 where whole bacteria were
used as a target. The allosteric probe (AP) comprises of three
functional domains (Figure 3a): aptamer domain for target
pathogen identification (purple), primer binding site domain
(blue), and T7 promoter domain (yellow). A phosphate group
was added to the 3′ end of AP to prevent self-extension and
make the DNA molecule resistant to enzymatic hydrolysis. The
aptamer domain of AP can specifically recognize and engage
with the target pathogen that is Salmonella enteritidis. The
hairpin structure of AP will unfold and flip to its active
configuration, allowing primers to anneal to the exposed
primer binding site domain. The AP then acts as a template for
the production of double-stranded DNA (dsDNA) with the
help of DNA polymerase, followed by the displacement of the
target pathogen for the next catalytic cycle (primary
amplification) because of the polymerase extension reaction.
T7 RNA polymerase is then utilized to identify the T7
promoter sequence on the created dsDNA and perform
amplification via transcription to generate a large number of
single-stranded RNAs (ssRNAs) (secondary amplification).
Finally, the crRNA is intended to contain two areas, a guide
sequence that is complementary to the transcripted ssRNA,
and the repeat sequence that is required for crRNA to attach
the Cas13a enzyme. When the above ssRNAs hybridize with
Cas13a/crRNA, Cas13a/collateral crRNA’s cleavage capacity
is activated, allowing numerous RNA reporter probes to be
cleaved (tertiary amplification), resulting in the amplification
of fluorescence signals (Figure 3a). This procedure does not
require bacterial isolation, nucleic acid extraction, and a
washing step. It is cost-effective, very sensitive up to 1 CFU
(Table 1), and can be done in a relatively short period.53

Designing an allosteric probe for different bacteria could be a
challenging task for this method of detection.

In order to detect Salmonella, Ma et al.54 have developed
gold-nanoparticles (AuNPs)-based method termed as
CRISPR/Cas12a-powered dual-mode biosensor. The target
DNA was Invasion gene A (invA), a virulence gene of
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Salmonella.70 This method involves DNA extraction as well as
PCR amplification of target sequence. The designed biosensor
is built on the trans-cleavage activity of the CRISPR/Cas12a.
The AuNPs probe is coated with DNA, and a linker ssDNA
hybridizes with AuNPs-DNA probe pairs. In the absence of
target amplicons, the linker ssDNA remains intact, and
aggregated AuNPs are maintained with a purple color (Figure
3b). Upon recognition of the target amplicons with designed
crRNA, the trans-cleavage of CRISPR/Cas12a is activated and
the linker ssDNA is cut off, and the AuNPs are dispersed in
solution. The dispersed AuNP solution exhibits a red color,
and the change can be detected by the naked eye or
colorimetrically or photothermally (Figure 3b). The detection
limit for this technique was reported as 1 CFU/mL (Table 1).
This method was just used to detect the bacteria in milk
samples. There is a need to explore with other food samples.
This technique was the first to explore the gold-based
nanoparticles as a probe.54

6. CRISPR/CAS-MEDIATED DETECTION OF E. COLI
Escherichia coli O157:H7 is one of the most common causes of
hemorrhagic colitis.71,72E. coli O157:H7 can be found in water
as well as other food sources such as milk, juice, fruits, and
vegetables. Infections that are severe enough can lead to
hemorrhagic colitis, hemolytic uremic syndrome, and even
death.73,74

A CRISPR/Cas9 triggered SDA−RCA method on the
UiO66 platform was developed by Sun et al.55 to detect
Escherichia coli O157:H7. The method employs the target
sequence of gene hemolysin A (hlyA). Nanoparticle (UiO66)
and Two amplification methods: strand displacement
amplification (SDA) and rolling circle amplification (RCA)
are used for this method. After isolation of DNA from the
bacteria, the pair of CRISPR/Cas9 (by sgRNA1 and sgRNA2)
recognized and cleaved the two proximal regions of the target
DNA. Primary amplification by SDA synthesis and extending
at the nicked position results in short−ssDNA indefinitely.
This short−ssDNA was the template for secondary amplifica-
tion by RCA, which generates long−ssDNA having repetitive
sequences complementary to the fluorescence-labeled DNA
probe (Figure 3c). This probe in bound form with long−
ssDNA can be detected with 480 and 518 nm of excitation and
emission wavelength. Unbound probes are absorbed in the
UiO66 where fluorescence is quenched. In the presence of the
target sequence, short (by SDA) followed by long ssDNA (by
RCA) will be generated. The fluorescence probes will leave
UiO66 and hybridize with the long−ssDNA, resulting in a
fluorescence signal. As a result, the fluorescence intensity can
be used to detect the target DNA quantitatively (Figure 3c). It
is reported that this technique can detect low amounts of E.
coli O157:H7 (40 CFU/mL) with high sensitivity and a wide
detection range under mild response conditions (Table 1).

7. CRISPR/CAS-MEDIATED DETECTION OF
PSEUDOMONAS AERUGINOSA

Pseudomonas aeruginosa is a multidrug-resistant, highly
infectious opportunistic human pathogenic bacteria with a
large and complex genome.75 Its widespread distribution in
nature indicates a high level of genetic and physiological
flexibility in response to environmental changes.76 In 2017, the
World Health Organization designated P. aeruginosa as a

critical pathogen that poses a serious threat to human health,
necessitating the development of new treatments.77

Mukama et al. have developed a method to detect P.
aeruginosa37 based on CRISPR/Cas and loop mediated
Isothermal Amplification (CIA). The acyltransferase gene
from P. aeruginosa was used as a target. Here the samples were
directly used for loop-mediated isothermal amplification
(LAMP) for the target gene. Products of LAMP were
incubated with CRISPR/Cas12, to activate the collateral
cleavage of the biotinylated ssDNA reporter, followed by a run
on a strip for final results (Figure 3d). In the absence of a
target, the gold nanoparticle-streptavidin (AuNP-SA) complex
binds with the biotin of the ssDNA reporter. Then the whole
complex (AuNP-SA-ssDNA) binds with complementary DNA
to the ssDNA reporter immobilized in the test (T) line which
results in a visible colored band (Figure 3d). But, in the
presence of a target, the reporter DNA was cleaved by
CRISPR/Cas12, so there will not be any formation of the
AuNP-SA-ssDNA complex, hence no visible band on the test
line. In the control line (C), only AuNP-SA is bound with
immobilized antibodies to streptavidin. That means in the
presence of any P. aeruginosa, there will be only one band in
the control and no visible band in the test line (Figure 3d).
Whereas, if the sample is negative for P. aeruginosa then the
visible band will be there in the T as well as in the C line in the
strip. This method was reported to be a fast, accurate, robust,
and inexpensive technique with a detection limit of 1 CFU/mL
(Table 1). The best feature of this approach is that it allows for
naked-eye detection. That means this detection technique has
the potential to apply in the patient point of care. On the other
hand, the method of detection is unconventional too. In
general, we are accustomed with a positive sample with a
positive band in the test line, but here the positive sample is
associated with a negative band in the test line, which may
have some inconvenience in the hand of technicians.
Additionally, we cannot eliminate the possibility of false
positivity due to various reasons like degradation of ssDNA
reporter, AuNP-SA, or complementary DNA in the test line.

8. CRISPR/CAS-MEDIATED DETECTION OF A.
BAUMANNII

The rapid emergence of multidrug-resistant A. baumannii has
posed a severe threat to worldwide public health.78 In humans,
it can be an opportunistic pathogen that affects immunocom-
promised persons and is becoming more common as a
hospital-borne (nosocomial) infection.79 Detection of A.
baumannii based on the CRISPR/Cas system was developed
by Wang et al.56 This method was integrated with multiplex
PCR where simultaneously many genes of β-lactamase,
responsible for antibiotic resistance, were detected. Extracted
genomic DNA from bacteria was used for the multiplex PCR
reaction. When the target gene is present, the system will
amplify the target and then initiate Cas12a’s nonspecific
ssDNA trans cleavage activity. The ssDNA reporter,
conjugated with fluorophore and quencher, was cleaved after
the Cas12a-crRNA-DNA assembly, resulting in an increase in
fluorescence signals (Figure 3e). Different crRNAs were used
to detect different genes. The detection limit was reported to
be 50 CFU/mL (Table 1). Integration of multiplex PCR
provided an added advantage where multiple targets can be
detected at once, provided the individual target specific crRNA
needs to be developed.
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9. DISCUSSION
All the methods discussed above based on CRISPR/Cas-based
approaches for bacterial detection are distinct in their own
way, employing various Cas enzymes and techniques.
According to the ASSURED standards of WHO, all the
above-described methods may not fully qualify all the
standards, whereas some might be more affordable and others
might be more sensitive or have less bulky equipment, or be
easy to use in point of care. Likewise, amplification free
methods, such as DNA-FISH51 and E-Si-CRISPR,66 need less
time and fewer components, making them relatively inex-
pensive. Methods like CASLFA,48 APC-Cas,53 CIA,37 and
CRISPR-MTB50 can also be conducted utilizing the cost-
effective isothermal amplification technique.80 The CASLFA,48

CIA,37 and CRISPR/Cas12a-Powered Dual-Mode Biosensor54

have naked eye readout capabilities requiring no expensive
equipment. The APC-Cas53 technique also does not need
bacterial isolation or DNA extraction, which contributes to its
low cost. The turnaround times for the methods described
above ranged from 30 to 140 min. The CRISPR-mediated
DNA-FISH for Methicillin-resistant Staphylococcus aureus
(MRSA) detection51 has the quickest turnaround time of 30
min as it is an amplification free method. In terms of the
analytical sensitivity of the CRISPR/Cas assays, the limit of
detection (LoD) was reported in different units: copies/mL,
CFU/mL, moles, and molarity. The majority of methods
reported the LoD in CFU/mL, with the lowest reported LoD
being 1 CFU/mL for both CRISPR-Cas12a-powered dual-
mode biosensor54 and CIA37 (Table 1). APC-Cas53 and
CASLFA48 was reported to be 1 CFU and 150 copies (Table
1). Between dCas949 and E-Si-CRISPR,52 where both the LoD
were reported in molar concentration, the lowest being for E-
Si-CRISPR52 that is up to 3.5 fM (Table 1). The LoD of CAS-
EXPAR47 was estimated to 0.82 amol. Expressing the
sensitivity with different units is misleading; therefore, it is
hard to compare among methods. In the case of the bacterial
detection method, it would have been helpful for the readers, if
the sensitivity could have been reported to the standard unit
that is CFU/mL.

The CRISPR-based methods reduced the need for large
equipment, which is a notable feature that has significant
possibilities for field implementation, particularly for control-
ling epidemic outbreaks in resource-limited areas. CRISPR/
Cas systems make it easier to create a wide range of readout
signals from fluorescence to naked eye detection. Methods
based on LFA such as CASLFA48 and CIA37 might have higher
utility at the patient point of care. Though CRISPR/Cas-based
pathogen detection technologies have exceptional sensitivity
and specificity, there are yet many scopes for future
advancements. Due to the concerning inherent off-target
impact of CRISPR-based detection, improved specificity is the
utmost requirement for practical detection approaches.36 For
example, outside of the PAM-proximal 5−12 bp seed areas,
Cas9-mediated cleavage is very tolerant to mismatches,81 and
dCas9 off-target binding is random,82 which can weaken the
analytical specificity and sensitivity. In the past few years, Cas9
variants with reduced off-target cleavage, such as SpCas9-
HF1,83 eSpCas9 (1.1),84 and HypaCas9,85 have been
developed, thereby providing potential future solutions for
the off-target effect of Cas9. Therefore, for Cas enzymes, future
research should be concentrated on high-fidelity nucleic acid
detection to minimize off-targeting. A more user-friendly one-

step diagnostic that comprises pathogen nucleic acid release,
preamplification, CRISPR/Cas-induced reaction, and signal
readout should be developed in the future. For example,
several simple formats, such as paper-based biosensors with
visual readout (NASBACC,86 SHERLOCK,40 DETECTR87),
pathogen detection without nucleic acid extraction (HUD-
SON),88 and a single-tube test combining isothermal
amplification and Cas-mediated reaction, have been devel-
oped,39,89 which might be combined for more simplicity,
affordability, and user-friendliness. More equipment-free
approaches for signal readout, such as lateral flow assay39 or
naked-eye view89 under light, should be introduced, as they
might be easier at the point of care. Currently, the CRISPR-
based detection system must be stored and delivered in a cold
chain, which is an inconvenience in many remote areas. The
NASBACC38 detection system with freeze-dried reagents and
the SHERLOCK40 system with freeze-dried and paper spotting
reagents showed long-term storage and transport. Therefore,
more storage and transportation strategies for the CRISPR-
based reaction kit should be developed.

10. CONCLUSION
CRISPR/Cas-mediated detection system is a very powerful
and advanced technique with high specificity and sensitivity.
Therefore, this CRISPR/Cas technique could be of high
potential for early diagnosis in the present emerging scenario
of antibiotic resistance. In most of the techniques discussed
above for pathogenic bacterial detection, there are different
amplification techniques like PCR, LAMP, RCA, and SDA
integrated along with the CRISPR/Cas system. Previously,
only positive amplification was sufficient for detection, but due
to the high rate of false positivity, reliance toward only
amplification to detect pathogens accurately becomes un-
trustworthy. Therefore, target amplification followed by
CRISPR/Cas as biosensor-mediated detection of pathogenic
bacteria can make the process more robust, reliable, sensitive,
and specific.
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