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Abstract

Antibiotic resistance is spreading rapidly around the world and seriously impeding efforts to control microbial infec-
tions. Although nucleic acid testing is widely deployed for the detection of antibiotic resistant bacteria, the current
techniques—mainly based on polymerase chain reaction (PCR)—are time-consuming and laborious. There is an
urgent need to develop new strategies to control bacterial infections and the spread of antimicrobial resistance
(AMR). The CRISPR-Cas system is an adaptive immune system found in many prokaryotes that presents attractive
opportunities to target and edit nucleic acids with high precision and reliability. Engineered CRISPR-Cas systems are
reported to effectively kill bacteria or even revert bacterial resistance to antibiotics (resensitizing bacterial cells to
antibiotics). Strategies for combating antimicrobial resistance using CRISPR (i.e., Cas9, Cas12, Cas13, and Cas14) can
be of great significance in detecting bacteria and their resistance to antibiotics. This review discusses the structures,
mechanisms, and detection methods of CRISPR-Cas systems and how these systems can be engineered for the rapid
and reliable detection of bacteria using various approaches, with a particular focus on nanoparticles. In addition, we
summarize the most recent advances in applying the CRISPR-Cas system for virulence modulation of bacterial infec-
tions and combating antimicrobial resistance.
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Introduction
The discovery of antibiotics remains one of the most sig-
nificant milestones in medicine and has widely enabled
humans to prevent and treat bacterial infections. How-
ever, the misuse of antibiotics has fueled the emergence
and spread of antibiotic resistance [1]. Multidrug-resist-
ant bacteria are now one of the most alarming threats to
global health, and they have attracted significant effort
and resources worldwide [2, 3]. In 2017, the World
Health Organization (WHO) defined a list of the most
dangerous antibiotic-resistant bacteria that trigger com-
munity- and hospital-acquired infections titled ESKAPE
(E. faecium, S. aureus, K. pneumoniae, A. baumannii, P
aeruginosa, and Enterobacter spp.) [4, 5], and these bacte-
ria are called "superbugs" mainly due to the limited ability
of antibiotics to treat their infections. These superbugs
can share their genetic elements of resistance with other
non-resistant bacterial species, accelerating the spread
of antimicrobial resistance (AMR). It is necessary to dis-
cover and develop novel antibiotics and alternative treat-
ment solutions to combat antibiotic-resistant bacteria
[6]. Consequently, it is imperative to harness emerging
techniques for the rapid diagnosis and treatment antibi-
otic-resistant infections using clinical specimens.
Accurate detection is always the first and key step in
any strategy to control AMR and generally depends on
detecting pathogen-specific markers, such as antibodies
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or nucleic acid sequences. Current detection protocols
using polymerase chain reaction and immunoassays are
time-consuming and require complex procedures and
specialized instruments [7-9]. In addition, the detection
of low concentrations of biomarkers using these methods
remains challenging, especially in the early stage of infec-
tion, limiting our ability to slow and prevent the spread
of AMR.

When foreign genetic elements (such as bacterio-
phages) invade bacteria, an immune response is built
based on a defense mechanism in bacterial cells that
uses the widely reported CRISPR (clustered regularly
interspaced short palindromic repeats)-Cas system [10].
CRISPR and its associated genes (CRISPR associated,
Cas) have the potential to provide a promising solution
to combat antibiotic resistance [11]. A typical CRISPR-
Cas system consists of three parts: i) a leading sequence,
ii) an operon containing a group of Cas genes, and iii) a
CRISPR DNA array. The CRISPR-Cas system has been
rapidly deployed for genome editing in various cell
types and experimental setups [12]. Observations from
experimental trials have revealed its utility in targeting
antibiotic resistance genes (ARGs) with high sensitivity
and specificity rates. This illustrates the potential of the
CRISPR-Cas system for use in developing novel antimi-
crobial agents and diagnostic tools for bacteria. The suc-
cess rate of a bacterial genome editing technique partially
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depends on efficient delivery of the CRISPR system. Cur-
rent advancements in nanotechnology have led to the
development of nanoparticles with relatively large func-
tional surface areas, biocompatibility, and unique opti-
cal and chemical properties that are suitable for efficient
drug delivery. Therefore, nanoparticle-mediated mol-
ecule sensing and drug delivery were found to be a robust
and promising approach for accurate pathogen diagno-
sis [13—15]. In addition, a non-viral delivery strategy for
the CRISPR-Cas system would greatly promote its future
therapeutic utility.

Previous studies show that significant effort has been
made to engineer CRISPR as a rapid, accurate and smart
tool for precise bacterial diagnosis [16, 17]. However,
the integration of nanoparticles with the CRISPR system
is still in its early stage, and wide research is required
to enhance its application in treating viral and bacterial
infections and restricting the spread of antimicrobial-
resistant bacteria [18]. Here, we discuss the structures
of different CRISPR-Cas systems, their mechanisms of
action, and CRISPR array identification tools. Then, we
report newly developed technologies based on integrated
nanoparticles and the CRISPR-Cas system for the detec-
tion of bacteria and AMR and describe how CRISPR can
ultimately be used to modulate bacterial virulence and
combat AMR. Furthermore, we discuss the challenges
and limitations of CRISPR technologies in the fight
against AMR and the need to continue exploring their
engineering and applications.

Description of CRISPR-Cas systems

Discovery of CRISPR-Cas systems

The CRISPR-Cas system was first discovered when
researchers studied the nucleotide sequence of the iap
gene in E. coli [19]. Jansen et al. [20] later discovered a
new repetitive DNA family in prokaryotic cells composed
of repeat sequences (ranging from 21 to 37 bp) separated
by unique sequence spacers of similar lengths (rang-
ing from 20 to 58 bp) and named as CRISPR. In 2005,
a protospacer adjacent motif (PAM) that determines
the specificity of CRISPR was found in the 3’ end of the
target DNA [21]. Sapranauskas et al. [22] reported that
active CRISPR coding genes can be transferred across
genera and interfere with the invasion of foreign nucleic
acids. They proposed CRISPR to reduce the uptake and
transmission of plasmid-encoded adverse genetic ele-
ments. In 2012, CRISPR technology was used for gene
editing. Jinek et al. [23] studied Cas9 and its CRISPR-
derived RNA (crRNA). The Cas protein has endonu-
clease activity and can cut target DNA alone under the
guidance of mature crRNA. Subsequently, Jiang et al. [24]
applied CRISPR gene-editing technology to the genomes
of S. pneumoniae and E. coli. They observed that the
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combination of recombinant plasmids and oligonucleo-
tide sequences leads to precise mutations in the genome,
which plays an auxiliary role in gene engineering tech-
nology. Subsequent studies showed that CRISPR-Cas is
present in most archaea and bacterial genomes and can
potentially be applied for gene editing in different organ-
isms [25].

Classification of CRISPR-Cas systems

Accurate classification is essential for understanding the
functions of these systems in bacteria and developing
genome editing tools (Fig. 1). CRISPR-Cas systems can
be divided into two classes, six types, and 33 subtypes
based on the Cas protein composition and effect module
sequence [25—27]. The effect module of Class 1 consists of
multiple Cas proteins, including types I, III, and IV, with
16 subtypes—type I is split into seven subtypes (I-A to
I-G); type I is divided into six subtypes (III-A to III-F);
and type IV is divided into three subtypes (IV-A to IV-C).
In comparison to the classification scheme presented in
2015, subtypes I-U were reclassified as I-G because the
fusion of Cas4-Casl provides a new functional spacer in
the I-U subtype system [28], and Cas3 occurs in all type
I CRISPR-Cas systems and plays a role in eliminating the
foreign target sequence. Type III contains Cas10 and can
target DNA and RNA. Type IV contains Csfl, but it lacks
the nuclease (Casl and Cas2) involved in targeted cleav-
age and includes no CRISPR sequence; thus, the system
has no organization or function. However, multiple spac-
ers targeting heterologous plasmids have been detected
in type IV, implying that type IV can target plasmids and
promote intracellular plasmid competition [29]. Class 2
consists of types II, V, and VI, with 17 subtypes. Among
them, types II, V, and VI are composed of 3, 10, and 4
subtypes, respectively. Unlike Class 1, Class 2 is a single,
large, multidomain crRNA binding protein that performs
an interference function. Cas9 has the function of cutting
DNA and processing crRNA, and it occurs in all type II
systems. Both type V and VI CRISPR-Cas systems con-
tain multiple variants, with type V Cas proteins mainly
consisting of Cas12 (Cpfl) and Casl4 (now known as
Cas12f), while type VI is Casl13a (C2c2) [26]. It is worth
noting that type VI is a CRISPR-Cas system found to cut
only targeted foreign RNA nucleic acid sequences [30].

Mechanism of CRISPR-Cas systems in gene editing

The mechanism of the bacterial CRISPR-Cas system in
protecting against invasion by foreign genetic material
is divided into the following three steps: adaptation,
expression, and interference [31] (Fig. 1). First, in type
I and type II CRISPR-Cas systems, a 30-bp fragment of
protospacer from the captured foreign DNA sequence
is cut and inserted into the 5 end of the CRISPR-Cas
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Fig. 1 Classification and function of the CRISPR-Cas system in bacteria. Cas effectors are classified based on generic organization, and the
functional modules of CRISPR-Cas systems are shown. (Adapted with permission from [26], and created with BioRender.com)

site as a new spacer. To detect target DNA protospac-
ers, it is necessary to select adjacent PAMs in advance
(32, 33].

The second step involves crRNA expression. Differ-
ent pre-ctRNA maturation steps exist in a variety of
CRISPR-Cas systems [34]. In type I, palindrome repeats
in pre-crRNA must be transcribed to form a hairpin-
like structure. With the help of Cas6 endonuclease, the
5" terminal spacer sequence of the hairpin-like sequence
is separated, and a Cas6 protein maintains binding with
each mature crRNA. In type II CRISPR-Cas systems,
when foreign genetic material invades, pre-ctrRNA and
tractRNA (trans-activating RNA) are transcribed, and
the latter provides a link between crRNA and Cas pro-
tein. A complex composed of pre-crRNA, tracrRNA,
and Cas protein cleaves the RNA of the corresponding
spacer to form crRNA [35]. In type III, the Cas6 complex
cleaves the 3’ terminal repeat sequence adjacent to the
spacer of pre-crRNA, thus releasing the mature crRNA.
In type V and VI CRISPR-Cas systems, Cas12 and Cas13
are involved in the expression of crRNA, respectively.

However, the mechanism of crRNA maturation in type
IV is still unclear.

crRNA and specific Cas proteins further combine to
create a complex. In the third stage, i.e., secondary infec-
tion, the complex scans and identifies foreign genomes;
subsequently, Cas nuclease cleaves the binding site to
eliminate intruders. Type I involves assembling a com-
plex of crRNA and Cas6 to eradicate invaders [35, 36]. In
type II, the CRISPR-Cas system interferes with invaders
by forming a complex of small guide RNA (sgRNA) and
Cas9 to recognize the target DNA and cut it. Currently,
the type I CRISPR-Cas system is extensively used in gene
editing and diagnosis [37]. A PAM enhances the under-
standing of foreign genetic material in type I and type II
systems [38]. In type III, crRNA binds with Csm (sub-
type III-A) and Cmr (subtype III-B) in the Cas protein,
targets DNA and transcribes RNA cleaved by the Cas7
subunit, and then nonspecifically cleaves the remaining
RNA by Csmé. In the type V CRISPR-Cas system, tracr-
RNA interferes with the Cas12b and Cas12c effector pro-
teins (i.e., similar to Cas9) but not Cas12a. In type VI, the




Wu et al. Journal of Nanobiotechnology (2021) 19:401

complex created by Cas13 and crRNA is targeted toward
single-stranded RNA (ssRNA), and it does not require
cooperation with tracrRNA and a PAM. However, bind-
ing of the Casl13 crRNA complex with complementary
ssSRNA requires the assistance of a protospacer flaking
site (PFS), which is similar to a PAM on RNA [35].

Detection of CRISPR-Cas in different genomes

With the rapid development of bioinformatics, an
increasing number of scientists are turning their atten-
tion toward developing computational tools for the
detection of CRISPR-Cas systems. The following specific
CRISPR sequence identification tools, which mainly rely
on repeating structures in arrays, have been created: CRT
[39], CRISPRCasFinder [40], PILER-CR [41] and CRIS-
PRDetect [42]. CRISPRDetect [42] is an extension strat-
egy proposed by k-mer, and it annotates different types
of sequence variation in nearly identical repeats. It deter-
mines which of the variant repeats in the spacer has a
lower identity threshold, and it is more sensitive to short
and degenerate repeats. However, CRISPRDetect has the
disadvantage of incorrect segmentation when confronted
with large overall CRISPRs. Mitrofanov et al. [43] devel-
oped CRISPRidentify, which is a CRISPR array detec-
tion method to process and evaluate repeat elements in
the CRISPR-Cas system based on the machine learning
method. Moreover, these researchers studied false-pos-
itive prediction problems in discovering CRISPR arrays.
They proved that the process dramatically increases the
sensitivity and specificity of CRISPR array recognition
and decreases the false-positive rate.

With the increasing demand for CRISPR-Cas sys-
tems with different purposes, tools such as MetaCRAST
[44], Crass [45], MinCED [46] and metaCRT [47] were
deployed to explore the diversity and classification of
CRISPR-Cas. Furthermore, a machine learning-based
software tool called CRISPRCasTyper was developed to
visualize gene maps for easy classification of diverse Cas
operons and the occurrence of CRISPR-Cas subtypes in
CRISPR arrays [48]. The tool was also implemented to
perform crucial tasks such as identification and annota-
tion of Cas loci based on recent nomenclature [26]. Addi-
tionally, other computational tools (i.e.,, CRISPRDetect,
CRISPRleader and CRISPRSirection) have been specifi-
cally designed to predict CRISPR strands [42, 49, 50].

In addition to the aforementioned detection tech-
nologies, in silico methods are applied to design guide
RNAs (gRNAs) with low off-target effects and high
target effects. For instance, CRISPR-Local [51], Gui-
deScan [52] and GPP sgRNA Designer [53] were devel-
oped based on CFD (computational fluid dynamics)
technology [54] for quantifying off-target activity and
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are used to guide the design of sgRNAs. Additionally,
crisprSQL [55] and OffScan [56] are used to detect off-
target sites.

Therefore, a computer architecture pipeline integrat-
ing all of the abovementioned tools could become a cor-
nerstone platform for researchers to automatically detect
and classify CRISPR-Cas systems. Moreover, it would
further provide assistance in understanding the full
extent of CRISPR-Cas system applications.

Use of CRISPR-Cas systems against pathogenic
bacteria

Direct killing of bacteria

Unlike traditional antibiotics, which usually lack speci-
ficity, CRISPR-Cas directly and selectively attacks ARGs
and eliminates pathogenic bacteria without affecting
other bacterial species in complex bacterial populations
[57] (Fig. 2).

The direct killing effect of the CRISPR-Cas system on
pathogenic bacteria is due to its ability to target genes
on chromosomes [58] and plasmids [59]. CRISPR-Cas9
plays a specific role in killing target genes on bacterial
chromosomes, which has been confirmed in S. aureus
[60, 61], S. pneumoniae [24, 62] and Salmonella [63].
Park et al. [64] selected the nuc gene unique to S. aureus
as the target gene to verify the specific killing effect of
the CRISPR-Cas9 system on the target bacteria. Further
study indicated that the CRISPR-Cas9 bactericidal effect
was mainly dependent on whether the system was effec-
tively delivered to the target bacteria, and the research-
ers successfully eliminated S. aureus with high efficiency
after delivering CRISPR-Cas9 via a phage carrier [64].

Gomaa et al. [63] reported that the type I-E CRISPR-
Cas system could target the genome of E. coli. They used
strains of E. coli with a high degree of homology in their
genomes, E. coli K-12 and E. coli B, in which antimicrobial
agents are often eliminated at the same time under spe-
cific conditions. They designed CRISPR spacers targeting
the fucP gene and ogr gene, which exist in E. coli K-12 and
E. coli B, respectively, to verify that the CRISPR-Cas sys-
tem can achieve the targeted elimination of pathogenic
bacteria while retaining symbiotic bacteria. Similarly, in
2020, the targeted killing effect of CRISPR-Cas against E.
coli was also demonstrated by Kiga et al. [65]. The differ-
ence was that the sequence-specific bacteria-killing drug
was based on CRISPR-Cas13a. Moreover, the bactericide
based on Cas9 is only used to eradicate bacteria with the
target gene on their chromosome. In contrast, the agent
based on Casl3a kills bacteria with the target gene on
both their chromosome and a plasmid. In the study by
Kiga et al., the CRISPR-Casl3a system achieved a bet-
ter bactericidal rate than CRISPR-Cas9 using an E. coli
model with the carbapenem-resistant gene bla;p; on
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Selle et al. [66] used the endogenous type I-B CRISPR-
Cas system of C. difficile as an antibacterial agent. The
CRISPR-Cas3 system targets bacterial chromosomal
DNA and causes bacterial death with the delivery of
phages expressing bacterial genome-targeted crRNAs,
effectively preventing and treating C. difficile infection
(CDI). Recombinant phage engineering has a higher kill-
ing effect than wild-type phages. Correspondingly, bacte-
riophage delivery carriers of the CRISPR-Cas system act
as antimicrobial agents, as described in detail below.

Eradication of antibiotic resistance in bacteria

The CRISPR-Cas system also acts as an antimicrobial
agent by restoring bacterial sensitivity to antibiotics by
neutralizing ARGs (Fig. 2). In recent years, scientists have
used the CRISPR-Cas system to target genes on the plas-
mids of pathogenic bacteria, especially ARGs, to resen-
sitize drug-resistant bacteria to antibiotics. Studies have
confirmed the role of the CRISPR-Cas system in resen-
sitizing S. aureus to kanamycin [60] and methicillin [67].
In 2015, Yosef et al. [68] showed that the CRISPR system
could simultaneously remove multiple plasmids carry-
ing drug resistance genes. Subsequently, Kim et al. [69]
searched for conserved sequences in TEM- and SHV-
type ESBLs as targets for the powerful CRISPR-Cas9 sys-
tem, producing a broad-spectrum p-lactamase of E. coli.
It has been confirmed that CRISPR-Cas9 can altogether
remove resistance gene plasmids (50—70 copies/cell) [59].

Interestingly, Tagliaferri et al. [70] further explored
whether the CRISPR-Cas9 system removes small high-
copy plasmids (100—300 copies/cell). They reported that
the system only removed high-copy plasmids from some
bacterial colonies. These scientists reported that treated
bacteria regained sensitivity to resistance to ampicillin,
cefazolin, cefuroxime, ceftriaxone, and cefotaxime. Liu
et al. [71] used the CRISPR-Cas9 system to target and
destroy blaypy,-encoding plasmids, and they showed
that the CRISPR-Cas9 system is efficient against resist-
ance plasmids, resulting in more than 99.99% target plas-
mid clearance within 8 h and lasting for 32 h. In a mouse
model of skin and intestinal infection, the system restores
the sensitivity of bacteria to kanamycin and effectively
eliminates drug-resistant E. coli. Moreover, unexpected
results show that the system can prevent the formation of
anti-kanamycin mutations to ensure the effectiveness of
antimicrobial agents.

However, for clinically complex multidrug resistance
(MDR) plasmids, using a single nonessential target in
cleansing can significantly reduce the effect. Therefore,
the efficiency of the CRISPR-Cas system can be improved
by designing a CRISPR-Cas system to target essential
genes on resistance plasmids or establishing multiple
cleavage sites using one CRISPR array or more than one
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sgRNA [72-74]. Rodrigues et al. [75] used the CRISPR-
Cas9 system to target the tet(M) and erm(B) genes con-
ferring tetracycline and erythromycin resistance to E.
faecalis, respectively, which successfully reduced the
antibiotic resistance of E. faecalis in vitro and in vivo. In
the future, it is advisable to use CRISPR-Cas as an anti-
bacterial agent for the remodelling of intestinal flora. Hao
et al. [72] developed the pCasCure system based on the
CRISPR-Cas9 system, which precisely cut and clear car-
bapenase genes such as blaypy, blagpe, and blagy s ag
in carbapenem-resistant Enterobacteriaceae (CRE) and
targeted repA, repB and parA on the pKpQIL plasmid to
effectively clear the prevalent plasmid carrying the car-
bapenase resistance gene and resensitize CRE to carbap-
enem antibiotics. The MIC value was reduced by more
than eight times.

Lysostaphin (Lst) is a staphylococcal lyase with strong
application prospects. However, under the mediation of
wall teichoic acids (WTAs), S. aureus developed resist-
ance to Lst in the rich growth medium tryptic soy broth
(TSB) [76]. Wu and his team used CRISPR-dCas9 to
induce downregulation of the expression of tarH, tarO,
and tarG genes, blocking the action of WTAs, making S.
aureus less resistant to Lst, and eliminating the bacteria
in TSB within 24 h [77]. Wu et al. [78] used the CRISPR-
Cas9 genome-editing capability to edit and remove three
drug resistance genes, sul2, blayy _s5-like, and nmcR-like,
in S. algae, which are resistant to carbapenem antibiotics.
S. algae were then sensitized to sulfonamides, ampicil-
lin, and imipenem. In addition, the CRISPR-Cas9 system
can inactivate the tet(A), ramR, and mgrB genes, which
affects the sensitivity of K. pneumoniae to tigecycline and
polymyxin, as reported by Sun et al. [79].

Plasmids that carry the drug resistance gene mcr-1
cause resistance to polymyxin in MDR gram-negative
bacteria [80]. Engineered CRISPR-Cas systems have
great application potential in the clearance of this
resistant plasmid. In the study by Dong et al. [81], for
the first time, the engineered CRISPR-Cas9 system
was combined with the host-independent plasmid vec-
tor pMob-Cas9 to target the mcr-1 gene, avoiding the
host-specific limitation in clearing the plasmid carry-
ing the mcr-1 gene and reversing the resistance of E.
coli to polymyxin. Moreover, the plasmids could be
transferred to the microbiome, persistently removing
drug resistance plasmids that carry the mcr-1 gene. In
addition, the conjugated plasmid also prevented the
horizontal transfer of the polymyxin-resistant plasmid
pHNSHP45 and effectively prevented the transmission
of the mcr-1 gene [81] (Fig. 4). Similarly, Wan et al.
[82] reported that the CRISPR-Cas9 system was able
to reverse polymyxin resistance caused by the mcr-1
gene in E. coli by building a high-copy number plasmid
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pUC19-mcr-1 and recombinant plasmid pCas9-ml or
pCas9-m2 containing the sequence of sgRNA target-
ing the mcr-1 gene to recognize the mcr-1 gene and
effectively remove plasmids harbouring mcr-1. E. coli
were resensitized to polymyxin, and the elimination

efficiency was greater than 80% at the 8th hour, last-
ing up to 24 h. The engineered CRISPR-Cas9 system
also immunized E. coli against mcr-1 [82]. Wang and
his colleagues constructed the recombinant plasmid
pMBLcas9-sgRNA, and the results showed that the
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genes involved in replication and distribution (sopA),
binding (nikA), antibiotic resistance (mcr-1), and plas-
mid stability (vagC and /icB antitoxin genes) could be
used as target genes for the clearance of drug resist-
ance plasmids [73]. The study also showed that the
engineered CRISPR-Cas system could eliminate plas-
mids in multiple strains step-by-step and eradicate
multiple drug resistance plasmids simultaneously.

In addition to neutralizing resistance genes located
on plasmids, the CRISPR-Cas system can also be
applied to resistance genes on bacterial chromosomes.
Using targeted gene modification mediated by the
CRISPR-Cas9 system, Qiu and colleagues produced
mutations in the gyrA gene that altered amino acids 83
and/or 87 of quinolone-sensitive E. coli ATCC strains,
including one antibiotic-resistant strain, completely
reversing the characteristics of quinolone resistance
[83]. The causal relationship between gyrA mutation
in E. coli and its resistance to quinolone antimicrobial
agents was confirmed.

The CRISPR-Cas system effectively prevents the
transformation of plasmids containing AMR genes,
the transformation and conjugation of antibiotic-
sensitive strains by plasmids, and the spread of drug
resistance genes. Using methicillin-sensitive S. aureus
as the research target, Bikard et al. [60] inoculated a
phagemid to target the plasmid containing the tetra-
cycline resistance gene and transferred the plasmid
into the treated cells, but no tetracycline resistance
was observed. Subsequently, Yosef et al. [68] delivered
the CRISPR-Cas9 system into E. coli using A phage as
a vector and successfully destroyed the plasmids car-
rying the blaypy.; and blacry.aqs genes. Moreover,
compared with the negative control A, which lacks
CRISPR, the plasmid transformation efficiency of
these lysogens was greatly reduced to effectively pre-
vent the transfer of antibiotic resistance elements
[68]. In addition, Price et al. [84] performed research
on multidrug-resistant E. faecalis, which usually lacks
the CRISPR-Cas system, and they demonstrated that
this kind of E. faecalis quickly obtains drug resistance
genes due to the lack of genome defences. Rodrigues
et al. [75] found that E. faecalis carrying CRISPR-Cas
antibiotics can be immunized to resist the acquisition
of antibiotic resistance. Therefore, CRISPR-Cas-based
"vaccine" design to prevent drug resistance genes from
entering antibiotic-sensitive bacteria is a method wor-
thy of an in-depth study by scientists to prevent the
spread of AMR via horizontal gene transfer (HGT).
CRISPR-Cas system-mediated targeted elimination of
antibiotic-resistant genes may become a potential tool
for the clinical control of drug resistance gene trans-
mission and drug-resistant pathogens.
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Delivery strategies
How can an approximately 160 kDa protein-RNA com-
plex be effectively delivered to the site of pathogenic
bacteria to act as an antimicrobial agent? Several scien-
tists have demonstrated the feasibility of using temper-
ate phages to deliver the CRISPR-Cas system [59, 60, 64,
66, 68, 85]. They are designed to integrate the bacterial
genes targeted by CRISPR into the genomes of temper-
ate phages. A phage can inject its genome into bacteria
to complete the invasion of bacteria. However, the phage-
CRISPR-Cas system has a small host range, which has
hindered its development. A study on P. aeruginosa has
shown that single-nucleotide mutations in phage tail
fibrin lead to host-specific changes [86]. Yosef et al. [87]
used T7-derived defective phages to enhance DNA trans-
duction to various bacteria by mutation of the tail fibre
gene in the phage plasmid, allowing phage function loss
to expand the host range. Perk and colleagues extended
¢SaBov host ranges by supplementing the gene encoding
the tail fibre protein from ¢11 (orf50) [64]. These results
suggest that phage host specificity can be regulated by
modifying the phage tail protein. Moreover, the bacteri-
ophage-CRISPR-Cas system addresses only external and
surface bacterial infections, increasing the complexity
of some intracellular and tissue-specific bacterial infec-
tions. First, a bacteriophage-encoded CRISPR-Cas sys-
tem would be able to selectively enter bacteria-infected
cells. Second, phages must remain in the cell to function
rather than being eliminated by the host’s metabolic and
immune pathways [88]. Therefore, phages can be encap-
sulated by chemical mediators (such as fibres [89, 90],
liposomes [91-93], hydrogels [94, 95] and nanoemulsions
[96]) to mediate the delivery of the phage-CRISPR system
into the cell (Fig. 5). For example, liposomes are widely
used as drug carriers, improving the stability, targeting,
and long-term efficacy of encapsulated drugs, and they
have the functions of presenting antigens and protecting
antigens to prevent their degradation in vivo, with cati-
onic liposomes exhibiting the best effect [97, 98]. Singla
et al. [93] demonstrated that cationic liposomes, as bacte-
riophage delivery vectors, perform antibacterial functions
as a promising drug delivery method. The results showed
that this method protects the neutralizing antibodies
of phages and removes bacterial biofilms. In addition,
Cobb and colleagues delivered CRISPR-Cas9-modified
phages using alginate hydrogel, demonstrating its ability
to reduce soft tissue infection and increase its antibiofilm
effect over time [95]. With the appropriate phage encap-
sulation strategy, the bacteriophage-CRISPR-Cas system
can show highly effective antimicrobial activity.

Although CRISPR-Cas systems offer promising results,
there is still a long way to go to achieve clinical transfor-
mation of antimicrobial therapies based on CRISPR-Cas
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systems. Despite its advantages, this technique would
overcome various obstacles to improve the efficiency of
drug delivery [99]. Nanoparticles have been successfully
used for drug and gene delivery [100-102], and engineer-
ing nanoparticle systems can be a practical and useful
approach to deliver CRISPR-Cas9 (Fig. 6). Nanoparticle-
based vectors have flexible sizes for packaging CRISPR-
Cas systems and maintaining the natural state of their
nanostructures during gene transfer. Additionally, they
provide an anti-degradation barrier for nucleic acid mol-
ecules. At the same time, they also have the advantages
of biocompatibility, surface functionalization, smaller
immunogenicity and higher safety compared with virus
vectors [103, 104]. Therefore, the non-viral vector gene
delivery strategy has attracted wide attention in multiple
areas [105].

Tao et al. [106] developed protamine-capped gold
nanoclusters (AuNCs) as nanocarriers of CRISPR-Cas9,
which efficiently deliver Cas9-sgRNA into target cells and
accurately knock out the HPV E7 oncogene. The excel-
lent fluorescence emission characteristics and adjust-
able surface functionalization of AuNCs also provide an
imaging function of the nanoplatform to realize the role
of real-time monitoring of biological effects. Suzuki et al.
[107] developed a lipid nanoparticle-based CRISPR-Cas
ribonucleoprotein delivery nanoplatform to inhibit HBV

DNA and cccDNA in HBV-infected human hepatocytes.
The platform avoided the loss of DNA cleavage activ-
ity, demonstrated excellent gene destruction and base
replacement function, and did not exhibit any cyto-
toxicity. Kang et al. [67] developed nanosized CRISPR
complexes (Cr-nanocomplexes). The recombinant Cas9
endonuclease from Streptococcus pyogenes (SpCas9) was
directly covalently modified with branched polyethyle-
neimine (bPEI) to promote polymer insertion into bacte-
ria and encapsulate sgRNA. Because of the high cationic
property of bPEI and its possibility of causing the forma-
tion of molecular clusters, the efficiency of the complex
into bacteria is enhanced. In addition, Cr-nanocomplexes
use only a small number of carrier materials to minimize
toxicity and side effects. The results showed that Cr-
nanocomplexes targeting the mecA gene could effectively
enter MRSA, and the complex had a high gene-editing
ability to play an antibacterial role in drug-resistant
bacteria.

Wu et al. [77] used electroporation technology to
import a plasmid carrying CRISPR-dCas9 into S. aureus
ATCC 6538 [108], which effectively restored the clear-
ance effect of Lst on S. aureus. However, it is only suit-
able for in vitro tests, and the problems of cell damage
and cytotoxicity remain. In addition, Ram and colleagues
developed antibacterial community (ABD) systems that
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use engineered staphylococcal pathogenicity islands
(SaPIs) to treat S. aureus infections. ABDs use SaPlIs as
the vector and insert CRISPR-Cas9, whose spacers tar-
get the agr gene. It has been demonstrated that ABDs
directly kill infected S. aureus, and they have been tested
in vivo. However, the stability of the system is problem-
atic in the case of long-term operation [109].

Conjugative plasmids are an attractive strategy for
CRISPR delivery, with the advantages of broad host
ranges, no cellular receptors, and resistance to restric-
tive modification systems. Hamilton et al. [110] achieved
the efficient interspecific conjugated transfer of CRISPR
nuclease. Because the IncP RK2 system can bind to a
wide range of different bacteria [111], these authors
designed a system that delivers CRISPR nuclease in a
complex microbial community. The high binding trans-
fer frequency of the plasmid from E. coli to Salmonella
enteritidis supports this view. Pheromone-responsive
plasmids (PRPs) are plasmids that specifically propa-
gate in and can fully penetrate the E. faecalis population.
Their transmission is strictly regulated, thus making pre-
cise targeting and delivery possible [112, 113]. Rodrigues
et al. [75] used PRPs to eliminate erythromycin-resistant
E. faecalis in intestinal flora, demonstrating the ability of

PRPs to precisely target resistant bacteria in intestinal
flora, despite the low in vivo binding frequency. In 2021,
targeted antibacterial plasmids (TAPs) were proposed
(Fig. 7), which carry the CRISPR-Cas system and can be
effectively transferred to E. coli and the highly related
gram-negative Enterobacteriaceae. A TAP is only active
against bacteria that contain DNA sequences comple-
mentary to the gRNA sequence that it carries, thus deter-
mining the ability of its specific target receptor strains
to exert antimicrobial activity. These researchers also
developed the CSTB algorithm, which is a bioinformat-
ics method for reliably identifying gRNA to enable TAPs
to target one or more target strains [114]. However, one
drawback of the plasmid conjugation strategy is that it is
less efficient. Scientists should focus on addressing this
problem to better assist CRISPR-Cas in its antimicrobial
action.

Table 1 shows various successful examples of success-
ful CRISPR-Cas antimicrobial designs and the delivery
strategies employed. From previous studies, it has been
well conveyed that CRISPR-Cas systems have opened
a new avenue to combat multidrug-resistant bacteria.
Nevertheless, rigorous experimental work is needed to
advance this technique for clinical trials. For instance,
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CRISPR-Cas systems need further testing to verify the
efficacy toward wild-type clinical isolates. Attenuated
strains could improve clinical safety during model estab-
lishment. Progress in nanotechnology may provide new
solutions for the delivery of CRISPR-Cas systems to
expand the safety and effective application of gene edit-
ing. Overall, a wide range of experimental trials is needed
to annihilate CRISPR technology in combatting multid-
rug-resistant bacteria [72, 75, 115].

Bacterial virulence

Virulence refers to the pathogenicity and infectivity of
pathogenic bacteria. Recent studies have shown that bac-
terial pathogenicity is mainly controlled by phage inva-
sion and binding plasmids. The CRISPR spacer regions
targeting these mobile elements are related to the acqui-
sition of virulence factors [116—118]. We studied the
relationship of the CRISPR-Cas system with pathogen
virulence to determine whether there was a positive or
negative correlation (Table 2).

The CRISPR-Cas system has been demonstrated to
interfere with the transformation and stability of plas-
mids with virulence genes [62, 119, 120]. The degradation
of the CRISPR system is conducive to the recombination

of a bacterial genome, thus enhancing its virulence [121].
The CRISPR sequences of 194 Shiga toxin—producing
E. coli (STEC) strains with 43 serotypes were studied
by Toro et al. [122], who discussed the potential rela-
tionship between the number of CRISPR and virulence
genes. The results showed a significant negative correla-
tion between the number of spacers in the CRISPR-Cas
system and the pathogenic potential of STEC strains.
Compared to strains with lower pathogenic potential,
the number of CRISPR spacer regions in strains with
higher pathogenic potential was lower. Similar results
have also been reported by Garcia-Gutiérrez et al. [123],
Hong et al. [124] and Long et al. [125]. Thus, the absence
of the CRISPR system in bacteria will affect E. coli viru-
lence. V. parahaemolyticus is a gram-negative bacterium
that causes acute gastroenteritis. Studies have shown
that the tdh virulence factor of V. parahaemolyticus is
significantly correlated with the existence of the CRISPR
system in this strain [126]. Moreover, in the absence
of CRISPR, phages enhance the virulence of V. para-
haemolyticus by inserting virulence genes through hori-
zontal transfer [127]. In addition, in studies of seven V.
parahaemolyticus strains (five VP, pap Strains and two
non-VP,pnp Strains), some scientists have also found
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Table 1 Successful examples of designed CRISPR-Cas antimicrobials and delivery strategies

Delivery systems Bacteria CRISPR-Cas locus Brief Result Refs.

Phage E. coli ACas-CRISPR Bacteria containing CRISPR-Cas targeting bldcry .15 and — [68]
blaypw., genes had low transformation efficiency of AMR
plasmids carrying these genes

S. aureus CRISPR-Cas9 A phagemid pDB91 targeting mecA was designed and [60]
encapsulated in phage ®NM1, and MRSA was resensi-
tized to methicillin

E. coli CRISPR-Cas9 RNA-guided nucleases induced double-strand breaks [59]
in blag .15 Or blaypy., which reduced the transduction
efficiency of plasmids containing these genes by approxi-
mately 1000-fold

E.coli CRISPR-Cas13a CRISPR-Cas13a-induced bacteria decreased by approxi-  [85]
mately three orders and demonstrated sequence-specific
killing activity against bacteria carrying the blap., gene
in an EC-CapsidCas13a_blayy.; concentration-depend-
ent manner

S.aureus CRISPR-Cas9 Integration of CRISPR-Cas9 system into @SaBov temper-  [64]
ate phage genome, removal of nuc gene from the host
chromosome, and expansion of host specificity of the
phage was achieved by complementing the tail fibre
protein

C. difficile CRISPR-Cas3, Type I-B CRISPR-Cas system  The endogenous type I-B CRISPR-Cas system in C. difficile  [66]
redirects endogenous CRISPR-Cas3 activity against the
bacterial chromosome. A recombinant bacteriophage
expressing bacterial genome-targeting CRISPR RNAs
was significantly more effective than its wild-type parent
bacteriophage at killing C. difficile

Mobile genomic island  S. aureus CRISPR-dCas9, CRISPR-Cas9 Highly mobile SAPIs were used to treat S. aureus infec- [109]
tions, and ABD2003 killed S. aureus by introducing
double-strand breaks in the agrA loci of the chromosome

Conjugative plasmid E. coli Types I-E CRISPR-Cas system E. coli K-12 and B strains were removed by targeting fucP  [63]
gene and ogr gene, respectively, and the two strains were
removed by targeting the grol. gene, demonstrating the
sequence-specific removal function of CRISPR-Cas

E. coli, Salmonella  CRISPR-Cas9 Plasmids based on the IncP RK2 conjugative system [110]
can be used as delivery vectors for a TevSpCas9 dual
nuclease. Targeting of single or multiplexed sgRNAs to
non-essential genes resulted in high S. enterica killing
efficiencies

E. coli CRISPR-Cas9 An innovative strategy based on targeted-antibacterial- ~ [114]
plasmids (TAPs) that uses bacterial conjugation to deliver
CRISPR-Cas systems exerting a strain-specific antibacterial
activity. TAPs directed against a plasmid-borne carbap-
enem resistance gene efficiently resensitized the strain
to the drug

E. coli CRISPR-Cas9 The conjugative plasmid was used to deliver the CRISPR-  [82]
Cas9 system targeting the mcr-1 gene, restoring sensitiv-
ity to polymyxin in E. coli

Conjugative plasmid  E coli CRISPR-Cas9 The pMob-Cas9 plasmid carrying the CRISPR-Cas9 system  [81]
was conjugated to £. coli for targeted clearance of the
mcr-1 gene
S.algae CRISPR-Cas9 CRISPR-Cas9 is used to target the sul2, blagy, ss-like,and  [78]

NmcR-like genes, making S. algae less resistant to carbap-
enem antibiotics

E. coli CRISPR-Cas9 sopA, nikA, mcr-1, vagC, and hicB antitoxin genes were [73]
used as target genes for the clearance of drug-resistant
plasmids

E. faecalis CRISPR-Cas9 Description of the adaption of type Il CRISPR-Cas system  [75]

encoded on a pheromone-responsive conjugative plas-
mid that was efficiently transferred to E. faecalis for the
selective removal of ermB and tetM
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Table 1 (continued)
Delivery systems Bacteria CRISPR-Cas locus Brief Result Refs.
Hydrogel S. aureus CRISPR-Cas9 Quantitative antibiofilm effects increased over time [196]
for Fosfomycin-phage (dual) therapeutics delivered via
alginate hydrogel. This module was successfully used to
reduce soft tissue infection but not bone infection
Electroporation S.aureus CRISPR-dCas9 Electroporation technology was used to deliver CRISPR-  [77]
dCas9 into S. aureus, inducing downregulation of tarH,
tarQ, and tarG genes and making the bacteria sensitive
to lysostaphin
Nanoparticle S. aureus CRISPR-Cas9 The transfection efficiency of MRSA was significantly [67]

improved by mixing SpCas9-bPEl with sgRNA to form
a nanosized CRISPR complexes (= Cr-Nanocomplex)
designed to target mecA, which is a major gene associ-
ated with methicillin resistance

that CRISPR deletion promotes phage insertion [128].
Zheng et al. [129] found that almost all B. cereus groups
do not contain or contain an incomplete CRISPR-Cas
system. The existence of this system hinders HGT in
bacteria. When this system does not exist, it is not only
conducive to the acquisition of mobile genetic elements
(MGEs) to improve the adaptability of this kind of bac-
teria to the environment but also advantageous for the
acquisition of virulence factors by B. thuringiensis to
improve its ability to infect the host. Leungtongkam et al.
[130] demonstrated that phage host specificity is related
to the geographic region because A. baumannii is more
sensitive to phages from the same region. PCR detection
of the Cas genes and virulence genes of A. baumannii
has revealed that they are correlated. At the same time,
phage-resistant strains are more toxic than nonphage-
resistant strains [130]. The pathogenicity of P. gingivalis
is related to the CRISPR-Cas protein Cas3, as discovered
by Solbiati et al. [131] in 2020. Compared to the wild
type, Cas3 mutants are more virulent. A Galleria mel-
lonella infection model was established by infecting lar-
vae with Cas3 mutants, and its virulence was significantly
increased within 48 h.

In contrast, some reports have suggested a positive
correlation between CRISPR’s regulation of virulence
and pathogenicity [132-134]. In 2013, Louwen et al
[135] showed that cas2, casl, and csnl gene mutations
in the CRISPR-Cas system are related to the presence
of Cst-II sialtransferase in C. jejumi isolates, and they
also inactivated the csnl gene, resulting in almost com-
plete loss of the virulence gene of Cst-1I-positive C. jejuni
because Cas9 was incomplete. In a study of the pathogen-
esis of C. jejuni, Shabbir et al. [136] compared C. jejuni
NCTC11168 with the ACas9 mutant and found that the
presence of the Cas9 gene promotes biofilm formation,
enhances virulence, regulates the adhesion and invasion
genes of C. jejuni in host epithelial cells and promotes

its ability to reproduce and survive in macrophages. To
determine the virulence of Salmonella, scientists have
compared Cas3 WT Salmonella strains to Cas3 mutant
strains and found that the WT strain has stronger cell
invasiveness and viability. In an established chicken infec-
tion model, the virulence of the Cas3 mutant strain was
lower, and the strain carrying Cas3 had a higher mortal-
ity rate in chickens [133].

Based on the above findings, the CRISPR system
is related to bacterial virulence; thus, analysis of the
CRISPR sequence is helpful in studies of the mechanisms
of bacterial virulence changes. The role of these systems
in regulating virulence is undoubtedly a new and excit-
ing research field. However, due to the limitation of the
number of strains, isolation area, and time, there is no
unified assessment of the relationship between bacterial
CRISPR and virulence, indicating that bacterial CRISPR
and virulence should be further studied. Understanding
the mechanism of virulence control exerted through the
CRISPR-Cas system will provide a deeper perspective on
gene regulation. Future studies should explain how these
systems promote the pathogenesis of bacteria, which will
help identify bacteria and provide defence strategies dur-
ing infection.

Application of CRISPR-Cas for the detection

of bacterial infections

Several CRISPR-Cas systems have been developed to
detect nucleic acids and biomarkers in bacteria and
viruses [16]. They can be used to accurately identify
genotypes and single nucleotide polymorphisms (SNPs)
in pathogenic bacteria, detect ARGs and virulence genes
in pathogenic bacteria, and diagnose bacterial infec-
tions [137]. With scientific progress in nanotechnology, a
nanosized CRISPR complex can be used for quick on-site
diagnosis [138, 139]. Compared to traditional nucleic acid
detection technology, the CRISPR-Cas system has the
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Function

Brief Result

CRISPR-Cas locus

Bacteria

Refs

Enhanced virulence

CRISPR-Cas system prevents bacteria from form-

ing strong virulent strains with a capsule

Cas9 mediates the immune escape of TLR2,
which increases the toxicity of bacteria

The deletion of CRISPR promotes the insertion
of virulence genes and enhances virulence

There is significant correlation between the
virulence factor tdh gene and the CRISPR-Cas
system

Lack of CRISPR promotes the insertion of
prophages from HGT

CRISPR systems resist phage invasion, regulate
bacterial virulence and biofilm formation, and
promote the evolution of L. monocytogenes
towards high virulence

RIiB-CRISPR forms a stem-ring structure and
regulates the virulence of bacteria

There is no correlation between the I-E CRISPR-
Cas system and virulence genes, but the total
number of spacer regions is negatively cor-
related with potential pathogenicity

There is a negative correlation between the
number of I-E CRISPR loci and pathogenic traits.
Higher numbers of virulence factors result in
lower repeat contents

The absence or presence of I-F system in
bacteria may affect the distribution of virulence
or ARGs

The CRISPR system prevents the acquisition

of some virulence factors, which is negatively
correlated with the existence of some virulence
factors

Cas3 gene deletion mutant strains have
increased virulence

Phage resistance may be related to low viru-
lence, which makes non-phage-resistant strains
more virulent

The active CRISPR system of B. thuringiensis
strains hinders HGT, including the transfer of
virulence genes. Therefore, they have lower
virulence than strains without an active CRISPR
system

CRISPR1 locus of S. pyogenes
CRISPR-Cas9 system
CRISPRs of V. parahaemolyticus

Type Il CRISPR-Cas system (subtype |-F)

CRISPRs of V. parahaemolyticus

RIiB-CRISPR, CRISPR I-B and CRISPR II-A of L.

monocytogenes

RIiB-CRISPR

CRISPR1- CRISPR4 (subtype I-E)

CRISPR2 (subtype I-E)

CRISPR-Cas system (subtype I-F)

CRISPR1-cas, orphan CRISPR2, and CRISPR3-cas

Type | CRISPR-Cas3 system

CRISPR-Cas system (cas], cas3-cas2, and cas6)

CRISPR-Cas system (subtypes I-C) of B. cereus
strain

S. pneumoniae
F. novicida
V. parahaemolyticus

V. parahaemolyticus

V. parahaemolyticus

L. monocytogenes

L. monocytogenes

E. coli

E. coli

E. coli

E. faecalis

P.gingivali

A.baumannii

B. cereus

[62]

[197]

[127]

[126]

[128]

[198]

[199]

[122]

[123]

[125]

[200]
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Table 2 (continued)
Function Brief Result CRISPR-Cas locus Bacteria Refs
Reduced virulence  The expression level of several virulence genes ~ CRISPR1 system (type II-A) and CRISPR2 system  S. mutans [201]
in Cas3-deficient S. mutants is decreased (type I-Q)
The deletion of csn2 in S. mutants has multiple CRISPR-Cas9 system (csn2 gene) S. mutans [202]
effects on pathogen virulence through gene
expression changes
Inactivation of the csn1 gene reduces the viru-  Type Il CRISPR-Cas system C. jejuni [135]
lence of cst-ll positive C. jejuni isolates
The virulence, adhesion ability, and survival abil-  Type Il CRISPR-Cas9 system C. jejuni [136]
ity of Acas9 mutant strains are lower than those
of wild-type strains
PA14 changes the virulence of bacteria by tar- Types I-F CRISPR-Cas system of PA14 P.aeruginosa [132]
geting and inhibiting LasR, and the bacteria has
the ability to escape host defences
The presence of an active CRISPR-Cas systemis  CRISPR-Cas systems (subtypes I-F, I-E, I-C) P aeruginosa [203]
associated with increased virulence
P aeruginosa maintains its CRISPR Cas system by  CRISPR-Cas system of PA14 P aeruginosa [204]
inhibiting its toxicity
The ACas9 mutant strains constructed with Type Il CRISPR-Cas9 system Group B Streptococcus  [205]
high-virulence clinical strains have low virulence,
invasiveness, and adhesion ability
Cas3 is involved in Salmonella biofilm formation  Type | CRISPR-Cas3 system (subtype I-E) Salmonella [133]

and bacterial invasion, and it activates virulence

Strains with the I-E* CRISPR-Cas system have
higher virulence

CRISPR-Cas systems (I-E and I-E¥)

K. pneumoniae [206]

following advantages. i) It is simple and portable and uses
lateral flow assays that do not rely on special instruments
or a specific environment, thus allowing on-site detection
[140, 141]. ii) It is a time-saving technology that com-
bines CRISPR-based reaction systems with fluorophores,
quenchants and nanoparticles or turbidity changes,
allowing results to be observed by the naked eye in only
a few hours [142-144]. iii) This technique yields a better
sensitivity and specificity rate than quantitative polymer-
ase chain reaction (qQPCR), which is often regarded as the
gold standard [145]. iv) Additionally, it allows simultane-
ous detection of different target molecules [146] (Fig. 8).
Therefore, the technology is now recognized as a novel
approach for next-generation diagnostics that simultane-
ously meets multiple test criteria [16, 147].

DNA-targeting CRISPR-Cas systems in diagnostics

Cas9 recognizes double-stranded DNA (dsDNA) and
specifically cleaves complementary strands of DNA
strands interacting with sgRNA through nucleic acid
base pairing [148]. A technique called FLASH [147] uses
CRISPR-Cas9 to implement the multiplexed detection
of AMR sequences, which is used to test the resistance
of S. aureus strains and is important in the detection of
MRSA infection vancomycin-resistant E. faecalis. Miiller

et al. developed a single-step optical DNA mapping assay
based on the fluorescent dye YOYO-1 and the AT-
selective molecule netropsin. This method identifies the
spread of a complete plasmid in a nosocomial outbreak
regardless of whether the plasmid has a DNA sequence
[149, 150]. Miiller et al. [151] continued their study and
successfully combined the single-step optical DNA map-
ping assay with CRISPR-Cas9 to directly identify specific
resistance genes (blacry. Playpy, and blaype) on plas-
mid molecules. Their test yields sequence information
within hours, making it ideal for rapidly tracking infec-
tions. Subsequently, they used this technology to analyse
the type of plasmid bla 1y, gene present during a noso-
comial outbreak and discover the possibility of the pres-
ence of plasmid in specimens. Moreover, they reported
no plasmid transfer in ESBL-producing E. coli in this
nosocomial infection outbreak [145]. Recently, these sci-
entists also developed novel DNA labelling techniques
based on the CRISPR-Cas9 system. They demonstrated
that designing a set of sgRNAs to enable CRISPR-Cas9
to specifically target any 20 bp sequence dramatically
improves the detection of markers with specific charac-
teristics [152]. Repeated sequences and other sequences
that are difficult to access by markup methods can also
be applied. In addition, their multiple sgRNAs provide
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more sequence information, which improves the accu-
racy of precise localization of structural variations.
Using H. influenzae as a model, they used the CRISPR-
Cas9-based fluorescent labelling technique to accurately
identify single alleles affecting the 3'-NGG PAM site and
even pinpoint single-base differences in highly conserved
sequences with sequence motif-based labelling.

A strategy called CAS-EXPAR has been reported [153],
which is based on the isothermal exponential nucleic acid
amplification reaction mediated by CRISPR-Cas9 and
nicking endonuclease (NEase). It has the advantages of
rapid and site-specific nucleic acid detection, and it does
not require exogenous priming, effectively avoiding the
independent nucleic acid amplification caused by foreign
primers. Furthermore, it can also be used to detect DNA
methylation and L. monocytogenes total RNA [153]. In
addition, the CRISPR-Cas9 system was also successfully
applied in a study targeting the quinolone drug resistance
gene gyrA mutation, which confirmed that the mutation
of nucleotide 248 and 259 of gyrA gene caused the muta-
tion of amino acids 83 and 87, thus leading to quinolone
resistance in E. coli [83]. Therefore, the development of
the CRISPR-Cas system as a research tool for the mecha-
nisms of bacterial drug resistance has great prospects.
Sun et al. [154] designed a fluorescence-sensing method
based on CRISPR-Cas9 for bacterial detection, in which
Cas9 cleaves target DNA to produce short ssDNA, fol-
lowed by binding a round probe to its 3’ terminus. Then,
a long ssDNA copy of the circular probe is synthesized
with the assistance of DNA polymerase, and quantitative
detection of E. coli is performed with the assistance of
the UIO66 platform based on fluorescence intensity. The
platform has a high sensitivity and detection range, with
a detection limit three orders of magnitude lower than
qPCR method.

Cas12 has been used to exert nonspecific lytic activ-
ity against ssDNA by recognizing dsDNA [155]. Based
on Casl2, the development of DetectR [155] has been
promoted, which is highly sensitive, quickly detects indi-
vidual DNA or RNA, and allows the identification of
individual base mismatches. The "collateral cleavage"
activity of CRISPR-Cas12 has also been used to diagnose
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M. tuberculosis in clinical samples [156] and to identify
strains and subspecies of the bacterium [157]. In 2020,
scientists demonstrated the diagnostic performance
and early diagnostic value of CRISPR-Casl2 in paedi-
atric tuberculosis [158]. In addition, Bonini et al. [159]
developed the first portable biosensing device based on
CRISPR-Cas12a with a collective label-free impedance
assay for quick detection of E. coli and S. aureus with
high sensitivity and specificity. The detection limit for S.
aureus was as low as 3 nM. In addition, Curti et al. [160]
applied CRISPR-Cas12a (known as Cpfl) to identify tar-
get sequences corresponding to carbapenem resistance
genes, such as blaypc, blaypy, and blagy,. Overall, with
the label-free impedance assay, the detection time was
reduced to less than an hour, and the results were com-
parable to those of qPCR (i.e., in terms of accuracy and
sensitivity). In addition, the results are validated by port-
able test strips, which are cost effective and have a 100%
correlation with results in fluorescence tests [160].

CRISPR-Cas14 is the smallest known Cas protein. It is
an RNA-guided endonuclease that can target and cleave
ssDNA [161]. Song et al. [162] combined it with the mag-
netic DNA nanoparticle system to establish a fluorescent
nucleic acid detection platform that can perform diag-
nostic analysis without complex instruments and nucleic
acid purification, which is known as the Cas-TSPE sys-
tem. Casl4a was conjugated to target-specific primer
extension (TSPE). Using only a general sgRNA to identify
marker sequence-specific primers, the fluorescent DNA
sensing platform can detect various pathogens, including
E. coli, S. Typhi, P. aeruginosa, S. aureus, S. pyogenes, and
E. faecalis.

Ge et al. [163] also used the function of Casl4a to
establish a Casl4al-mediated nucleic acid detection plat-
form (CMP) for the rapid detection of pathogens in milk
samples. This promoted the development of pathogen
detection in the field of food safety. The Casl4al-sgRNA
complex binds and cleaves the target ssDNA, activating
the collateral cleavage of the nonspecific ssDNA in the
presence of fluorescent and quenching agents. In addition,
they used CMP and qPCR simultaneously for the quan-
titative detection of S. pyogenes and S. Typhi in samples,

(See figure on next page.)

and multiple detection. (Created with BioRender.com)

Fig. 8 Steps, applications, and advantages of bacterial detection methods based on the CRISPR-Cas system. CRISPR-Cas systems (i.e., Cas9, Cas12,
Cas13 and Cas14) have been developed for pathogen diagnosis. First, clinical samples are enriched, and pathogen nucleic acids are extracted

and amplified. For RNA samples, reverse-transcription amplification with T7 transcription is required. Then, the target is identified and cleaved by
the corresponding CRISPR-Cas system. The sensitivity can be enhanced by fluorescence or lateral flow assays, the results can be observed with
the naked eye, and the quantitative detection of pathogens can be realized. In addition, CRISPR-Cas systems can be used for diverse diagnostic
purposes, such as distinguishing pathogen genotypes from SNPs, distinguishing ARGs from virulence genes, diagnosing pathogen infections, and
performing rapid on-site detection. CRISPR-based pathogen diagnostics facilitate simple portability, high sensitivity and specificity, time savings,
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and the results showed that CMP provided higher sensi-
tivity than qPCR [163].

RNA-targeting CRISPR-Cas systems in diagnostics
CRISPR-Casl3 recognizes and cuts ssRNA, indicating
the presence of target RNA by releasing signals [30]. Tak-
ing advantage of this effect of Cas13, Kellner et al. [164]
at the Broad Institute in 2017 developed a new technique
called SHERLOCK for the detection of nucleic acids. It is
a highly sensitive technique that detects viral particles at
concentrations as low as 2 aM (2 x 107*® mol/L). In the
following year, they further improved the SHERLOCK
technique and introduced SHERLOCKv2 [164], which is
a system that simultaneously detects multiple viral nucleic
acids in 90 min and is also suitable for identifying patho-
gens that cause pneumonia [165]. In the same year, the
development of heating unextracted diagnostic samples
to obliterate nucleases (HUDSON) enabled SHERLOCK
to detect pathogens in patient samples at concentrations
as low as 1 copy/pL while achieving similar speeds and
equipment requirements to rapid antigen detection [166].
In 2020, a test system called APC-Cas [167] was pro-
posed to sensitively, quantitatively, and selectively detect
Salmonella in milk samples. In an in vivo mouse model,
the APC-Cas system can distinguish between early- and
late-stage Salmonella-infected mice and normal mice,
illustrating the potential of the system for the early diag-
nosis of pathogenic bacteria. In 2021, the lcrV gene was
found to be highly expressed in the early stages of Y. pestis
infection and is considered a marker of pathogen infec-
tion [168]. However, the lcrV gene exists in a plasmid with
a corresponding low copy number and cannot be recog-
nized by qPCR. In 2021, Schultzhaus et al. [169] used col-
lateral cleavage activity of the CRISPR-Casl3a system to
realize the detection of the /crV virulence gene. They pro-
posed that when crRNA is carefully purified and added
to the reaction system at a specific concentration during
in vitro transcriptional reactions, they system performs
better due to avoiding the possibility of inhibiting the per-
formance of Casl3a and reducing the time required to
screen crRNA sequences.

Nanoparticles and CRISPR-Cas system-based diagnostics

The design, development, and application of novel
functional nanomaterials has become a highly popu-
lar research field in biosensing, medical imaging, drug
delivery, etc. [170-173]. In addition to the great poten-
tial of nanoparticles to participate in the targeted deliv-
ery of CRISPR-Cas systems as antimicrobial agents,
they also have significant application value in the design
and development of biological diagnostic tools based on
CRISPR-Cas systems. In recent years, research on nucleic
acid probes based on nanoparticles has become a focus,
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facilitating substantial progress in the diagnosis of viruses
[174-176], cancers [177, 178], and pathogens [179, 180].

Nanoparticle-based probes show great potential for tar-
get detection due to their unique colorimetry, high fluo-
rescence yield, and good light stability. Spherical nucleic
acids (SNAs) based on AuNPs can significantly improve
the stability of nucleic acid reporter molecules in the
biological environment due to the negative charge and
localized high concentration of salt ions on the surface of
AuNPs. Additionally, AuNPs show high quenching effi-
ciency [181, 182].

Hu et al. [183] achieved, for the first time, the successful
construction of DNA/RNA-AuNP and DNA-HRP-AuNP
probes using a single-step, salt-aging-free, and strong
Authiol-free freezing-based labeling method within a few
minutes. They developed Magnetic Pull-Down-Assisted
Colorimetric Diagnosis Based on the CRISPR-Cas12a Sys-
tem (M-CDC) and successfully detected the nuc gene in S.
aureus. The results showed that M-CDC has good speci-
ficity and detection limits. Subsequently, they designed
a DNA-HRP-AuNP probe based on frozen markers that
enhanced the M-CDC assay with HRP. Furthermore,
the researchers added a reverse-transcription step in the
experiment. They reverse transcribed the ssSRNA of the
virus into cDNA and successfully used Casl2a to achieve
indirect detection of RNA [183]. Kim et al. [184] stud-
ied CRISPR-mediated surface-enhanced Raman spec-
troscopy (SERS) analysis, which combines CRISPR-Cas9
with SERS-active Au-coated magnetic nanoparticles (Au
MNPs), and applied it to detect antimicrobial resistance
genes. Based on the inherent SERS spectrum of bacteria
and the high sensitivity of SERS, multiple and accurate
identifications of bacteria can be realized [185, 186]. Au
MNPs have the advantage of promoting the separation
and concentration of targets [187]. This method success-
fully detected three MDR bacteria, S. aureus, A. bau-
mannii, and K. pneumoniae, and was verified in a mouse
infection model. In addition, these scientists applied a 3D
nanopillar array swab, thereby omitting unnecessary sam-
ple preparation steps to realize on-site identification of
MDR bacteria [184].

In addition, Ma et al. [141] developed a CRISPR-Cas12a-
powered dual-mode biosensor for ultrasensitive detec-
tion and cross-validation of pathogens. The system takes
advantage of the high sensitivity and specificity of Casl2a
and combines colorimetric and photothermal readings
using AuNPs. The detection limit was 1 CFU/mL, and the
detection range was 10°~10° CFU/mL. Using Salmonella
as a model, they observed the colour changes caused by
AuNP probes after CRISPR-Casl2a accurately identified
the invA gene specific to Salmonella and degraded its sin-
gle-stranded DNAs. Moreover, AuNP-based photothermal
detection is less affected by colour in quantitative analysis at
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808 nm near-infrared radiation; thus, quantitative measure-
ment can be achieved by using a thermal camera to record
the temperature [141]. Yuan et al. [144] designed a colori-
metric detection platform combining AuNPs with CRISPR-
Casl3a. Based on the 16S rRNA target, the platform can
recognize several bacterial pathogens, including L. monocy-
togenes, S. aureus, N. encephalitis, Salmonella, E. sakazakii,
P aeruginosa, and V. parahemolyticus. The system utilizes
the optical properties of AuNP aggregation and disper-
sion, which display colour changes in colloidal solutions to
facilitate easy recognition by the naked eye. In addition, the
CRISPR-Casl3a system combined with recombinase poly-
merase amplification (RPA) enables colorimetric measure-
ments to be completed in less than 1 h (Fig. 9) [144].

Lateral flow immunochromatographic assays (LFAs) are
paper-based point-of-care (POC) diagnostic tools that are

low-cost and convenient. When combined with CRISPR-
Cas or other highly specific molecules, they can even
achieve high sensitivity and high specificity for POC diag-
nostics [188]. AuNPs are commonly used as a detection
reagent for LFAs due to their stable chemical properties
and enhanced visual effect due to their red colour [140,
189]. Mukama et al. [190] developed a DNA probe based
on a lateral flow biosensor (LFB) with CRISPR-Cas and
loop-mediated isothermal amplification. With the help of
the AuNP-SA-biotin-ssDNA reporter complex, a visually
visible and portable strip reader was formed. The single
copy-level sensitivity of the probe has been demonstrated
by the accurate detection of the P aeruginosa acetyl-
transferase gene and sensitivity to 1 CFU/mL plasmid,
and the ability of this method to obtain visible results in
less than an hour makes it suitable for on-site tests [190].
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CRISPR-Casl2a is also used as a new tool for detecting
H. pylori in faecal samples, known as CRISPR-HP [191].
Scientists combined the AuNP probe-based LFB method
with CRISPR-HP to achieve a simple, convenient result
reading that does not rely on complex instruments, which
can be applied in epidemiological and large-scale screen-
ing studies. The results of CRISPR-HP for H. pylori are
consistent with gPCR, which shows the advantages of the
system in clinical trials. Cas12a-UPTLFA [192] is a highly
sensitive and specific portable pathogen diagnosis plat-
form based on the combination of CRISPR-Casl2a and
up-converting phosphor technology (UPT)-based gold-
based LFA. UPT-LFA based on upconverting phosphor
nanoparticles successfully detected Y. pestis genomes as
low as 3 aM, and the detection of the pla gene showed
an equivalent detection limit to qPCR, at a minimum
concentration of 100 CFU. The fast and convenient test-
ing system is easy to operate, even for nonprofessionals.
Wang et al. [193] developed the CRISPR-Cas9-mediated
lateral flow acid assay (CASLFA) by combining the excel-
lent dsDNA recognition ability of CRISPR-Cas9 AuNP-
DNA probes. CASLFA is a fast, accurate, and portable
nucleic acid testing platform with great potential for use
in pathogen diagnosis as a point of care test (POCT) in
resource-poor or nonlaboratory settings. Scientists used
CASLFA to detect L. monocytogenes by targeting the hlyA
gene and demonstrated that the platform could achieve
detection limits similar to those of PCR and correctly
identify L. monocytogenes among five other food-borne
pathogens [193].

In addition to AuNPs, Bogers et al. [194] designed
Casl2a Activated Nuclease poly-T Reporter Illuminating
Particles (CANTRIP) for DNA detection assays. The sys-
tem combines CRISPR-Casl2a with CuNPs, which have
a fluorescence spectrum suitable for detection in com-
plex biological environments (with an emission peak at
625 nm when excited at 340 nm). The presence of target
DNA is indicated by the presence of bright orange signals
from the CuNPs visible to the naked eye under ultravio-
let light. Researchers have demonstrated the potential of
CANTRIP by targeting anthrax lethal factor plasmid
DNA [194].

Conclusions and future perspectives

The CRISPR-Cas system has become the most power-
ful tool ever discovered for gene editing. We believe that
the development of novel CRISPR technologies will enable
unprecedented control over eliminating drug-resistant
bacteria without targeting beneficial bacteria. However,
the application of these technologies remains limited by
the need for efficient methods for reducing any off-target
effects in targeted cells. Selecting an effective delivery sys-
tem for delivering CRISPR will make it more suitable for
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clinical interventions, and progress in nanoparticles may
provide a better solution. However, nanotechnology-based
gene delivery is still in an early stage. Well-designed bioin-
formatics tools can be used to predict potential off-target
binding sites in the genome to improve the design of sgRNA
and the structure of Cas enzymes. Tissue-specific promot-
ers and tissue-specific vector delivery systems can also be
used to overcome these limitations. In addition, CRISPR-
based detection methods have proven to be rapid and highly
reliable alternatives to currently used approaches, especially
when combined with nanoparticles, and results have indi-
cated great potential for use in the early diagnosis of bacte-
rial infection and resistance. Most CRISPR-based detection
techniques require the combination of amplification strat-
egies for target nucleic acids with a known target DNA
sequence, which might limit its potential for use in the early
diagnosis of infectious diseases caused by unknown patho-
gens. There is a need for further research efforts that focus
on solving these challenges and unlocking the full potential
of nanoparticle-based CRISPR technologies to combat and
prevent antimicrobial resistance.
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