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Abstract

Biomedical researchers have subsequently been inspired the development of new approaches for precisely changing an
organism’s genomic DNA in order to investigate customized diagnostics and therapeutics utilizing genetic engineering
techniques. Clustered Regulatory Interspaced Short Palindromic Repeats (CRISPR) is one such technique that has emerged
as a safe, targeted, and effective pharmaceutical treatment against a wide range of disease-causing organisms, including
bacteria, fungi, parasites, and viruses, as well as genetic abnormalities. The recent discovery of very flexible engineered
nucleic acid binding proteins has changed the scientific area of genome editing in a revolutionary way. Since current genetic
engineering technique relies on viral vectors, issues about immunogenicity, insertional oncogenesis, retention, and targeted
delivery remain unanswered. The use of nanotechnology has the potential to improve the safety and efficacy of CRISPR/
Cas9 component distribution by employing tailored polymeric nanoparticles. The combination of two (CRISPR/Cas9 and
nanotechnology) offers the potential to open new therapeutic paths. Considering the benefits, demand, and constraints,
the goal of this research is to acquire more about the biology of CRISPR technology, as well as aspects of selective and
effective diagnostics and therapies for infectious illnesses and other metabolic disorders. This review advocated combining
nanomedicine (nanomedicine) with a CRISPR/Cas enabled sensing system to perform early-stage diagnostics and selective
therapy of specific infectious disorders. Such a Nano-CRISPR-powered nanomedicine and sensing system would allow for
successful infectious illness control, even on a personal level. This comprehensive study also discusses the current obstacles
and potential of the predicted technology.
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Introduction

Every year, thousands of people are afflicted with poten-
tially fatal chronic illnesses, and many infectious diseases
are incurable due to the frequency and specificity of out-
breaks [1]. Infectious diseases are the second leading cause
of mortality worldwide and the third leading cause of death
in India. Acute lower respiratory tract infections, viral
hepatitis, tuberculosis, diarrheal disorders, HIV/AIDS, and
malaria are all infectious diseases that kill people all over the
world [2]. The worldwide burden of infectious diseases in
the contemporary environment is dictated by the incidence
and prevalence of active cases, notably the appearance of
new and re-emerging disorders [3]. Due to its exceptional
characteristics and a lack of sufficient medical facilities,
many infectious illnesses still lack acceptable diagnostic and
treatment techniques and constitute a severe concern to the
vulnerable community. As a result, significant improvements
in existing and alternative diagnosis and therapy techniques
for the prevention of these illnesses are required [4].

The ideal diagnostic test, according to the World Health
Organization (WHO), is affordable and trustworthy for any
pathogen, provides rapid findings, can be used in point-of-
care settings, and requires little to no sophisticated equip-
ment or expert assistance. No test has yet satisfied all of
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these conditions. As a result, finding new and more accu-
rate diagnostic tools for certain infectious diseases is crucial
right now [5]. Methods that include amplification of nucleic
acid sequences (molecular method) with detection and visu-
alization of antigens (immunological approach) provide a
more precise diagnosis [6]. The extraction of pathogenic
nucleic acids from biological materials and identification
by polymerase chain reaction (PCR) is a traditional and suc-
cessful way to diagnose infectious illnesses [7].

Based on the concept that nucleic acids are desirable
biomarkers for illnesses, diagnostic procedures rely primar-
ily on finding the disease’s target sequence and cleaving it
to generate a readable signal [8]. In recent years, advances
in genome manipulation and editing techniques have been
considered as a significant advancement in the field of
genetic engineering, providing biologists with methods to
precisely influence nearly any organism’s genomic DNA to
incorporate desired mutations, such as extension, correc-
tion, replacement, and excision, contributing to the speed
of research for discovering the basis for unusual genetic
disorders and developing therapeutics [9, 10]. This allows
researchers to investigate gene expression and control by
developing in vitro (cellular) or in vivo (animal) disease
models, which might aid in the development of regenerative
medicine for genetic and infectious disorders [11].
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Over time, advances in next-generation biomedical tech-
nology have accelerated research and translation to previ-
ously astounding peaks. Genetic modification utilizing pro-
grammable nucleases is one of the key technologies that
might be used to generate novel treatment techniques for
infectious diseases. Examples of molecular scissors include
homing endonucleases (HEs), transcription activator-like
effector nucleases (TALENS), zinc-finger nucleases (ZFNs),
and clustered regularly interspaced short palindromic repeat
(CRISPR)/CRISPR-associated protein 9 (Cas9) [12].
CRISPR/Cas systems are unique in that they provide prokar-
yotes with heritable adaptive tolerance to invading genomic
material. CRISPR’s genomic locus serves as a memory store
device, storing sequences of nucleic acid spacers originat-
ing from invading genetic elements. The sequences are later
recovered to assist the Cas enzyme’s selective elimination
of foreign invaders. CRISPR/Cas systems function at the
molecular level, spanning adaptive mechanisms, crRNA
maturation, and system-level intervention with significant
biological variety [13]. The CRISPR/Cas technique aimed
at identifying nuclear acids for molecular diagnostics was
originally described in 2016. CRISPR/Cas has previously
been used to develop various effective methods for detecting
and diagnosing infectious and non-infectious illnesses [14].
Genetic disorders, like infectious illnesses, have congenital
traits. Biochemical, physiological, or genetic factors such as
bacteria, viruses, or fungus induce mutations in the DNA,
resulting in such conditions. Treatments for these genetic
diseases have traditionally relied on viral-mediated trans-
genic expression and RNA interference techniques [15].

Antimicrobial medications are the most common form of
prevention for infectious infections. Pathogens may develop
immune in circumstances where antimicrobial therapy is
insufficient for therapeutic purposes [16]. Antibiotic ther-
apy can harm the human symbiotic microbiome; however,
a component of the pathogen population usually survives
owing to drug tolerance or persistence. The patient (side
effects and contraindications) as well as the infection might
be blamed for pharmacological treatment issues (drug-resist-
ance). Another hurdle to drug usage for possible pathogen
specificity in novel drugs is the amount and length of admin-
istration, which results in increased side effects and toxic-
ity [17]. The most challenging challenge thus far has been
delivering the CRISPR technology to the target cells. The
non-specific targeting of nucleic acids by the CRISPR sys-
tem has been a subject of concern because it is designed for
therapeutic and diagnostic reasons [18]. The CRISPR/Cas
enzyme approach must be delivered successfully in order to
avoid off-target effects inside the gene and to ensure that the
tool reaches the desired cell or tissue. Off-target difficulties
are being investigated by several researchers, either through
the development of off-target detection methods or the devel-
opment of CRISPR tools [19].

Despite the fact that the CRISPR/Cas mechanism may be
involved in the development of drug resistance, it is not a
promising drug target because, despite their important role
in bacterial immunity, they are not required for cell survival,
additionally, structural variants of CRISPR/Cas exist within
the same species and vary between strains. Such limitations
can be overcome thanks to the usage of nano-mediated tech-
nologies. Nanotechnology formulations for different patho-
gens, such as bacteria, viruses, fungi, or parasites, combined
with CRISPR/Cas, are now becoming increasingly relevant,
and can pave the way for the creation of viable diagnosis
and therapy techniques (Fig. 1). This review aims to outline
the machineries of CRISPR/Cas and their applications in
infectious illness diagnosis and treatment techniques, as well
as present a review of therapeutic nanoparticles and their
targeted delivery applications in disease diagnostics.

Introduction to the CRISPR/Cas9

Different mechanisms as a defense are utilized by the micro-
organisms to avoid damage to their genome from the bacte-
riophage infections and transfer of plasmids. Eubacteria and
archaea have an RNA-based defense system that adapts to
the recognition and destruction of external DNA and RNA.
This offers acquired immunity against plasmids and viruses’
attacks. The use of RNA driven endonucleases named the
CRISPR-associated (Cas) 9 enzymes, is one such defensive
technique [20-22]. The CRISPR/Cas9 system is an adaptive
immune system in prokaryotes that aids microorganisms to
react to foreign genetic material and destroy it. It is pre-
sent in a greater diversity of prokaryotic genomes, reported
in 1987 in Escherichia coli as irregular genomic arrays in
which different interspersed “spacer” sequences distinguish
a replicated similar sequence [23]. Microbes exposed to
foreign genetic material by transformation, conjugation and
transduction are stimulated towards defense mechanisms that
detect foreign DNA and protect themselves from genomic
intruders [24].

Structure of CRISPR/Cas

The key components of CRISPR/Cas systems comprise
CRISPR RNAs (crRNAs) besides Cas enzyme. The accom-
panying nucleic acid chain demonstrates the complemen-
tarity with the crRNAs. Therefore, the binding of crRNA
to the unique invasive pathogen genome sequence results
in the shredding of the target DNA/RNA sequence by Cas
enzyme [15]. CRISPR loci are composed of 20-40 bp
length repeat sequences, which are interspaced by unique
20-58 bp sequences called spacers resulting from small
segments of external genetic material (protospacers) [25,
26]. The CRISPR locus has an AT-rich leader sequence
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Fig.1 An overview of the CRISPR Cas-based efficient diagnostics and in vivo delivery approaches and genetic engineering mechanisms of
nanotechnology-supported CRISPR/Cas9 payload in various forms of nanomedicine and drug delivery systems

and is frequently followed by a downstream succession of
sequences known as cas genes, which code for nucleolytic
Cas proteins [27]. Streptococcus pyogenes (SpCas9) Cas9 is
the best characterized and most used for the modification of
the DNA chain. SpCas9 consists of 1368 amino acids and is
classified into various regions, each with a different function
[28]. In the CRISPR/Cas system, the Cas9 protein serves
as a facilitator for site-specific DNA binding and infectious
genetic material cleavage [15].

Composition of CRISPR/Cas

The CRISPR/Cas structures can be classified into two
classes which include multisubunit crRNAs receptors
complexes and single protein receptor, respectively, six
types and multiple subtypes depending upon locus organi-
zation and gene conservation [29, 30]. The CRISPR class
1 is characterized by multisubunit effector nucleases and
comprises the types (I, III, and IV). Type I is characterized
by the signature cas3 gene and is currently classified into
seven subtypes (I-A, I-B, I-C, I-D, I-E, I-F, and I-U). Type
III utilizes a multiprotein complex with the signature gene
cas10 and includes four subtypes (III-A, III-B, III-C, III-
D) [31]. Type IV loci, which share common protein sets
such as Cas7 (Csf2), Cas5 (Csf3), and a smaller variant of
Cas 8 (Csfl), are classified into two subtypes (IV-A and
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IV-B) [32]. Due to a lack of expertise, despite the fact that
several Classes 1 CRISPR systems have been reported of
the intracellular process underlying the defence mecha-
nisms, regular implementations of the class as a genome-
editing tool have been restricted [33, 34].

The CRISPR class 2 system is distinguished by a single
effector protein, Cas9, which is subclassified into types
II, V, and VI based on the components required for pre-
crRNA processing and the variety of the effector protein’s
domains [35]. The type II CRISPR locus employs a single
effector protein (Cas9) that is driven by a dual-RNA het-
eroduplex (crRNA-tractrRNA) (trans-activating crRNA)
and is divided into three subtypes (II-A, II-B, and II-C)
[36]. crRNA and Cas12a (also known as Cpfl) protein
are components of the type V CRISPR system. A RuvC
endonuclease domain in the Casl2a protein cleaves the
non-targeting strand and the targeted strand sequentially
to produce DSBs. The type V exemplified by Casl12a is
broken by ten recognized subtypes ranging from A-I to U
based on domain organisation similarities [35, 37]. The
type VI CRISPR systems consist of a single RNA-guided
Cas13 effector protein primarily aimed at defending RNA
from bacteria from genetic mobility. Type VI CRISPR/Cas
structures based on Cas!I3 phylogeny can be classified into
four subtypes (VI-A, VI-B, VI-C, VI-D) [38, 39].
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Cas9 is a big multimeric polypeptide with 1409 amino
acid residues in its crystal structure. The Recognition unit
(REC) is split into three facets: the bridge helix (residues
60-93), the region REC1 (residues 94-179 and 308-713), as
well as the region REC2 (residues 180-307), and the Nucle-
ase unit (NUC) is made up of the RuvC (residues 1-59,
718-769, and 909-1098) (Fig. 2). Mutational research has
shown that intervention generated in vivo by Cas9 includes
both the RuvC and the HNH patterns [25, 40].

Functioning mechanism of CRISPR/Cas

The CRISPR/Cas system is a sequence-specific defensive
mechanism that identifies and hydrolyses invading genetic
material [27]. The mechanism can be divided into the fol-
lowing three stages: (1) adaptation or spacer acquisition, (2)
crRNA maturation, and (3) target interference.

Adaptation of CRISPR/Cas

In this stage, the spacer is incorporated into the CRISPR
array after foreign genetic elements are identified, proto-
spacer sequences are selected and analyzed, helping the host
organism to remember the intruder’s genetic code, showing
the immune system's adaptive existence [13]. This phase
provides the genetic memory that is required to neutralize
re-invading nucleic acids via the subsequent expression and
interruption processes [41]. In several CRISPR/Cas types,
the collection of protospacers and their processing prior
to integration is still unidentified. Recent discoveries, on
the other hand, have shed light on the biochemistry of the
spacer integration mechanism [27]. After the spacer has
been modified in size, the availability of the integrated host
factor (IHF) protein is responsible for the spacers integration
into the host genome. Casl and Cas2 are nuclease proteins
that are important components of CRISPR/Cas complexes
of three different kinds (I, II, and III). These two proteins

form dimer that effort together to get foreign DNA. Casl is a
nuclear integrase that really can cleave the bacterial genome
into a DNA spacer, whereas Cas2 is an endoribonuclease
that primarily cleaves RNAs [26, 27].

crRNA maturation of CRISPR/Cas

The CRISPR series is transcribed into a long precursor
crRNA (pre-crRNA), which is then processed into mature
reference crRNAs, which are used to decipher invader
sequences [42]. Although there are significant type-spe-
cific modifications, often these organisms' CRISPR/Cas
loci transcription to form an RNA-protein guiding com-
plexes includes a systematic pattern. Across both forms,
the CRISPR locus is transcribed, and the complex CRISPR
ribonucleoprotein (crRNP) is generated from the RNA pro-
cessed by Cas ribonucleases [43]. The pre-crRNA is cleaved
into its constituent parts, each containing a single spacer and
partial repeats (Fig. 3). In this case pre-crRNA cleavage is
catalyzed by a ubiquitous bacterial enzyme, the RNase III
encoded outside the local CRISPR, which includes tracr-
RNA, a distinct CRISPR-complementary RNA species [44].
The Cas protein accountable for processing differs by sub-
types, and they do not process the pre-crRNA of each other
as the three CRISPR/Cas forms coexist in nature [45]. In
terms of pre-crRNA processing and the configurations of
the crRNP complexes produced, Type I and III CRISPR/
Cas systems are identical. Except for Type I-C, which uses
Cas5d, all Type I and III systems use the Cas6 protein to
process pre-crRNA [46].

Interference of CRISPR/Cas

The effector component recognizes the gene encoding in the
invading nucleic acid via complementary base pairing and
triggers sequential cleavage, preventing the reproduction and
proliferation of exogenous genetic elements [47]. CRISPR/

Fig.2 Domain organization and 1 59 93 179 307 713 718 769 775 908 1098 1368 1409
crystal structure of CRISPR/ N —E B;:’Ifxe REC1 | REC2 RECL RwC | HNH  RuvC PAM

Cas9 from S. pyogenes (PDB =

ID: 4CMP) displaying various NUC REC NUC

domains and protein regions in
the structure. The interdomain
borders are labelled with resi-
due numbers. RuvC Resolvase,
NUC Nuclease Unit, REC Rec-
ognition Unit, PAM Protospacer
Adjacent Motif
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Fig.3 CRISPR/Cas-based immunity's fundamental steps. Each of the
three execution phases of the CRISPR-mediated intervention mecha-
nism comprises an information processing component (CRISPR
adaptation) and a two-part executive component (CRISPR expression
and CRISPR-based interference). The introduction of extra spacers
into the CRISPR locus, which could be naive or primed acquisitions,

Cas systems functions on the notion that crRNA coupled
Cas protein identifies the corresponding protospacer, caus-
ing the target gene to be degraded by nuclease [41]. The
mature crRNA activates the interference cascade complex,
which recognizes target nucleotide sequences similar to the
packed crRNA that facilitates intervention by cleaving each
strand of the intruding genomic DNA following R-loop for-
mation [48]. Cas3 cleaves the target DNA and subsequently
destroys it with the help of a 3’-5’ endonuclease. A 7- to
8-ntd sequence at the spacer’s 5’ end directs target sequences
homology coupling and initiates R-loop formation, which
necessitates the identification of a protospacer adjacent
motif (PAM) ahead of the target protospacer [49, 50].

Role of CRISPR/Cas9 technology in infectious
diseases

Due to the overwhelming effectiveness of RNA-guided
nucleic acid degradation, the CRISPR/Cas system (as sum-
marized in Table 1) has emerged as a viable contender for
the creation of next-generation antimicrobial drugs to com-
bat contagious infections, particularly those caused by anti-
microbial resistant (AMR) microorganisms. Additionally,
the varied adaptability of the CRISPR/Cas system enables
it to specifically destroy a bacterial isolate species among a
vast population, allowing CRISPR/Cas bacteriocins to pre-
cisely change the design of a diverse bacterial species [51].
This makes CRISPR/Cas antimicrobials particularly useful
for treating infections in natural complex microbial consor-
tia, such as the intestinal microbiota. CRISPR technology
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with both the latter leading in the acquirement of spacers from the
very same genetic elements such as plasmids, is the first stage of the
adaptation mechanism to identify the virus. CRISPR region transcrip-
tion and CRISPR RNA processing are mostly the final two processes,
which are preceded by pathogen or transportable genetic material
identification and CRISPR RNA destruction

has demonstrated therapeutic potential as an antibacterial
agent, with the ability to target antibiotic-resistant and/or
very pathogenic microorganisms [41, 52]. CRISPR-mediated
antimicrobials have a distinct advantage over other antimi-
crobial methods in that they can destroy bacteria based on
their sequence. This may be useful in situations where only a
small number of bacteria within a genus must be eliminated,
which is difficult to do with current strategies [53]. It eluci-
dates basic host-microbe relationships, advancement of fast
and reliable diagnostics methods, and improved prevention
and treatment of infectious diseases [54]. The transmission
of drug resistance and pathogenicity by foreign DNA is a
major contributor to the spread of more aggressive and dan-
gerous bacterial strains. In plasmids and phages, CRISPR/
Cas mechanisms have been shown to induce toxicity and
antimicrobial resistance [55]. Mechanisms to grasp the
causes of human infection by pathogens (bacteria, fungi, and
viruses) are necessary to optimize therapeutic intervention
and the rational development of targeted treatment and vac-
cines. In this regard, diverse pathogens are utilized to report
the gene and protein contributions to molecular pathogens
in CRISPR/Cas9-based gene editing [56] (Fig. 4).

Viral infections and CRISPR/Cas

Since CRISPR/Cas9 evolved in bacteria to directly target
viruses’ invaders and foreign DNA, it is apparent that it may
be used to treat viral infections [56]. After initial infection,
several viruses retain their genome or inject in the human
chromosomal DNA episomally inside host genome, resulting
in long-term infection. Viruses that induce severe infection
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Table 1 Application of CRISPR systems in disease diagnostics and therapeutics

Name Enzyme Preamplification ~ Applications

NASBACC Cas9 NASBA Insight amongst African and American ZIKV

CRISPR—Chip Cas9 - gDNA identification in cells in vitro and DMD individuals

CRISDA Cas9 nickase SDA gDNA Identification; SNPs related with breast cancer in cell cultures

FLASH Cas9 PCR Antibiotic resistant genes in clinical specimens; gDNA identification

CAS-EXPAR Cas9 EXPAR Methylated DNA detection in L. monocytogenes mRNA

Cas9nAR Cas9 nickase Strand-displacing Bacterial detection (S. typhimurium, E. coli, M. smegmatis, S. erythraea); KRAS SNP

DNA polymer- detection in cell lines
ase

DETECTR Casl2a RPA HPV16 and HPV 18 identification in clinical specimens

Casl4-DETECTR Casl4 (Cas12f) PCR HERC2 SNPs in clinical isolates identified

HOLMES Casl2a PCR Screening of viral infections (PRV, JEV); virus-strain differentiation in cell cultures
and clinical specimens; SNP classification

CRISPR-materials Casl2a RPA EBOV synthetic RNA detection

CDetection Casl2b RPA HPV16 screening, Human Blood groups genotyping (ABO), and BRCAI and TP53
SNPs

HOLMESv2 Casl2b LAMP SNP distinction in cell cultures; identification of RNA viruses (JEV); screening of
human mRNA and circular RNA; Methylation

E-CRISPR Casl2a - Virus (HPV16, PB19) and polypeptide (TGF-81) identification

- Casl3 - Human mRNA and bacteriophage A-RNA detection

SHERLOCK Casl3 NASBA or RPA  Viral (DENYV, ZIKV) and bacterium (E. coli, K. pneumoniae, M. tuberculosis, P. aer-
uginosa, S. aureus) detection; viral strain differentiation; SNP identification

SHERLOCKv2 Casl3 RPA Virus (DENV, ZIKV) and bacterium (P. aeruginosa, S. aureus) detection; viral strain

differentiation; SNP identification
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include HIV, hepatitis viruses, papillomaviruses, herpes-
viruses, and coronaviruses. CRISPR technology has been
utilised to suppress or eliminate recurring viral infections
in vitro and in animal models in recent years, providing
promise for therapies for infectious diseases that are dor-
mant and chronic [13].

AIDS continues to be a global public health problem
affected by HIV a retrovirus, which results in the loss of
the immune system. Initial CRISPR—Cas9 replication-com-
petent HIV studies have shown successful viral replication
suppression in relatively brief cultured cells assays [57, 58].
Virus escape, however, was not addressed in the experi-
ments, despite HIV-1's well-known tendency to build resist-
ance to inhibitors. More research has found that CRISPR/
Cas9 may effectively restrict HIV replication, but that the
virus frequently evades this inhibition due to acquired muta-
tions clustered around at the Cas9 catalytic domain [59, 60].

According to the WHO, about 250 million individuals
are found to be infected with the hepatitis B virus (HBV),
a DNA virus that multiplies by reverse transcriptase and is
associated with an increased risk of liver failure and hepa-
torenal syndrome [61-63]. CRISPR systems can be used to
combat viral illnesses by preventing viral reproduction while
maintaining the normalcy of the affected cell. Cas9 employs
conserved HBV areas that are crucial for virus survivability
and reproduction and are not specifically targeted by tra-
ditional antiretroviral drugs [64]. The potential to destroy
viruses is the most persistent issue. However, Ramanan
et al. obtained the highest outcome of HBV cleavage using
CRISPR/Cas9, which is a 92% reduction of covalently
closed circular DNA (cccDNA) in in-vitro studies [65, 66].

Although there is an effective HBV vaccine, a cure is
still unclear. Li et al. utilized CRISPR/Cas9 to delete a
full-length 3,175-bp HBV DNA fragment from chronically
infected cells that were chromosomally incorporated and
episomally found, raising the possibility of absolute HBV
prevention [67]. Unlike HBV pathophysiology, which is
caused by elevated levels of viral infection, Human Pap-
illomavirus (HPV) pathogenesis is caused by an ill-fated
infection that multiplies in basal keratinocytes of the skin
or mucosal epithelium [68]. Targeting the E7 gene using the
CRISPR/Cas system promoted apoptosis, reduced prolifera-
tion and differentiation, and restored production of the pRb
protein in HPV16 positive cervical cancer SiHa and Caski
cell lines. As a consequence, exploiting the HPV16-E7 gene
using the CRISPR/Cas technology might be a potential ther-
apeutic tool for treating HPV infection and HPV-related cer-
vical cancer [69, 70].

CRISPR/Cas9 controlled cleavage allows the treatment
of disease-associated viral strains with exceptional reli-
ability and accuracy [71]. Advances in genome editing
using CRISPR/Cas9 support virological research and could
provide a treatment for chronic herpesvirus infections by

* @ Springer

treating these viruses directly inside infected cells. Nucleo-
side analogues like Foscarnet, Valganciclovir, Ganciclovir,
and are currently used to treat herpes virus infection [72].
CRISPR technologies are now being applied to diagnose
and treat the new coronavirus (SARS-CoV-2), an emerging
pathogen that has infected more than 25.5 million people
and killed more than 850,000 people, which is of consid-
erable urgent importance to scientists. SARS-CoV-2 is a
Coronaviridae virus with an enveloped RNA genome that
causes moderate to extreme symptoms in people of all ages
[73, 74]. A novel approach to reducing SARS-CoV-2 repli-
cation to fight viral attack appears to be using the CRISPR/
Cas system by targeting the positive-sense genome and viral
mRNAs for endogenous closing viral genome templates and
switching off their gene expression [75-77].

Bacterial infections and CRISPR/Cas

Though CRISPR technologies originated in bacteria, anti-
bacterial therapies can be produced that can be provided via
the cell wall. Nonetheless, it has recently been proven that it
may be used in clinical studies to make bacteria susceptible
to medicines and minimise horizontal transfer of resistant
strains [78]. In Streptococcus thermophilus strains, scien-
tists have identified two related CRISPR loci. The CRISPR
system’s spacer sequences were discovered to somehow be
analogous to several phage and chromosomal sequences,
lending credence to the theory that CRISPR is a bacterial
defensive mechanism against external elements [79]. Strep-
tococcus pneumoniae possess the ability to inject the genetic
material into the host through horizontal gene transfer or
direct uptake [80]. In response to an immune system attack,
S. pneumoniae changes the surface polysaccharide capsule
to withstand antibodies and develops new capsule-encoding
genes. According to research, the S. pneumoniae capsule
gene seems to be the genesis of the CRISPR1 locus and
therefore can prohibit rodents from surviving contamination
by preventing the transition of these genes to non-capsu-
lated S. pneumoniae. CRISPR/Cas interference can help to
avoid the formation of new harmful strains since it provides
a significant survival advantage for antibiotic resistance or
pathogenicity [81, 82].

With about 10 million infections and 1.5 million fatalities
per year, Mycobacterium tuberculosis (M. tb) is considered
the world's most powerful disease. In this context, genetic
alteration is important to better understand genetic mutations
as well as the discovery of anti-M. tb medications and vac-
cinations in M. tb key genes [83]. Sequence-specific regu-
latory suppression in M. tb was achieved using CRISPR/
Cas9 systems from S. pyogenes and S. thermophilus [84, 85].
Antibiotic-resistant Pseudomonas aeruginosa has emerged
as a paradigm for new or previously overlooked antibacterial
medicines [86].
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P. aeruginosa CRISPR/Cas systems have previously
been shown to be correlated with minimal genome sizes
and restriction in sulphonamide tolerance of mobile genes,
and P. aeruginosa has been indicated to be an example of
a pathogenic bacteria where CRISPR/Cas is evident in the
case of HGT [87]. Citorik et al. employed CRISPR/Cas9 to
target sequences in Escherichia coli variants that allowed
resistance to antibiotics and pathogenicity [88]. Studies pre-
dicted that impact can be produced using native or import
systems with the type I-E CRISPR/Cas system in E. coli and
is equally potent irrespective of the genomic site, strand or
transcription of the objective sequence. Furthermore, the
specificity of CRISPR RNA targeting enabled researchers
to discern even highly related strains in pure or mixed cul-
tures [89].

Fungal infections and CRISPR/Cas

For fungal infections, diverse variations of CRISPR/Cas9
methods have been developed, and each of these techniques
could be the best option for a specific fungus. Saccharo-
myces cerevisiae, the yeast, was the first fungus for which
CRISPR/Cas9 was used to manipulate the genome, and the
fungus' ability to preserve plasmids aided the invention
of CRISPR/Cas9 methods [90, 91]. Based on the original
CRISPR/Cas9 studies in yeasts, the genetic manipulation
method was altered for both model and non-model filamen-
tous fungi. A CRISPR/Cas9 system had first been developed
into the genome of filamentous fungus Trichoderma reesei
by introducing a codon-optimized CAS9 gene through Agro-
bacterium tumefaciens-mediated transformation [92].
Other human fungal diseases, such as Malassezia, Fusar-
ium, Blastomyces dermatitidis, and others, have been studied
using CRISPR/Cas9 technologies; however, this work con-
centrated on major fungal pathogens seen in clinical set-
tings. The efficacy and versatility of CRISPR/Cas9 have the
potential to have a significant impact on the medical micro-
biology, both within the research facility enhancing genetic
manipulation for investigating bacteria and fungi physiology
and pathophysiology, deconstructing the function of viru-
lence genes, and discovering different potential therapeutic
targets and host—pathogen interaction—and at point-of-care
enhancing the prognosis of fungal infected individuals [93].
The CRISPR/Cas9 genome editing has been used to
effectively treat Candida albicans and Aspergillus spp.,
including the opportunistic pathogen A. fumigatus, which
are both human-pathogenic fungi [94, 95]. Drug-resistant
diploid Candida clinical isolate strains may be targeted
using a codon-optimized Cas9 technology, according to
research. This opens the door to investigating mechanisms
that render Candida susceptible to antifungals utilizing
CRISPR technology [96]. Arras et al. proved the adaptabil-
ity of the CRISPR paradigm by disrupting the ADE2 gene

in Cryptococcus neoformae. In a mouse inhalation model,
Cas9-bearing C. neoformans strains were demonstrated to
have no influence over virulence, making it a critical element
in studying C. neoformans pathogenesis. [97, 98].

Furthermore, the CRISPR/Cas9 approach may well be
utilised without modification in Myceliophthora thermo-
philic bacteria, such as M. heterothallica, implying that it
might be employed in a wide range of thermophilic fun-
gus. This widespread adaptability enables for in-depth
examination of these fungi, some of which have uncom-
mon properties such as a reproductive reproduction, both
for fundamental research and the development of new hosts
for commercial biotechnological applications [99, 100].
Mucormycosis is fungal infections caused by filamentous
fungi Mucor circinelloides, belonging to the Mucorales
order. Infection happens as spores are inhaled, ingested, or
traumatically implanted into a vulnerable (i.e., immunocom-
promised) human [101]. The resultant disease mechanisms
are marked by a high mortality rate and sometimes rapid
clinical development. Mucorales infections are uncommon
in immunocompetent people, but they can be lethal in immu-
nocompromised patients [102]. CRISPR/Cas9 technology's
potential to rapidly implement specific and accurate DNA
sequence editing, as well as its effective adaptation in a large
variety of fungal organisms indicates that it may be a prom-
ising advanced method for Rhizopus delemar research. A
recent study found that CRISPR/Cas9 technology was active
in Mucor circinelloides, a similar but distinct Mucormycoses
pathogen [103, 104].

Potential applications of CRISPR/Cas9
system in diagnostics

Infectious pathogen diagnostics depend heavily on an effec-
tive, quick, and low-cost nucleic acid detection system. The
importance of early and reliable disease diagnosis in the
implementation of early disease care, accompanied by effec-
tive adjustment of treatment measures, if possible, through
easy monitoring, is critical. Point of Care (POC) diagnostic
systems are effective tools for minimizing clinical delays,
which is critical because delays or ineffective therapies will
result in high mortality and the spread of infectious agents
[105]. The most widely used tool, PCR-based diagnostics,
has high sensitivity and accuracy, but it requires specialized
equipment and skilled expertise, which restricts its usage. In
the meantime, sequencing has become increasingly impor-
tant in nucleic acid identification, but its high difficulty and
expense preclude it from being used in fast on-site infectious
diagnostics. As opposed to PCR, the nucleic acid isother-
mal amplification has emerged as a potential option for fast
and compact identification, but its sensitivity and specificity
must be enhanced [106, 107].
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CRISPR technologies, which use specially engineered
synthetic sgRNA, can detect nucleic acids implicated in
both infectious and non-infectious diseases, as well as in
the advancement of mobile screening procedures to advance
the diagnosis, management, and prevention of infectious dis-
ease [26]. It has been demonstrated that the SARS-CoV-2
virus has mutated and produced variant in different coun-
tries among other factors such as age, ethnicity, location,
area, etc. Exploring facets of nanobiotechnology to explore
nanoscale diagnostic systems of selective SARS-CoV-2
detection is therefore a critical component of managing
COVID-19 [108-110].

Methods that focus on CRISPR/Cas show considerable
potential for identifying viruses including SARS-CoV-2,
Zika virus (ZIKV), Dengue virus (DENV), Ebola, HPV,
and M. tuberculosis because of their high accuracy and
sensitivity, rapid, profitable, and ease of use [111, 112].
Importantly, the CRISPR/Cas-based identification system’s
simplicity allows for the fast implementation of screening
approaches in the event of an infectious disease epidemic.
Further enhancements and changes are being made to the
techniques to make them more flexible in the detection of

Fig.5 The mechanism of Cas9 Cas9
cleavage of crRNA-tracrRNA
target DNA. When the Cas9-

REC lobe

crRNA-tractrRNA complex
attaches to PAM-containing
foreign DNA, Cas9 releases
the double strands of genetic
Material, allowing crRNA and
foreign DNA to form a duplex.
The REC lobe as well as the

mm

bacterial and viral nucleic acids [113, 114]. For detection
purposes, CRISPR/Cas utilize either the Cas13 enzyme in
the indiscriminate cleaving of ssSRNA or the Cas12a enzyme
in the cleaving of single-beached DNA as “collateral action”
[115]. The CRISPR/Cas technology relies on the following
two methods for the detection of pathogens: specific cleav-
age of DNA and collateral cleavage.

Specific cleavage: Cas9

Several researchers working on infectious disease diag-
nostics have used CRISPR/Cas9. Researchers employed
a hybrid strategy based on nucleic acid sequence-based
amplification (NASBA) and the CRISPR/Cas9 technol-
ogy to consistently identify between African and American
Zika virus strains in in-vitro studies and a macaque model
[116]. The researchers used (ds)DNA as a substrate for the
Cas9 endonuclease, which is an intermediate in the NASBA
amplification process. Following Cas9 cleavage along with a
strain-specific PAM, the sgRNA-Cas9 complex cleaves the
resulting dsDNA, resulting in curtailed or complete DNA
fragments (Fig. 5). The ledge transition caused by full-length
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DNA fragments results in a colour shift that allowed the
strains to be distinguished [117].

Because CRISPR is found in nearly all bacterial defence
systems, detecting the CRISPR mechanism in microbial
pathogens became a promising technique. Some diagnos-
tic techniques based on these principles include CRISPR
serotyping/subtyping, diagnostic assays classified as single
guide RNA (sgRNA), and yet another diagnostic test based
on CRISPR interference (dCas9) [118]. However, recent
research indicated that CRISPR/Cas9 can be used for HIV
infection therapy, as the DNA double-strand repair triggered
by NHEJ upon Cas9 cleavage of HIV1 genomic regions pro-
duces a genetic variation at the cleavage site, facilitating
viral immunity [56, 119].

The CRISPR/Cas9 method has been recognized as a valu-
able tool for detecting oncogenes and other cancer factors as
well, and it has been incorporated into medical science and
currently used to explore the genetic pathways in nearly all
fields of cancer [120]. The strategy of CRISPR-Chip was
another significant step forward in CRISPR diagnostics.
CRISPR-Chip incorporates dCas9 protein with a graphene-
based electronic transistor which binds to target DNA and
used in identifying genetic alterations in clinical specimens
from Duchenne muscular dystrophy patients [121]. Alterna-
tively, CRISPR-Chip sensor rendered by immobilizing Cas9
with a sgRNA specific to the SARS COV-2 target sequence
on a graphene-based field-effect transistor (GFET) produced
electrical signal by complexing Cas9—sgRNA linking the
target nucleic acid system without amplification [122, 123].
Quan and colleagues identified a tool for detecting patho-
gens resistant to antimicrobial therapy, finding low abun-
dance sequences by hybridization (FLASH) in gram-positive
bacteria such as S. aureus and malaria-causing Plasmodium
falciparum. It incorporates a group of sgRNAs and Cas9
proteins to break the gene of interest into smaller fragments
appropriate for more next-generation [llumina sequencing.
In FLASH analysis, 90.1% of reads corresponded to targeted
genes, contrasted to 0.3% in NGS alone. This accounted to a
293-fold increase in the average reads per million (rpM) of
gene products. A sequencing resolution of 500 to 5000 reads
was adequate for each FLASH-NGS sample to retrieve 10
or more reads per gene for 100% of gene products. Despite
the fact that there were lesser on-target hits, at 100 fg (35
S. aureus genome copies in 30 1, or 1.9 aM), all intended
regions were captured with at least 10 rpM, and more than
50% were enclosed at 10 fg (0.19 aM). Down to 0.4 pmol,
which corresponds to 50 copies of each Cas9-guide RNA
complex per S. aureus genomic copy, the quantity of Cas9
protein used seems to have little effect on template strand
concentration [124].

CRISPR/Cas9-triggered nicking endonuclease-mediated
strand displacement amplification (CRISDA) was developed
in addition to the fluorescence technique for susceptible

multiplication and identification of double-stranded DNA
(dsDNA), and this method takes complete privilege of the
increased selectivity, restrictive precision, and distinct mor-
phological rearrangements of CRISPR signaling pathways in
recognizing the target DNA. This employs Cas9 protein to
sense a relatively specific target and create unique nicks in
quasi-DNA that are subsequently replicated in vitro by DNA
polymerases [125, 126]. Cas9 induced exponentially ampli-
fied response (Cas-EXPAR), a novel site-specific Cas9-
based nucleotide detection method, was developed in 2018,
based on nicking action of target-specific Cas9's nucleases
[127]. CAS-EXPAR, when combined with an exponentially
amplification process, can capture the target at relatively low
concentrations as 0.82 amol (0.82 x 10™'® mol/L). This tech-
nology was then refined to check the methylation status of
DNA fragments in Listeria monocytogenes RNA. Changes
in DNA methylation were shown to have a significant asso-
ciation with diseases such as cancer. Cas-EXPAR offers a
flexible and alternative for detecting basic or methylated
DNA molecules, making it an ideal tool for early tumour
diagnosis [128, 129].

In a CRISPR/Cas9-mediated lateral flow nucleic acid
assay (CASLFA), the amplified target sequence is com-
bined with sgRNA, Cas9, and the Au-NP probe to identify
African swine fever virus (ASFV). The sgRNA stabilisa-
tion technique is used to create an AuNP-DNA probe that
can be used with a poly adenine (A)-Au affinity labelled
probe. Genomic samples were effectively amplified utiliz-
ing isothermal amplification with biotinylated primers in
the DNA unwinding-based hybridized studies (Fig. 6). The
biotinylated amplicons trickled onto the sample pad and
formed AuNP-DNA probe complexes that continued to cas-
cade down the test line and were collected by the precoated
streptavidin after a brief incubation with the designed Cas9/
sgRNAT1 for interaction [130]. CASLFA tests were per-
formed on chromosomal DNA samples from ASFV-infected
specimens in varied replicate ratios. Analytical sensitivity
was assessed using both naked eye observations and gray-
scale analysis, yielding 200 copies of viral genomic DNA
as the threshold limit that may be detected [130]. The main
benefit of LFAs is that their findings are simple to com-
prehend because they are generally basic and can be seen
with the naked eye. LFAs, on the other hand, lack precision
and efficiency, making these traditional paper-based systems
unsuitable for the more quantifiable evaluates required in
clinical applications [131].

The FNCas9 Editor-Linked Uniform Detection Assay
(FELUDA), a COVID-19 diagnostic platform, was devel-
oped by Azhar et al., and it employs FnCas9, fluorescein
amidites (FaM) tracrRNA-sgRNA, and anti-FAM antibody
conjugated with metal (gold) nanoparticles for rapid detec-
tion of infectious infections. They used RT-PCR amplifi-
cation and accurate dFaCas9 binding to construct a lateral
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Fig.6 ASFV detection in
suspected swine serum samples
using the CASLFA technique.
(Copyright Permission Ameri-
can Chemical Society 2020,
Ref. 129)
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flow method for COVID-19 viral detection. Signaling aug-
mentation by collateral fragmentation of reporter proteins
is employed in several CRISPRDx systems to identify low
copy counts of nucleic acids; however, FELUDA is quite
efficient in detecting SNVs without it though. Its strength
comes from its ability to accurately detect nucleotide bases
and their variants. The affinity-based FELUDA tests could
be used to create panels of mutation-scanning sgRNAs on a
microchip for rapid monitoring of many targets from clinical
material [132].

Collateral cleavage: orthologues CRISPR/Cas
systems

In many Cas family orthologues, including Cas12, Cas13,
and Cas14 effectors, cutting the targeted genetic material
might result in disintegration of unwanted single-strand
DNA (ssDNA) or single-strand RNA (ssRNA) [132]. Cas12a
and Cas13 of the CRISPR/Cas orthologues family have been
shown to have a remarkable potential to cause indiscriminate
cleavage of ssDNA (single-stranded DNA) and RNA upon
target identification. Because arbitrary cleavage activity may
readily correlate detection of certain nucleic acid sequences
with the database, this technology is used in diagnostics
[133, 134].

CRISPR/Cas 12 system

Cas 12 is a CRISPR-associated effector protein (also known
as Cpfl) from Class 2 that is utilised in CRISPR-based
diagnostics [135]. For target cleavage, it comprises of a
single RuvC endonuclease domain and T-enriched PAM
sequence recognition. Its functioning in the ssDNase on a
coupled dsDNA substrate is reflected in its dSDNA cleav-
age [136]. Doudna et al. proposed the DNA endonuclease-
target CRISPR transporter (DETECTR), a CRISPR/Cas
diagnostic platform for detecting high-risk, invasive genital
tumours associated within human papillomaviruses HPV16
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and HPV18, with a maximum precision of 96%. This suc-
cessful presentation increases the future use of CRISPR/Cas
technology in other areas from infectious diseases [133].

In a three-stage approach, DETECTR utilizes the Type V
Cas12a enzyme for selective binding to Genomic substrates.
First, a guide RNA within a particular viral genome directs
theCas12a enzyme to a double-stranded DNA sequence. The
Casl2a enzyme acts on the single-stranded DNA molecule
through cleavage of the linking between quencher molecule
and a reporter fluorophore arbitrarily until it binds to its viral
genetic target (Fig. 7A). The fluorophore and quencher emit
a fluorescent light, which is observed as “collateral” cleav-
age [26, 137]. In Lachnospiraceae bacterium ND2006, crys-
tallography studies reported that Cas12a (LbCas12a) protein
displays non-specific collateral involvement and degrades
all the neighboring DNA molecules after target RNA is rec-
ognized. The researchers observed that LbCas12a-crRNA,
coupled to a ssDNA activator molecule, facilitated trans-
ssDNA cleavage at a frequency of 250 every sec, with a
catalytic efficiency (kcat/Km) of 5.1108 s~! M~!, using the
fluorescence quencher (FQ)-labeled reporter experiment.
LbCas12a-crRNA was able to achieve 1250 spins every
second while being connected to a dSDNA activator, with a
catalytic efficiency comparable to diffusion and a kcat/Km
of 1.7109 s™' M~ [133, 138].

The CRISPR-based Fluorescent Diagnostic System
(CRISPR-FDS) was termed after studies demonstrated
enhanced process parameters for the SARS-CoV2 detec-
tion assay by combining RT-PCR with a Casl2a-based
nucleic acid detection technique. All experiments spiked
with 108 copies of the target amplicon revealed a sub-
stantial CRISPR-FDS signal after a 20-min readout inter-
val, whereas samples spiked with 109 copies indicated
complete substrate conversion. Because single copy RNAs
should be identified as replication frequencies above 0.69,
the reported detection limits of 108 amplicons every
CRISPR-FDS output specimen indicates that this method
ought to be extremely tolerant of RT-RPA or RT-PCR
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pre-amplification effectiveness [139]. The DETECTR
method pre-amplifies conserved gene regions in the N and
E genes of SARS-CoV-2 using reverse transcription—loop-
mediated isothermal amplification (RT-LAMP), and the
amplicons are detected using Casl12a's collateral ssDNA
cleavage activity [140].

Another study uses an ultra-sensitive and robust method
to identify pulmonary tuberculosis using Casl2a/potential
gRNAs. Researchers have developed a CRISPR/Cas12a-
powered luminescence diagnostic test that includes isother-
mal recombinase polymerase amplification with Casl12a
trans-cleavage activity and can be stimulated by target-spe-
cific DNA, allowing for accurate and sensitive quantifica-
tion of the bacterium M. tb from clinical samples [141]. In
addition, development of another Cas 12a protein HOLMES
(one-hour low-cost multipurpose highly effective system)
which uses PCR to enrich target nucleic acids instead of the
DETECTR isothermal amplification method was applicated
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to diagnose DNA viruses, such as Japanese encephalitis
virus and Aujeszky's disease virus [134].

Further research in medical diagnostics reported the All-
In-One Dual CRISPR/Cas12a (AIOD-CRISPR) detection
tool for highly precise, ultrasensitive, and quicker visual
identification of viral nucleic acids such as HIV and SARS-
CoV2 genomic RNA with high sensitivity [142]. When
incubated at 37 °C, the RT-AIOD-CRISPR had the maxi-
mum efficiency with 0.32 U/L AMV. Researchers further
tested the sensitivities of the RT-AIOD-CRISPR assay using
varying copy numbers of HIV-1 gag RNA templates [143].
Another technique for CRISPR/Cas12a diagnosis relies
on Au nanoparticle (AuNP)-assisted metal-enhanced fluo-
rescence (MEF) detection in breast cancer which does not
necessitate nucleic acid amplification. Researchers tested
a biomarker for sensitive and specific of intracellular cas-
pase-3 based on MEF of pre-apoptotic cells, implying that
the developed CRISPR/Cas12a nanosensor may be used to
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detect additional DNA targets such as other cfDNAs (cell-
free DNA), genomic DNA, and viral DNA (Fig. 8). They
created a CRISPRCas12a-assisted AuNP nanosensor with
great sensitivity (as low as 0.34 fM) and speed for detecting
cfDNA (less than 30 min). In comparison to earlier CRISPR-
Cas-based detection systems, the suggested technique elimi-
nated the obvious limitations of preamplifier approaches,
such as time, cost, and the creation of false-positive signals.
The suggested method effectively replaced targeted ampli-
fication with a signal intensification approach based on
DNA complexed AuNP-based MEF. The approach not only
demonstrated strong fluorescence enhancement mediated
by the active CRISPR-Cas12a complex in association with
target DNA, but also allowed for sensible target DNA con-
centration evaluation by colour change. Visual detection of
viral nucleic acid using a combination of Au nanoparticles

(AuNPs)-based colorimetry and CRISPR/Cas12a had been
a success [144, 145].

Study reports from the endpoint identification of Plas-
modium species with programmed Cas12a detection and
Au-NP, gold nanoparticles via lateral flow strip, resulted
in cleavage of target sequences and collateral cleavage of
spiked fluorophore-labelled ssDNA reporter detectable by
fluorescent measurement or lateral flow data [146]. Stud-
ies demonstrated the ability of solid-state CRISPR/Cas12a-
assisted nanopores (SCAN) to detect HIV-1 DNA with high
sensitivity and specificity. SCAN was reported to be capa-
ble of detecting target DNA amounts greater than 10 nM
in less than one hour. Preamplification procedures would
likely be required at concentrations less than 10 nM, as in
prior Cas12a-based experiments. The SCAN's specificity for
identifying two separate sections of the HIV-1 gene has also
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Fig.8 Determination of cfDNA in buffer solution and human serum,
both quantitatively and qualitatively. a Diagrammatic representa-
tion of MEF-based precise targeted cfDNA assessment without
nucleic acid multiplication using CRISPR/Cas12a. The trans-cleav-
age (collateral effect) effect had been used to activate the CRISPR/
Casl2a complex, which degraded the ssDNA between both the 20-
and 60-AuNPs. The fluorescence intensity of dsDNA-functional-
ized 20-AuNP was higher than those of 60-AuNP. b An illustration
depicting the steps how cfDNA is measured in cell culture medium.
¢ Fluorescence intensities of Au nanosensor with activated CRISPR/
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Cas12a detection indicate that the intensity of the Au nanosensor was
substantially related to the concentration of BRCA-1 d Comparative
measurement of cfDNA fluorescent intensities with active CRISPR/
Casl2a in HEK293 and MCF-7 culture medium from various cell
numbers. e The fluorescence intensities of several nucleic acids (sin-
gle-mismatched (SM), double-mismatched (DM), miR-21, miR-141,
and BRCA-1 target DNA) were compared to validate selectivity sens-
ing. ( Copyright permission American Chemical Society 2019 Ref.
145)
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been confirmed. The concept was applied to glass nanopores
and HIV-1 DNAs in research and may be applied to other
nanopore forms and DNA targets that could open new pos-
sibilities for molecular diagnostic applications [147]. Quan-
titative reporters enabling nucleic acid measurement include
CRISPR/Cas12a combined with metallic nanoparticles con-
nected to magnetic beads via single stranded DNAs. This
technology can assess fake cell-free DNA samples in blood
as well as numerous cancer abnormalities in pure DNA sam-
ples with allelic fractions as low as 0.01 percent [148].

CRISPR/Cas 13 system

Unlike Cas12, Cas13 is a single-unit enzyme in Class 2 type
VI CRISPR-effector protein (also called C2c2) that targets
single-stranded RNA with a high degree of precision [149]
Cas13 enzymes also have collateral cleavage activity, like
their type V complements, but most Cas13 orthologues need
a protospacer flanking site (PFS) rather than a PAM to acti-
vate cleavage. The synthesis of these two features makes
them appealing for diagnostic applications [150]. Zhang
et al. designed Specific High Sensitivity Enzymatic Reporter
Unlocking (SHERLOCK), an in-vitro nucleic acid detection
tool, based on Cas13’s “collateral cleavage” action [151].

Casl13ais an RNA-binding protein, and, therefore, SHER-
LOCK relies on T7 RNA polymerase and reverse transcrip-
tion (RT)-RPA for amplifying DNA to RNA for detection
(Fig. 8B). However, the use of multiple procedures can
result in cost and analytical variations. Furthermore, since
RNA is less stable in human specimens than DNA, SHER-
LOCK can produce inaccurate results, posing challenges
for clinical use [152]. Importantly, the studies revealed
that SHERLOCK could differentiate between very closely
related sequences with as little as one nucleotide difference
by carefully designing the Cas13a guide RNA and thus be
used to distinguish between distinct variants of the same
virus, such as the American and African Zika virus strains,
as well as genotypic SNPs in the human genome, such as
cancer-causing mutations in the BRAF and EGFR genomes
[153]. SHERLOCK uses a commercialized laterally flow-
ing strips with a fluorescein (FAM) biotin RNA sensor for
single-objective identification. Antibodies conjugated to
AntiFAM AuNPs are used in the detection response. The
existence of a second band indicates that the RNA sensor
has been cleaved, enabling the FAM antibodies to run down
the strip and attach to the second protein. The full-length
RNA sensor accumulates at the first streptavidin line in a
negative test [154].

Another study from Liu et al. reported enhanced detection
method based on CRISPR/Cas13a nanosensor capable of
directly detecting H7N9 virus and achieving high sensitivity.
As aresult, the point-of-care monitoring for the flu outbreak
became a reality and this H7N9 diagnostic approach based

on CRISPR/Cas13a will aid in the potential monitoring of
the H7N9 influenza A virus epidemic [155]. For early dis-
ease detection and progression avoidance, still clinicians
are using biomarkers for disease diagnosis. Studies reported
CRISPR/Cas13a electrochemical microfluid biosensors for
on-site microRNAs identification for brain cancer in the ado-
lescent blood serum without the amplification micro-RNAs
[156-158]. Furthermore, researchers developed Heating
Unextracted Diagnostic Samples to Obliterate Nucleases
(HUDSON), a tool which utilizes thermal and chemical
reduction to hydrolyze viral proteins and deactivates the
elevated amounts of proteolytic enzymes present in bodily
secretions, designed to check viral nucleic acid effectively
using SHERLOCK [159].

Researchers used HUDSON in conjunction with SHER-
LOCK to build a biosensor-based viral monitoring system
for ZIKV and DENV, with exceptional productivity and
little apparatus or sample processing requirements. This
approach is as sensitive and specific as amplification-based
nucleic acid diagnostics, with performance and apparatus
requirements equivalent to quick antigen testing [160-162].
Using 16S rRNA CRISPR/Cas13-based biosensor, it is now
possible to detect M. tb following reverse transcription is
prior to and after amplification. In the meantime, preventing
RNA depletion should be prioritized, which could restrict
the CRISPR/Cas13 system’s use in tuberculosis molecular
diagnosis [163]. Hu et al. (2020) outlined the prototype of
DNA-AuNPs bioprobes using a freezing-based approach
that was salt-free and did not require thiol manipulation. By
combining the CRISPR/Cas13a method, these AuNPs bio-
probes were used to detect RNA. The bioprobes described
above were used to investigate Listeria monocytogenes,
Pseudomonas aeruginosa, Staphylococcus aureus and Sal-
monella typhimurium [164].

CRISPR/Cas 14 system

Casl4 (also known as Cas12f) is a class 2 type V protein that
is partial the size of other Cas enzymes and comprises 24 vari-
ations divided into three subgroups (Cas14a-c). It recognizes
and cleaves ssDNA without the use of a protospacer adjacent
motif (PAM) (Fig. 8C). This capability, together with Cas14's
modest size, makes the CRISPR/Cas14-based technology a
good choice for identifying DNA SNPs with high specificity
[165, 166]. Casl4a is integrated into the DETECTR platform
to create a new ssDNA detection system known as Cas14a-
DETECTR, a virus detection system used for nasopharyngeal
swabs and washings of infected children suffering from inad-
equately treated acute respiratory infections caused by another
one of four human bocavirus genotypes (HBoV1) [167]. In
owing to increased genotyping of SNPs, Cas14-DETEC-
TR’s development offers potential for utility in identifying
ssDNA viruses that are therapeutically, economically, and
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environmentally relevant. Cas12b-based DNA detection (CD
detection) has been used to directly identify plasma HPV cell
less tumour DNA in Cas14-DETECTR, demonstrating that
Cas12b-based DNA detection (CD detection) might assist in
quickly determining viral infectiousness [168].

Therapeutic applications of CRISPR/Cas
technology

According to WHO’s 2019 Global Health Estimates, the
global mortality rate from infectious illnesses is increasing sig-
nificantly, accounting for up to seven of the world’s ten leading
causes of death [169]. Diseases like polio, tetanus, measles,
and so on can be avoided by vaccines, whereas the most com-
mon cure for infectious diseases is the use of pathogen-specific
medicines. Bacteriophages (phage therapy), blood prepara-
tions (hemotherapy), gamma globulins, or immunoglobu-
lins (serotherapy) are often used in addition to medications
that specifically attack the pathogen [170]. Recent medicinal
research explorations have led to the effective improvement of
therapeutic agent functionality in disease management. How-
ever, there is a significant limitation to the effective treatment
of multiple diseases, and that limitation is the distribution of
the therapeutic drug to the target region. Targeted therapy is
an approach to disease management that involves administer-
ing sufficient doses of drug carrier to the affected region of
the body for an extended period. To address this, one of the
ultimate aims of nanomedicine is the invention of safer and
more efficient therapeutic nanoparticles [16, 171].

One of the therapeutic uses of CRISPR technology is the
introduction of different tools into target cells under in vivo
settings. The far more common carrier for administering
such techniques are viral vectors, and numerous researchers
have chosen adeno-associated virus (AAV) as their preferred
vector; nevertheless, the number of exogenous genes that
may be transported by these transgenic viruses is limited.
Because most Cas enzymes have a large molecular weight,
creating recombinant AAVs using Cas proteins and crRNA/
sgRNA can be difficult [142, 172]. Drug-resistant bacteria
and persistent viral diseases like HIV and hepatitis B virus
(HBV) are the principal targets of novel CRISPR-based
infectious disease treatments [13]. Several biomaterials,
including lipid, polymeric, and inorganic nanoparticles, have
recently been developed enabling transitory expression of
CRISPR systems in vivo (NPs).

Nano-formulations and drug delivery
approaches
Despite breakthroughs in CRISPR/Cas9 technology, signifi-

cant therapeutic applications are unlikely in the future due
to a lack of appropriate delivery technology. The scarcity of
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effective distribution mechanisms remains its most major
constraint to genetic engineering's near-limitless possibili-
ties. Conventional viral delivery systems based on retrovi-
rus or adenoviruses have a high transfection effectiveness,
but their intrinsic toxicity, which includes immune system
response initiation and viral DNA invasion into recipient
chromosomal, has limited their usage [173]. Adeno-associ-
ated viruses are considered safer, but their limited packing
ability poses a restriction in the delivery of components of
CRISPR/Cas9. Nonviral delivery systems are, instead, bet-
ter than genome-editing components and are not limited by
their size, but their distribution performance is compara-
tively poor [174]. A range of nonviral delivery mechanisms
for genome editing has been developed because of recent
developments in nanotechnology (Fig. 9).

Furthermore, several techniques for improving deliv-
ery effectiveness have been explored, including promoting
endosomal escape, active targeting, and cargo release in
response to stimuli. Natural extracellular vesicles, as well
as synthetic nanoparticles based on liposomes, polymers, or
polypeptides, have been used to deliver CRISPR/Cas9 [175].
Targetable unit manipulation on nanocarriers to accomplish
specific gene delivery is a promising technique that is being
extensively used in gene therapy to reduce risk factors on
body cells [176]. Encapsulated nanocarrier protects sus-
ceptible CRISPR materials from degradation in biological
fluids by nucleases and proteases. Since nucleic acids pos-
sess negative charges and Cas9 nanocarriers have net posi-
tive charge, the overall positive charge on the nanoparticle's
surface helps facilitate cellular uptake by interacting with
negatively charged cell membrane surface to increase load
capacity and by contacting cells or cell-penetrating peptides
(CPPs) to allow cell wall permeation [177]. In addition,
physicochemical properties of nano-formulation are criti-
cal in targeting and release. Modifying the physicochemical
properties of the nano-formulation in a particular way to
target disease cells can enhance distribute drugs more effec-
tively [178-180]. However, the activation of the delivered
CRISPR device at disease sites has been difficult to monitor,
rising the chance of nano-carrying or non-targeting the gene
editing in healthy tissues which is inevitable if the CRISPR-
based drug with high dosages is used [181].

Lipid-based targeted delivery of CRISPR/Cas9

Lipid NPs are spherical three-dimensional vesicles formed
by a lipid molecule assembling. For the development of
nanocarrier systems, lipid materials are well characterized
because of the tertiary amines in their composition. Lipid
nanoparticles (LNPs) predicated on ionizable cationic lipids
have indeed been developed to stimulate endosomal egress
by exhibiting a cationic charge in the decreased pH of late
endosomes. Although these LNPs were designed to work
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Fig.9 Various nano system suitable to deliver CRISPR/Cas for thera-
peutics. The different approach combined with CRISPR/Cas aids in
targeting various genetic and metabolic disorders. Lipid-based deliv-
ery systems investigate for lung cancer, heredity diseases, transthyre-
tin amyloidosis, Alzheimer’s diseases, diabetes, leukemia, tyrosine-
mia, and hurler syndrome. Metal nanoparticle-based delivery systems
investigate for Duchenne muscular dystrophy, X-fragile syndrome,
Human Immunodeficiency Virus (HIV) infection, Human papilloma-
virus (HPV), autism spectrum disorders (ADS), central serous chori-
oretinopathy (CSCR-4), WHIM syndrome. Polymeric peptides-based

with RNA interference (RNAi), they can also be used in
the delivery of CRISPR/Cas systems [181-183]. A large
variety of independently tested lipid nanocarriers for their
capabilities to supply CRISPR/Cas9 devices have been
studied. Research was conducted using a lipid-gold NP for-
mulation to target Polo-like kinase-1, a mitosis regulator,
overexpressed in many forms of cancer. This research modi-
fied HIV-1 Tat peptide cationic gold nanocluster to increase
nuclear targeting and complexed it using electrostatic attrac-
tion with Cas9 protein and pDNA encoding sgRNA (Plkl
targets) [184].

In vivo and in vitro studies revealed a unique polyeth-
ylene glycol phospholipid-modified cationic lipid nano-
particle (PLNP)-based approach for efficiently delivering
CRISPR/Cas9 to treated melanoma cells that was con-
siderably more efficient than conventional transfection
kits. Because of the CRISPR/Cas9 system’s effective
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delivery systems investigate for cancer, monosodium urate crystal,
antibacterial resistance in MRSA, CML, hypercholesterolemia, inter-
cranial tumor, osteosarcoma, septic shock, severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). Cell-fusion peptide-based
delivery methods have been investigated for murine leukemia virus
(MLYV), Lesch-Nyhan syndrome and hyperuricemia, kidney, and uri-
nary tract congenital abnormalities, and Enhanced Green Fluores-
cence Protein (E-GFP) tumors. (Copyright Permission Elsevier 2021,
Ref. 70)

gene-editing capacity and the excellent gene delivery
capability of PLNPs, this approach is more accessible
and secure than viral and/or hydrodynamic injection-
based gene delivery approaches and has the potential to
be probable in the treatment of a variety of gene-related
illnesses, including tumours, infectious diseases, and her-
itable diseases [185]. One of the first promising Cas9 NP
approaches employed viral and nonviral NP administra-
tion in hepatocytes to enable homology-directed regenera-
tion in a murine model of hereditary tyrosinemia type 1.
This method obtained genetic manipulation in 6 percent
of hepatocytes with a 24.1-percent indel rate calculated by
high-throughput sequencing of the desired target in total
liver genomic DNA after adjusting the length of time of
Lipid NP and Adeno-Associated Virus (AAV) adminis-
tration to increase the traversal between peak Cas9 and
sgRNA expression [186].
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CRISPR/Cas9 nano complexes consisting of R7L10
peptides with Cas9-sgRNA ribonucleoprotein were shown
to have the lowest off-target efficacy in adult mouse brains
[187]. A single administration of CRISPR—Cas9 delivered by
liver-targeting lipid nanoparticles (LNP), resulted in a 60%
downregulation of the target gene (ATTR) and a 70-80%
corresponding decrease in serum concentration of the dys-
functional transthyretin protein in a preclinical mouse model
of transthyretin amyloidosis [188, 189]. Park et al. studied
CRISPR/Cas9-loaded nanocomplexes that successfully tar-
geted beta-secretase 1 “BACE1” in post-mitotic nerves in adult
mouse brains and revealed therapeutic benefits in five famil-
ial Alzheimer’s disease (SXFAD) and APP knock-in models
[190]. Other nanoscale combinations relying on electromag-
netic contacts have been developed to transport CRISPR/Cas9.
Cas9 and sgRNA encoding plasmid DNA that inactivates E6
and E7 HPVs in cervical cancer cells, leading to cell cycle
inhibition and probable death of cells [191].

The therapeutic method was tested by interrupting the
DPP-4 gene in Type 2 Diabetes Mellitus utilizing a leci-
thin-based liposomal nanocarrier particle (NL) to deliver
Cas9-RNPs. Hepatocytes can effectively ingest lecithin-
based NL particles during vivo tests in mice, suggesting that
the greater potency of the gene disruption impact may be
attributable to longer NL buildup in the liver. However, in
a similar manner to incretins, downregulation of DPP-4 by
NL Cas9-RNP treatment resulted in glucose tolerance and
insulin resistance reconciliation [192]. Xu et al. developed
a cationic lipid-assisted polymeric nanoparticle (CLANS),
a flexible mechanism for delivering pCas9 into chronic
myeloid leukaemia (CML) cells, B cells, neutrophils, and
macrophages for in vivo gene editing [193].

Yin et al. demonstrated a method for delivering CRISPR/
Cas9 components that employed two different vehicles: lipid
nanoparticles provided Cas9 mRNA as well as an AAV
administered the sgRNA/HDR sequence. They were able
to repair the Fah (fumarylacetoacetate hydrolase) gene in
the murine model of inherited tyrosinemia using the same
strategy [194]. Other researchers reported a study that used
a lipid nanoparticle carrier to encapsulate modified sgRNA
and Cas9-encoding mRNA. After a single administration,
the mouse Ttr (transthyretin) gene was reduced by more
than 97 percent in serum protein levels in the liver [195].
Another study discovered that delivering Cas9 mRNA and
sgRNA in vivo using a lipid nanoparticle containing disul-
phide bonds (BAMEA-O16B) had a significant tailoring
effectiveness (80%) [196, 197].

Metal nanoparticles for efficient CRISPR/Cas9
delivery

Widder, Senyei, and others proposed magnetic micro- and
nanoparticles for medication delivery in the late 1970s.
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Pharmacological substances are coupled to or enclosed
within magnetic micro- or nanoparticles in this approach.
Magnetic centers with protective coatings or functional-
ized polymers, as well as porous polymers containing mag-
netic particles, can be used to produce such nanostructures
[198-200]. Because of their remarkable physicochemical
stability and biocompatibility, gold-based nanoparticles
(AuNC and AuNP) are increasingly being investigated as
non-viral protein and DNA delivery methods. The AuNC is
a gold-based nanostructure composed of golden molecule
clusters that are smaller than 3 nm range in size. Several
studies have documented the capacity of AuNC and AuNP
endorsed multi-layer lipid NPs to deliver various CRISPR/
Cas9 processes utilizing gold-based nanoparticles and lipid
NPs’ delivery capabilities [201].

Since AuNPs facilitate the delivery of CRISPR/Cas con-
tent in various forms via endocytosis, they appear promis-
ing in the treatment of DMD since they are safe in terms of
eliciting an immune response, providing better dose control,
and allow multiple injections of the treatment. The effective-
ness of dystrophin rescue and muscle strength enhancement
of several CRISPR/Cas9 systems can be boosted by editing
further pluripotent of the stem cells found in muscle tissues
at different times. When used in combination with an NHEJ
technique, gold nanoparticles may be more effectively in
gene editing [202, 203].

In Thy1-YFP and Ai9 animals with X-fragile syndrome,
CRISPR-Gold (CRISPR designed with gold nanoparticles)
were utilised to transport Cas9 or Cpf1 to the brain via local-
ized intracranial infusion, resulting in a significant reduc-
tion in recurring X-fragile syndrome symptoms (XFS) [204].
CRISPR Gold Cas9 RNP with prototype DNA was infused
intramuscularly and repaired 5.4% of dystrophin genetic
mutations. In a mouse model of autism spectrum disorder
(ASD), intracranial infusion of CRISPR Gold Cas9 RNP
caused targeted gene editing of 14.5% of the GRMS5 gene
and regained 40-50% of protein synthesis in the brain and
other organs, reversing the consequences of ASD [205, 206].

The use of graphene oxide (GO)-based carriers in a
genetic manipulation strategy based on CRISPR/Cas 9
technology has demonstrated to be a successful technique.
Macromolecules in Cas9/single-guide RNA (sgRNA) com-
binations electrostatically loaded with PEI/PEG have been
reported to transport CRISPR/Cas9 complexes in their
genetic engineering process, where Cas9 retains endo-
nuclease behaviour equivalent to much like its free form.
GFP-expressing human AGS cells treated with GO-mediated
Cas9/sgRNA demonstrated a 39 percent reduction in gene
disruption while maintaining high cytocompatibility and low
cell toxicity [207-209].

Studies have indicated that the magnetofection of viral
and non-viral methods to the delivery CRISPR/Cas9 sys-
tem in swine fibroblasts is the alternative approach. In



Journal of Nanostructure in Chemistry (2022) 12:833-864

851

combination with a non-uniform magnetic field, the use
of PEI-Mag 2 iron oxide nanoparticles proved to be a suc-
cessful, rapid, and non-toxic strategy to boost the particu-
lar action for CRISPR/Cas9 therapeutics. However, further
experiments are required to applicate the use in in-vivo
conditions towards the utilization of magnetic nanoparticles
adapted to deliver the gene-editing mechanism of CRISPR/
Cas9 into porcine fibroblast cell lines [210]. Kaushik et al.
developed a delivery mechanism for the eradication of HIV
infection, based on magnetic nanoparticles. Reports stated
that the resulting nanoconjugates could cross an in vitro
blood-brain barrier (BBB) model that demonstrated their
ability in vivo to enter the central nervous system providing
an important boost to CRISPR antiviral therapy (Fig. 10)
[211-217].

Magneto-electric nanoparticle (MENPs) are the
core—shell nano-architecture and have been establish as an
efficient drug nano-carries to deliver drug across the BBB,
a non-invasive approach (Fig. 10). These MENPs due to
desired surface charge bind with CRISPR/Cas9/gRNA
(designed specifically to target latent and activated HIV
infection) via electrostatic interaction [211]. A magnetically
guided (0.3 T for 3 h) approach was optimized to deliver
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MENPs-CRISPT-Cas9 nanomedicine across the BBB with-
out affecting the cellular junction of the BBB (Fig. 10A).
After delivery confirmation, an externally controlled ac-
magnetic field (60 Oe, pulse-to-pulse, for 30 min) to achieve
98% release of CRISPR/Cas9 from the nanomedicine. The
efficacy of the released drug was evaluated by LTR expres-
sion assay (Fig. 10B) and further validated using fluorescent
imaging (Fig. 10C). The results of the studies confirmed that
release CRISPR/Cas9 is more efficient eradicate HIV then
the pure. This might be due to easy cell-uptake of MENPs
[215] under the influence of ac-magnetic field which is
known to produce localized electric field and acoustics at the
MENPS-cell interface (Fig. 10D, E). To establish MENP-
CRISPR/Cas9/gRNA nanomedicine to treat neuroHIV, the
magnetically guided delivery of MENPs have been demon-
strated in mice [216] and non-human primate i.e., baboon
[216]. The static magnetic field of 0.3 Tesla for mice and
3 T for baboon was applied from 3 h. The post-injection
brain tissue TEM imaging confirmed [216] that MENPs are
uniformly distributed in the all the cell type without any
agglomeration (Fig. 10F). The effect of MENPs on mice
brain tissue integrity, blood-toxicity profiling, and motor
coordination function we also evaluated using appropriate
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Fig. 10 A The CRISPR/Cas9/gRNA bind with MENPs electrostatic
interaction and their delivery across the BBB under the influence by
static magnetic field. Set-up of ac-magnetic field stimulation (60 Oe
for 30 min) were applied to release CRISPR/Cas9/gRNA (98%) from
the nanomedicine MENPs-CRISPR/Cas9 nanomedicine. The effi-
cacy of released CRISPT-Cas9 against eradicating HIV latent virus
confirms using LTR expression (B) and imaging (C), Copyright per-
mission Springer Nature-2019 [210]. The cell-uptake evaluation of

MENS as confirmed by SEM (D) and TEM (E), Copyright permis-
sion Springer Nature-2017 [214]. These MENPs were delivered to
the brain of (F) mice, TEM imaging of post-MENPs injection mice
brain tissue shows the uniform distribution of particle in all the brain
cell types (Copyright permission Springer Nature-2016 [215] and G
baboon, the histology studies confirmed that MENPs did not affect
integrity of major brain (a) and peripheral (b) tissues. (Copyright per-
mission American Chemical Society 2019 [216])
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techniques and outcomes project MENPs as a safe nano-sys-
tem. In case of baboon, MRI was utilized to deliver MENPs
to the brain and pre and post imaging analysis confirmed
the successful delivery [216]. The MENPs are distributed
in major region of interest and did not affect the integrity of
brain and peripheral tissue without affecting toxicity profil-
ing as confirmed by blood analysis up to 4 weeks (Fig. 10G).
The results of these studies proposed MENPs as a potential
nano-system for delivering a drug to the brain across the
BBB and on-demand controlled release of the drug on ac-
magnetic field. Investigation also suggests that MENPs are
safe are suitable for clinical application where developing
efficient therapies for brain diseases is the focus.

Polymeric peptide based CRISPR/Cas9 delivery

Polymeric nanoparticles obtained from polymerized or
monomeric components have intensified their importance,
over the years through natural biopolymers by developing
new biomedical tools due to their compatibility controlled
released and biodegradability [218]. Due to the diverse
range of polymers available for biological transfection,
encapsulating the Cas9 protein, DNA, or RNA inside poly-
meric carriers could be an approach for the delivery of Cas
enzyme. Polymeric carriers, for example poly-lactic/glycolic
acid copolymers (PLGA) or polycaprolactone (PCL), can
be generated using natural monomers as coating materials
on the magnetic nanoparticles because of their hydrophilic
nature and reduced di-pole attractions between the magnetic
nanoparticles. This is due to their hydrophilic atmosphere
and thus to the fact that their di-polymeric attractions are
reduced, and the results of this can be well dispersed aque-
ous nanoparticles [219].

Although polymeric carriers are often used to trans-
port other proteins, there are only a few instances of pol-
ymeric Cas9 delivery in the literature. These may be due
to the fact of high molecular weight dependence, multiple
optimizations, difficult surface homogenous modifica-
tions and plus the ability for a surface or a carrier [220].
Wang et al. created a potent gene-editing method with
increased structural penetrability for administering Cas9
and sgRNA plasmids for treatment of cancer. The polypep-
tide (poly(4((2(piperidinlyl) ethyl) aminomethyl) benzyl
glutamate) PEGylated nanoparticles vector displayed 100%
deletion effectiveness of polo-like kinase 1 (Plk1) in HeLa
malignant cells, which decreased Plk1 expression levels and
significantly suppressed tumor cell proliferation, increasing
the survival period of tumour harboring rodents [221].

Liu et al. experimentally demonstrated delivery of expres-
sion vector employing cationic lipid aided PEG-PLGA nano-
particles (CLANS), encrypting Cas9 and sgRNA, relying
on a repository of poly (ethylene glycol)-b-poly (lactide-co-
glycolide) (PEG-b-PLGA) cationic lipoproteins, and it has
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been confirmed that such framework could well suppress the
expression of pro — inflammatory elements [222]. Recently,
researchers have demonstrated that plasmids encoding Cas9
and sgRNA delivered by poly (beta-amino ester) (PBAE)
nanoparticles can accomplish 1-cut knockout and 2-cut dele-
tion edits. The PBAE/DNA nanoparticles developed here to
hold the promise for non-viral gene editing utilizing DNA
and these findings further has implications for the creation
and testing of next-generation non-viral delivery vehicles for
CRISPR/Cas9 gene editing in general [223].

Researchers investigated the in vitro transfection of
PLGA nanoparticles identified with fluorescent labelled
encapsulating high molecular weight CRISPR/Cas9 plasmid
DNA in murine macrophages derived from bone-marrow
using the nanoprecipitation process, which forms particulate
matter by incorporating a hydrogen-based organic polymer
and medicinal solution in an aqueous solution with a poly-
mer surfactant [224]. Timin and colleagues used polymeric
and hybrid poly-l-arginine hydrochloride/dextran sulphate
(PARG/DEXS)3 capsules to deliver CRISPR/Cas9 compo-
nents for safe and effective gene editing. In the HEK293T
cells, the dTomato gene was effectively knocked off, indi-
cating that providing CRISPR/Cas9 mRNA results in better
transfection than plasmid DNA transfection [225].

Sun et al. reported an in vivo delivery of polymeric
core—shell nanoparticle loaded with Cas9-sgRNA complex
through a PEI coating on a DNA nanoclew using U20S-E-
GFP tumour bearing mice and demonstrated E-GFP disrup-
tion by 25% [226]. The Cas9/sgRNA/NC-12/PEI nanopar-
ticles carrying the AF647-labeled Cas9 were first assessed
through confocal laser scanning microscopy (CLSM), a
depth-selective approach for determining the position of
given therapeutics inside the cells. Over the span of 6 h,
the tagged Cas9 connects to the cell membrane, subse-
quently penetrates the cytosol, and finally localises to the
nucleus, as demonstrated by the red fluorescence signal
from AF647-Cas9 colocalizing with the blue fluorophore
of labelled nuclei.Based on signs that Cas9/sgRNA would
penetrate the nuclear membrane, researchers assessed the
degree to what targeted DNA cleavage and repair via the
endogenous NHEJ pathway could promote the creation of
insertions and deletions. When designed to target the E-GFP
coding region, most in-dels might alter the base sequence,
preventing proper E-GFP production [226]. They investi-
gated at how nanoparticles carrying either as the E-GFP-
targeting sgRNA (Cas9/sgRNA/NC-12/PEI) or the non-tar-
geting cgRNA (Cas9/cgRNA/NC-12/PEI) affected E-GFP
expression. Confocal microscopy and flow cytometry studies
revealed that the sgRNA suppressed fluorescence in 36% of
the cells, while the cgRNA had no impact when compared
with untreated cells (Fig. 11). Interestingly, when DNA nan-
oclew and sgRNA guide sequence were partly complemen-
tary, the editing efficiency was increased, which suggests



Journal of Nanostructure in Chemistry (2022) 12:833-864

853

that a modified DNA nanoclew may be used to include many
multi-editing sgRNAs [227]. ZIFs are zeolitic imidazolate
frameworks with imidazolate (C3H3N2) linkers and metal
ions. These are metal-organic frameworks composites with
very porosity architectures capable of encapsulating a wide
range of organic compounds, minimal cytotoxicity, and pH
sensitivity. These ZIF characteristics, according to a recent
study, might be exploited to help in the spread of Cas9 RNP.
When ZIF-Cas9 Ribonucleoprotein nanoparticles were
injected into CHO cells, they enhanced endosomal escape
and reduced target gene expression more effectively [228,
229].

According to the studies, gold nanocrystals (AuNCs) can
self-assemble alongside SpCas9 protein, and the resultant
complex (SpCas9 AuNCs) effectively transfer SpCas9 pro-
tein into the nucleus of the cell. SpCas9-AuNCs are stable
over a wide range pH level but disintegrate at lower pH lev-
els (Fig. 12A). SpCas?9 is transported inside cells via the
assembling breakdown process, in which it conducts its frag-
mentation activity. Additionally, after transfecting HPV18
E6 sgRNA into cervical cancer cells, the researchers used
self-assembled SpCas9AuNCs nanoparticles to successfully
eliminate the E6 oncogene, reinstating the functioning of
the tumor-suppressive protein p53 and causing death. Since
successful intracellular uptake and transportation of SpCas9
into the nucleus of the cell is necessary for genetic disrup-
tions, the assimilation of SpCas9AuNCs into HeLa cells
were investigated by treating cells with SpCas9AuNCs for
1, 2, and 4 h (Fig. 12B). SpCas9 and AuNCs were detected
in green and red fluorescences, respectively. Indigenous
SpCas9 incubated alone were unable to penetrate the nuclear
membrane even after 4 h of incubation. SpCas9-AuNCs-
incubated cells, on the other hand, had a greater green
fluorescence intensity over native SpCas9-incubated cells,
indicating that perhaps the nanoparticles produced assisted
the process of cellular uptake (Fig. 12C). Additionally, as
the incubation time were prolonged, increased SpCas9 was
found in the nucleus of the cell, where cleavage of target
DNA occurs mediated by endonucleases. This finding was
quantitatively supported by line scanning patterns of absorp-
tion spectra. The excellent cellular uptake capacity was fur-
ther confirmed by flow cytometry (Fig. 12D). SpCas9AuNCs
have also been found to be easily absorbed by BCP1 cells,
which are extremely difficult to transfect, suggesting how
this technology might be utilised to transfect a wide range of
cell cultures which are difficult to transfect [230].

Cell-fusion peptides for intracellular delivery
of CRISPR/Cas9

CPPs (cell penetrating peptides) are an approach to
evaluate while designing a delivery vector because they
may make it much easier for cells to access and leave

endosomes. Though cell penetrating peptides have indeed
been utilised to deliver CRISPR—Cas9, when it is used
alone, these are ineffective in protecting the elements
from breakdown. CPPs, on the other hand, might be uti-
lised as a supplement to numerous nanostructures [229].
The very first work to employ CPPs for cellular uptake of
CRISPR/Cas9 into mammalian cells was reported by Ram-
akrishna et al. Traditionally, physical delivery techniques
like as electroporation and microinjection were utilised,
but the researchers herein co-produced Cas9 with CPP,
with sgRNA targeting the C—C chemokine receptor type 5
(CCR5) in combination with a similar CPR which does not
contain maleimide activity. Genetic disrupting efficiency
(percent indels) just at CCRS gene locus were tested using
HeLa, HEK293T, NCCIT (mouse pluripotent embryonal
carcinoma cell line), H9 human embryonic stem cells, and
human dermal fibroblasts [177, 184].

Using dormant HIV-1-infected human 293 T cells, cal-
cium phosphate transfection was utilised to transfer plasmid
DNA containing Cas9 and sgRNA, which was engineered
to assault the provirus genome, prohibiting viral proteins
from being produced and removing inner genetic material
from recipient cell nucleus [231, 232]. The complex molecu-
lar aggregation of NPs made from an amphiphilic peptide
with Cas9 RNPs was reported by Lostale-Seijo et al. Using
hydrazone binding, a cationic cell-penetrating peptide (P)
was covalently and individually attached to a spectrum of
lipophilic aldehyde tails (Tn) to generate the amphiphilic
protein (PTn). The researchers scanned a repertoire of NPs
synthesized with lipotropic aldehydes of varied carbon
chains to determine the deletion proportion of the E-GFP
gene in E-GFP-expressing Hela cells [184, 233].

The CRISPR/Cas9 technique was effectively adminis-
tered in mesenchymal stem cells (MSCs) for the first time
utilizing hybridized extracellular vesicles, which were
designed by merely incubating exosomes with liposomes.
CRISPR/Cas9 has been a significant step forward in gene
therapy, which has proven tough over decades. Nevertheless,
the resultant hybrid nanoparticles could be released into the
cytoplasm of MSCs and transcribed by incapsulated genes.
Exosome-liposome hybrid nanoparticles in MSCs can sup-
ply the CRISPR—Cas9 mechanism, making them potential
for in vivo gene manipulation [234, 235]. To facilitate dis-
tribution by cationic lipids-based transfection ingredients
like RNAIMAX, a composite molecule comprising Cas9 and
negatively supercharged proteins was designed. Injection of
the Cas9 RNP/RNAIMAX combination into the cochlear of
transgene Atohl (atonal bHLH transcription factor 1)-GFP
mice led in a 13% drop in GFP in the transgene mice [236].
On the other hand, Mangeot and co-workers developed
nano-blades, a vector based on the murine leukaemia virus
(MLYV), to transport Cas9 RNPs for in vivo gene editing
[237].
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Fig. 11 Design of the DNA NC based CRISPR—Cas9 delivery sys-
tem. A Cas9/sgRNA/NC/PEI preparation. I RCA generated the NC,
which was then integrated with the Cas9/sgRNA complex. II Regard-
ing improved endosome egress, PEI was coated onto Cas9/sgRNA/
NC. B Cas9/sgRNA transport to the cell nucleus using a DNA NC-
based transporter for genetic manipulation. I Adherence to the cell
surface; II localization; III escape from endosome; IV nuclear trans-
port; V chromosomal search and double-strand break introduction
for genetic manipulation. C U20S flow cytometry analysis and fluo-
rescent microscopy depictions. Cas9/sgRNA/PEI and Cas9/sgRNA/
NC-12/PEI treated E-GFP cells. Green indicates E-GFP, while blue
represents Hoechst 33,342-stained nuclei. D Cas9/sgRNA genetic
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manipulation delivered via DNA NCs (8 mg mL~") covered with PEI
(10 mg mL™Y). U20S assay using T7EL Cas9/gRNA/NC-12/PEI and
Cas9/gRNA/PEI were used to treat E-GFP cells. E An E-GFP dis-
ruption test using Cas9/gRNA supplied via various DNA NCs. After
treatment with Cas9/sgRNA/NC-23/PEI, Cas9/sgRNA/NC-12/PEI,
Cas9/sgRNA/PEI at various Cas9/sgRNA molar ratios, the percent-
ages of E-GFP negative cells are shown. F Cas9/sgRNA delivery into
U20S in vivo. Nude mice with E-GFP xenograft tumours. Tumor
slices were taken ten days after Cas9/sgRNA/NC-12/PEI was injected
intratumorally. An FITC-conjugated GFP antibody was used to label
the E-GFPs, and Hoechst 33,342 was used to stain the nuclei. ( Copy-
right Permission Willey 2015, Ref. 226)
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Fig.12 A pH-induced assembly disassembly of SpCas9AuNCs is
depicted schematically. Electrostatic interaction enables AuNCs to
self-assemble with SpCas9 at a higher pH, whilst SpCas9AuNCs
deconstruct at the lower pH, weakening its contact with AuNCs. B
Confocal laser scanning microscopy (CLSM) pictures of SpCas9 and
SpCas9-AuNCs C treated HeLa cells at 1, 2, and 4 h, correspond-
ingly. To monitor the SpCas9 dispersion within the cell, an anti-Cas9

Challenges associated with nano-CRISPR/
Cas Systems

Despite its great specificity and sensitivity, CRISPR/Cas-
based fluorescent nucleic acid detection has numerous
drawbacks, including the need for pre-amplification tech-
niques like LAMP and RPA, the high cost of fluorescent
signal readout equipment, and scientific knowledge. How-
ever, while CRISPR/Cas-based lateral flow colorimetric
detection only gives qualitative detection findings, it has
been considered as a quick, reliable, and cost-effective
technique for on-site diagnosis by the naked eye. Further-
more, the electrochemical biosensors based on CRISPR/
Cas provide a very desired free pre-amplification approach
for fast nucleic acid diagnostics. However, problems per-
sist in miRNA detection due to their short size of 19-23
nucleotides, which clearly impedes the creation of sgRNAs
[238]. Although SHERLOCK has demonstrated excellence
in detecting pathogens, on no account efforts have been
made to identify miRNA since its smaller size makes the
amplification difficulty [239]. Nevertheless, this method
has shown great potential in diagnostics and other site-
specific applications, many factors such as immunogenic-
ity, off-target site delivery methods and toxicity must be

c SpCas9 AuNCs
(A..=500-550 nm) (A, =575-625 nm)

pCasQ AuNCs
Control SpCas9-AuNCs

+E6 s‘

antibody and an antimouse secondary antibody have been used in
combination using Alexa Fluor 488 to stain the SpCas9 protein, while
AuNCs was displayed in red fluorescence. D Western blot examina-
tion and immunofluorescence test of the HPV18 E6 protein in HeLa
cells treated with SpCas9AuNCs, SpCas9AuNCs with E6 sgRNA, or
SpCas9 with E6 sgRNA. (Copyright permission American Chemical
Society 2019 Ref. 230)
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addressed to affect its effectiveness, particularly if being
used for in vivo human gene therapy.

Compatibility with the host immune system

Targeted delivery of the CRISPR/Cas protein is necessary
for the proper mechanism and expression of the Cas pro-
tein, hence, the immunogenicity risk of gene editing through
CRISPR/Cas9 depends greatly on the path of the delivery.
While Cas9 in vivo treatments pose distinct problems to vec-
tor immunogenicity, in-vitro cell delivery of Cas9 permits
better inspection of residues in the product. Most therapies
in CRISPR/Cas either attempt to express Cas9 by nucleic
acids in the target cells or to put the protein into a viral cap-
sid or nanoparticles. Anti-Cas9 neutralizing antibodies can
therefore only affect success when Cas9 is exposed extra-
cellularly and outside of the vector hull, for example, after
tissue injection [240, 241].

One approach to this issue is the usage of a CRISPR/
Cas System protein delivery that could have less immuno-
genesis since the Cas protein is only available for a limited
duration in the target cell [242]. The extent of immunogenic-
ity, when combined with the immunogenic effects caused
by some delivery vehicles, could render the CRISPR/Cas

4
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system ineffective. Exogenous RNA transmitted by lipid
nanoparticles has been shown to stimulate Toll-like recep-
tors and cause immune responses [243]. Lipid-based vectors
can offer as a viable alternative to viral vectors for in vivo
applications since lipids are less immunogenic than viruses
[244].

The Cas9 protein (SpCas9) expression in mice as a cell
and humoral immune response raises concerns about its
safety and efficacy as gene therapy or epi-gene therapy in
humans. Immune responses to other exogenous pathways of
gene transfer, as well as preclinical models, show that Cas9
infections are immune to humans [245]. The CRISPR mech-
anism is usually packed into AAV vectors for gene therapy
and does not come into close contact with the antibody,
while the main immune response is the humoral immune
response of AAVs, and the cellular immune response medi-
ated by Cas enzyme. Cellular immunity to Cas enzyme
has been reported, but all of these findings are focused on
in vitro studies. It is still unclear if the Cas enzyme used
in vivo can cause cellular immunity in these CRISPR-edited
cells [246, 247].

To minimize off-targeting of CRISPR system.

Several reports have described that Cas9 binds to unpre-
dicted genomic sites for cleavage, a phenomenon known as
off-target effects. CRISPR/Cas mediated genome therapy off
target results would seriously hinder its application, as it can
cause genetic instability and increase the risk of some dis-
eases by inserting undesirable mutations at non-target sites
[248]. However, several scientists are trying to understand
the factors affecting the variables that influence them and
produced a variety of useful approaches to minimize off-
target effects [249]. Even though the sgRNA is programmed
to target a single gene of interest, the same Cas9/sgRNA also
targets a large range of non-specific genes. Long-term con-
stitutive expression of Cas9/sgRNA in gene-based CRISPR
transmission exacerbates the problem: repetitive exposure
of Cas9/sgRNA to non-specific genes will result in signifi-
cant off-target results. Off-target effects have been reduced
using a variety of approaches, including designing a high-
specificity Cas9 protein [250, 251].

Novel delivery method for retention and higher
efficacy

CRISPR/Cas components delivery is still also a significant
challenge in gene therapy in the efficient delivery of indi-
vidual cells, tissues and organs for accurate genome editing.
An ideal distribution vector should have several advantages
including non-toxicity, efficient delivery, low costs, high
performance, and biodegradability [252]. As a result, the
type of delivery vector should be selected with caution to

a
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understand the side effects of viral vectors. AAVs and ade-
noviruses, unlike lentiviruses, minimize the risk of unwanted
DNA integration into the host genome, which unlike may
pose a concern for biomedical studies [253].

However, in pre-clinical trials, the safety concern of viral
vectors remains a big problem. For this purpose, research-
ers have focused on non-viral vectors, such as liposomes,
polymers, and nanoparticles [254]. Nonviral vectors, such
as cell penetrating peptides, lipid nanoparticles, lipoplexes/
polyplexes, and gold nanoparticles, have a number of
advantages over viral vectors, including ease of scale-up,
lack of immunogenicity, and distribution of the CRISPR/
Cas mechanism as RNPs, which reduces off-target effects
[181]. Inorganic nanoparticles on the other hand, are easier
to manufacture as compared to viral and lipid/polymer-based
vectors, as they have a more predictable composition, size,
and dispersion, are easier to describe and structurally floc-
culate, and are much more consistent over time. As a result,
future investigations are directed on the in vitro and in vivo
use of inorganic nanoparticles as CRISPR/Cas9 delivery
vehicles [206].

In an AAV vector genome, for example, nucleic acid
sequences cause TLRY and induce interferon type I which
increases the MHC expression on immune cells and targets
epithelial cells. Hence, the adaptive immune response is ini-
tiated and the risk of Cas9 by pre-existing memory T cells is
increased. Usually, LNPs include cationic lipids that aid in
endocytosis, releases to cytoplasm and PEGylated lipids that
help stabilize and deter unspecified interactions. PEGyla-
tion decreases immunogenicity and improves blood flow. An
LNP-based lipid and PEG-DMG aid method for the envelop-
ing of Cas9 mRNA and modified sgRNA has recently been
able to develop a long-lasting liver editing of around 70%
and benefiting from the multi-dose system [195, 206, 255].

Toxicity assessment with reference to the disease
models

The Cas enzyme are derived from prokaryotic (bacterial)
sources, hence in vivo administration of such proteins and
the production of targeted antibodies into body tissues
harboring these proteins is likely to cause cellular damage
[256]. Since the development of this technology, the cause
of Cas9/dCas9 toxicity in bacteria has alternated between
evident and enigmatic. Early findings have shown the poten-
tial for non-specific nuclease activity toxicity of the Cas9
protein. However, the idea must be amended in compara-
ble toxicities with dCas9 [257]. On the other hand, a low
dose of NCs including metals, oxides of metals, polymers,
and composites is usually non-toxic, prolonged delivery of
such agents can lead to long-term aggregation and potential
toxicity. As a result, more extensive research using in vivo
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subjects are required to determine the short- and long-term
toxicity (small animals to non-human primates) [258].

Towards point of care testing for personalized
health management

Despite its potential, CRISPR diagnosis address several
problems, which most commonly occur in other point of
care diagnoses, before to the widespread availability of dis-
persed testing [259]. Biosensing is a technology that identi-
fies potential biological and (bio)chemical agents by using
a biobased or biomimetic recognition element that either
undergoes a (bio)chemical reaction (for instance, enzyme-
based biosensors) or binds the protein of interest (i.e., ana-
lyte) in an extremely precise manner [260]. Post-service test-
ing usually cost more per-test due to increasing complexity
in the production process and the lack of automation preva-
lent in a laboratory environment. For example, the typical
cost of a point-of-care influenza test is estimated at two to
five times that of a central laboratory RT-PCR test. How-
ever other factors, such as sequence limitations, quantitative
analysis, standardization, target amplification, multiplexing
etc. are some of the challenges coming up in the way that
could impact the point of care sensing systems.

Conclusion and future directions

CRISPR/Cas mechanisms in prokaryotes have heritable
adaptive immunity. Clinical applications of CRISPR tech-
nologies are continuing to expand as new insights into the
composition and operation of these structures are getting

Fig. 13 The perspective of
nanotechnology assisted
CRISPR/Cas system for effi-
cient diagnostics and treatment
of a viral infection/diseases,
overall, towards personalized
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discovered. Initial research on CRISPR related treatments
for infectious diseases have, to date, focused on detection
and care of diseases resistant to pathogenic drug-resistant
bacteria and of chronic viral infections, both of which con-
tribute greatly to the global burden of disease, and to modern
tools are needed to investigate underlying pathways and reli-
ably detect and cure infections in all environments. While
the first-generation gene therapy Zolgensma is labelled the
“most expensive drug ever”, for the treatment of spinal
muscular atrophy (SMA) in pediatric patients with a price
of more than $2.1 million, still it cannot be considered as
a permanent feature in the class of medicines. In the light
of the boom of CRISPR-based research and gene therapy
advancement and the spread of its use from rare genetic dis-
eases to widespread disorders of ubiquity like chronic pain,
cardiovascular diseases and Alzheimer's, the hope for a few
thousand dollars in gene therapy is not completely unac-
ceptable nor has it been uncommon in decades [206, 261].
The perspectives of Nano-CRISPR/Cas system to manage
a targeted infectious disease in a personalized manner are
illustrated in Fig. 13.

Despite reliable and safe application, CRISPR-based
infectious disease therapy continues to be a challenge.
The CRISPR/Cas system has enormous potential for gene
editing, but it has a substantial influence on CRISPR/Cas
distribution to cells. However, there are still many areas of
delivery that may be enhanced to increase the possibility
for applicability:

e Immunity to the CRISPR/Cas system and the vehicle
used to administer it which can be resolved using a
CRISPR/Cas system protein supply that is likely to have
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less immunogenicity, as the Cas protein is only present
in the target cell for a limited time.

e Biomaterials developed to improve delivery effective-
ness, a high-capability and non-immunogenic cargo is
needed for successful genetic modifying in a biocompat-
ible, excellently, high-capacity freight and these charac-
teristics are important for non-virus delivery design

e Temporally and spatially regulation of Cas9 activity, the
CRISPR/Cas system's unexpected off-target impact is a
big concern and it's important to regulate CRISPR/Cas
system components to particular target locations before
Cas9 is turned on, as well as the distribution of certain
factors that turn on this machinery at a specified time.

e The efficiency at which antimicrobial resistance (AMR)
is accomplished can be vastly improved if CRISPR/Cas
constructs can be reprogrammed to address certain genes
of interest. Such progress could have implications for
combating reservoirs of resistance and could help anti-
biotics retain or regain their antimicrobial activity.

e This quick screening of genetic material would aid in the
discovery of genes involved in drug resistance to neuro-
disintegration. As a result, researchers will be able to cre-
ate successful therapeutics towards fighting both genetic
and infectious diseases. Thorough genetic testing can
help identify suppression variants such loss-of-function
mutations in CCRS and PCSK9, which safeguard against
HIV infection and hypertriglyceridemia, respectively.

e CRISPR-based diagnostics can detect antibiotic resist-
ance mutations in bacterial/viral strains allowing us to
quickly establish the proper treatment strategy, reduc-
ing overtreatment while also allowing us to gain a better
understanding of the resistance.

e [If a mutated gene is hard to repair owing to its genomic
context, a pseudogene that can be triggered to substi-
tute the mutant gene may exist. However, if the illness
is caused by a protein with abnormal properties (such
as misfolding and aggregation in a tissue) (e.g., amyloi-
dosis), the protein’s production might be suppressed at
multiple sites along its expression pathway.

e The ability of viral vectors to load CRISPR/Cas9 ele-
ments is typically inadequate. In this regard, nonviral
vectors can be rationally engineered in terms of packag-
ing CRISPR/Cas9 cargo effectively and are simpler to
use for therapeutic purposes.
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