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CRISPR/Cas9 Genome Editing for Tissue-Specific In Vivo
Targeting: Nanomaterials and Translational Perspective

Deepak Kumar Sahel, Lalitkumar K. Vora,* Aishwarya Saraswat, Saurabh Sharma,
Jasmin Monpara, Anisha A. D’Souza, Deepakkumar Mishra,
Kamatham Pushpa Tryphena, Satoru Kawakita, Shahid Khan, Mohd Azhar,
Dharmendra Kumar Khatri,* Ketan Patel, and Raghu Raj Singh Thakur

Clustered randomly interspaced short palindromic repeats (CRISPRs) and its
associated endonuclease protein, i.e., Cas9, have been discovered as an
immune system in bacteria and archaea; nevertheless, they are now being
adopted as mainstream biotechnological/molecular scissors that can
modulate ample genetic and nongenetic diseases via insertion/deletion,
epigenome editing, messenger RNA editing, CRISPR interference, etc. Many
Food and Drug Administration-approved and ongoing clinical trials on
CRISPR adopt ex vivo strategies, wherein the gene editing is performed ex
vivo, followed by reimplantation to the patients. However, the in vivo delivery
of the CRISPR components is still under preclinical surveillance. This review
has summarized the nonviral nanodelivery strategies for gene editing using
CRISPR/Cas9 and its recent advancements, strategic points of view,
challenges, and future aspects for tissue-specific in vivo delivery of
CRISPR/Cas9 components using nanomaterials.
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1. Introduction

Clustered regularly interspaced short palin-
dromic repeats (CRISPRs) were discovered
as an adaptive immune system in prokary-
otes against invading bacteriophages.[1]

Briefly, when a virus or plasmid’s ge-
netic material is injected into the bacte-
ria, a segment (≈20 bp) of the invading
sequence is cleaved and incorporated into
the CRISPR locus of the host genome,
producing a new spacer inside the lo-
cus. The CRISPR array is translated into
pre-CRISPR RNA (pre-crRNA) molecules,
which are then cleaved into mature crRNA
molecules, which form effector complexes
with type-specific CRISPR-associated (Cas)
proteins. This locus acts as a genomic
memory in prokaryotes. When a foreign

S. Sharma, S. Khan
Terasaki Institute for Biomedical Innovation
Los Angeles, CA 90064, USA
J. Monpara
Department of Pharmaceutical Sciences
University of Sciences
Philadelphia, PA 19104, USA
A. A. D’Souza
Graduate School of Pharmaceutical Sciences and School of Pharmacy
Duquesne University
Pittsburgh, PA 15282, USA
K. P. Tryphena, D. K. Khatri
Molecular and Cellular Neuroscience Lab
Department of Pharmacology and Toxicology
National Institute of Pharmaceutical Education and Research
(NIPER)-Hyderabad
Telangana 500037, India
E-mail: dharmendra.niperhyd@nic.in
S. Kawakita
Department of Biomedical Engineering
University of California
Davis, CA 95616, USA
M. Azhar
Research and Development Tata Medical and Diagnostics Limited
Mumbai, Maharashtra 400001, India

Adv. Sci. 2023, 10, 2207512 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2207512 (1 of 38)



www.advancedsciencenews.com www.advancedscience.com

sequence latches to a CRISPR spacer, the matching crRNA binds
to the invading strand, activating Cas proteins with nuclease
activity and silencing the invader. Conclusively, the heart of
CRISPR/Cas technology lies within its two components: one is a
Cas9 protein, having endonuclease properties, and a single guide
RNA (sgRNA), made up of a crRNA (complementary to the tar-
get sequence) and a trans-activating CRISPR RNA (tracrRNA)
(binds with Cas protein). Interestingly, the Cas9 protein remains
inactive and is only activated for its endonuclease property when
it is transformed to a tertiary structure in the presence of sgRNA.
Commonly, synthetic chimeric sgRNA can direct Cas9 nuclease
to the targeted genomic locus depending on base pairing and
stimulate site-specific double-stranded DNA breaks (DSBs) in the
presence of protospacer-adjacent motif (PAM) (usually 5′-NGG).
In the genomic locus, two cellular repair mechanisms, non-
homologous end-joining (NHEJ) or homology-directed repair
(HDR) pathways, can act to induce alterations.[2] Programmable
Cas nuclease, a flexible part of CRISPR, uses sgRNA sequences
to reach the required complementary genomic sequence.[3] In
2013, the CRISPR/Cas system was first utilized for gene editing
in human cell lines, and until then, CRISPR/Cas has expanded
drastically in terms of optimization of CRISPR experiments. For
instance, the spacer sequence of crRNAs (≈20 nucleotides) and
PAMs determine the target specificity of Cas9. More accurately,
the seed sequence found in the 3′ end of the spacer sequence
(10–12 base pairs adjacent to the PAM) is critical to the target,
and Cas9 will cleave when sufficient homology is present be-
tween the seed region and the target DNA. Although off-target
cleavage occurs, DNA sequences contain a few mismatches and
simultaneously share some homology with the seed region of
the sgRNA.[4] Currently, researchers are more focused on reduc-
ing off-target effects occurring in the CRISPR/Cas system, i.e.,
it has been reported that truncated guide RNA (gRNA) (20 nu-
cleotides) minimizes off-target effects without affecting on-target
genome editing.[5] Moreover, designing a simple CRISPR/Cas9
system for genome editing at a specific locus or loci helps to de-
velop a wide-scale genetic tool for repairing genetic defects.[6] Re-
cently, new variants of the Cas protein have been discovered with
diverse therapeutic potential and advanced applications. Strepto-
coccus pyogenes-derived Cas9 (spCas9) is the first and most ex-
plored Cas effector. After the success of spCas9, ample Cas vari-
ants have been discovered and investigated for their distinct prop-
erties and applications. According to the latest classification by
Makarova et al., (2020)[7] two classes, six types, and 33 subtypes
of CRISPR have been discovered. In class I, the effector modules
comprise multiple Cas proteins that contribute to precrRNA pro-
cessing and in the interference stage. Class II systems, on the
other hand, include a single multidomain crRNA-binding pro-
tein (such as Cas9 in type II systems) that performs all functions
required for interference. In some cases, it also helps in precr-
RNA processing. A summary overview of the two classes of the
CRISPR system is as follows: Class I of the CRISPR/Cas system
comprises three main types, including Type I, Type II, and Type
III, followed by 12 subtypes based on similarities in the sequence
of effector proteins, loci organizations, and repetitions in their
sequence. As per the latest classification, Class II has expanded
remarkably and comprises three types II, V, and VI, followed by
17 subtypes. Interestingly, the type V and type VI systems are the
first and, thus far, the only variety of CRISPR/Cas systems that

have been exclusively explored for cleaving RNA. The type V sys-
tem is distinct from the type II system by the domain structure of
its proteins. Type II effectors (i.e., Cas9) consist of two nuclease
domains (HNH and RuvC-like),[6] but type V effectors (Cas12)
contain only a RuvC-like domain.[8] The subtypes within types II,
III, and VI have structural similarities; therefore, it was difficult
to classify them distinctly.

2. Deliverable Forms of the CRISPR/Cas9 System

CRISPR/Cas9 has evolved as a remarkable gene-editing tool and
is considered a breakthrough in the field of biotechnology due to
its precise, site-specific gene editing efficiency.[9] There are three
distinct forms of deliverable CRISPR, viz., plasmid DNA (having
Cas9 and sgRNA insert), messenger RNA (mRNA) (Cas9 express-
ing), and the main form, i.e., ribonucleoprotein (RNP) complexes
that comprise a Cas9 effector along with target-specific sgRNA.
All three approaches have proven to have overall genome editing
potential, but they also have shortcomings (Figure 1).[1,10] The in-
tended form among the three is chosen based on the cell type and
the application along with the optimal cell culture reagents and
appropriate analytical tools.

2.1. Plasmid

The first straightforward approach to CRISPR delivery is
plasmid-based, which has been advantageous in avoiding the
transfection of multiple components into the same cell and pro-
vides better stability compared to other systems that combine
Cas9 mRNA and sgRNA. For instance, pX260, also known as the
pX334 system, has three cassettes: CRISPR RNA array, tracrRNA,
and Cas9 D10A nickase. Likewise, pX330 or pX335 vectors have
only two cassettes, namely, tracrRNA and Cas9 D10A nickase 9
(S. pyogenes Cas9).[11] The major advantage of this system is that
cell- or tissue-specific targeting can also be amalgamated into the
plasmid. On the lab scale, it has several benefits, such as being
economical, easily operated, and highly stable, which makes it
the most commonly used approach.[12] Nonetheless, this tech-
nique has some drawbacks, including that plasmid delivery into
the nucleus is typically difficult, and the large size of Cas9, in
contrast to the complete plasmid, makes delivery problematic.[13]

The most commonly used vector for the delivery of plasmids is
adeno-associated virus (AAV), which has limited payload capac-
ity along with several limitations associated with toxicity. Addi-
tionally, the plasmid must be first transcribed into Cas9 mRNA,
followed by translation to Cas9 protein inside the cells, which is
a time-consuming process. Apart from the shortcomings above,
this system provides more off-target effects due to insertion mu-
tagenesis and overexpression of the plasmid.[8]

2.2. mRNA

The second approach is the direct delivery of a mixture of Cas9
mRNA and sgRNA into the cell, followed by their intracellular
complexation to form RNPs.[8,14] The advantage of this approach
is that gene editing can be performed in a shorter duration, with
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Figure 1. Different forms of deliverable CRISPR with their associated pros and shortcomings.

a faster effect time[15] and fewer off-target effects. Additionally, it
shows low toxicity in primary cells and cell lines.[16] mRNA-based
strategies are transient in function, which helps to remove nucle-
ases from the cell and circumvent the associated risks of complex-
ing with the host genome.[17] Nonetheless, it possesses ample dis-
advantages in that it is relatively less stable (mRNA and sgRNA),
and each component has different requirements for its delivery.
Less stability is contributed by the fact that RNA is more fragile
than any other genetic component and often leads to premature
degradation.[18] It has been hypothesized that sgRNA facilitates
degradation during mRNA translation and hence has proven to
be an obstacle to the overall gene editing efficiency of this sys-
tem. However, efforts have been made to improve the delivery of
mRNA and sgRNA using several nonviral approaches. Since both
mRNA and sgRNA are single-stranded RNA molecules, the same
vehicle can be used for delivery, but the issue here is their delivery
time. For gene editing, a complete gRNA and the functional Cas9
protein must be present simultaneously in the cell. Nevertheless,
here, the issue is that the delivered Cas9 mRNA molecule takes
time to be translated in situ into the Cas9 protein. Additionally,
gRNA may start degrading before Cas9 mRNA translation into
protein; thus, gRNA can be delivered ≈6 h after mRNA to im-
prove the efficiency of genetic editing, but it will be challenging
to optimize the perfect timing of their codelivery.[19]

2.3. RNPs

The third approach, a promising platform in genetic editing, is
the delivery of freshly prepared sgRNA/Cas9 RNP complexes.
Cas9 is a basic protein with a net positive charge, and sgRNA

has a negative charge due to PO4
−. Overall, the RNP complex

has a net negative charge and is the foremost form of CRISPR
for delivery.[20] This technique has been explored extensively
due to numerous advantages, such as rapid action, high effi-
ciency, reduced off-target effects, low toxicity, fewer immune re-
sponses, and no requirement for codon optimization and pro-
motor selection.[21] It avoids many loopholes concerning the de-
livery that were associated with the previous two approaches.[22]

However, the viral vector cannot deliver RNPs into the cells, and
similar to other approaches, it also has some challenges regard-
ing cost, protein expression, and purification, which could be te-
dious, and once isolated, its nuclease activity is shed in just a
few days.[23] Both Cas9 protein and gRNA are mostly produced
in vitro, combined into a RNP complex, and delivered as a sin-
gle unit. Special considerations should be taken into account to
protect the payload in any degradable pathway. Furthermore, the
dose levels should be carefully monitored; otherwise, they might
trigger adverse reactions or immunological responses. Due to
their high molecular weight (≈165 kDa), supranegative charge,
fragility in nature, and hydrophilic nature, it is challenging to de-
liver RNPs in vitro and in vivo.[24]

3. CRISPR/Cas: DSB and Beyond

The CRISPR/Cas gene-editing tool provides specific gene editing
at a predetermined genome sequence. The wild-type Cas9 pro-
tein has two catalytically active domains, i.e., HNH and RuvC,
wherein HNH cleaves the complementary strand of the DNA,
while the RuvC domain cleaves the noncomplementary strand of
the DNA. The basic mechanisms by which CRISPR/Cas could
work and be utilized to treat mutations are DSB-mediated NHEJ
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Figure 2. Different types of Cas effector proteins and their applications.

and HDR pathways. Beyond just DSB, CRISPR has recently ex-
panded its applications as a therapeutic, diagnostic, and thera-
nostic agent.[25] As mentioned above, upon the success of sp-
Cas9, various Cas effector variants and orthologs have been dis-
covered and explored recently for specific applications. Recently,
the class II type V effector, i.e., Cas12 or Cas13, has been reported
for its nucleic acid detection properties and its potential for mi-
croRNA (miRNA) detection, exosome detection, viral infection
diagnosis, and bacterial infection in biological samples.[26] Dif-
ferent types of Cas effectors with their distinct applications are
shown in Figure 2.

4. Challenges in Tissue-Specific Delivery of
CRISPR/Cas Components

Despite the precise, accurate, and site-specific gene-editing
tool, the major impediment in the clinical translation of the
CRISPR/Cas system is related to its in vivo tissue-specific
delivery.[27] Interestingly, the ex vivo gene editing approach has
been adopted for clinical translation, wherein the genome of cells
will be edited ex vivo, followed by their reimplantation to the
patient.[28] For example, in 2018, the Food and Drug Adminis-
tration (FDA) approved a human trial for CRISPR-based therapy.
The treatment directly corrected the mutation in the beta-globin
gene responsible for sickle cell disease in the hematopoietic stem
cells, followed by reperfusion of the corrected cells in the patients.
However, it does not fulfill the needs of today’s world because not
all diseases rely on ex vivo gene-editing-based cell reimplantation

therapy.[29] Therefore, a novel delivery system is urgently needed,
which is very challenging. First, physical methods such as elec-
troporation, microinjection, particle bombardment, sonopora-
tion, magnetofection, photoporation, mechanical deformation,
and hydroporation are only suitable for in vitro experimentation.
However, nanocarrier-based delivery systems have immense po-
tential for in vivo delivery, but there are challenges for their tissue-
specific delivery after systemic administration.[30] The nanocar-
rier itself is not distributed throughout the body; by contrast,
most of the nanoparticles are captured by sinusoidal liver epithe-
lial cells, which are part of the reticuloendothelial system and
accumulate within the liver. This is because the nanoparticles
resemble chylomicrons, oil droplets travel in the blood vessels,
and the liver is responsible for the detoxification and metabolism
of such xenobiotics.[31] Therefore, targeting organs other than
the liver is challenging and requires special attention. More-
over, nanoparticles that extravasate from the blood must reach
cells of interest through the interstitial space, a dense, dynamic,
and complex matrix of biomacromolecules. Larger nanoparti-
cles (larger than 60 nm) cannot diffuse through the extracellu-
lar matrix of most tissues. Furthermore, when injected intra-
venously, the nanocarrier systems are susceptible to opsoniza-
tion, which results in their clearance by immune cells.[32] Addi-
tionally, most CRISPR/Cas9-delivered nanocarriers are cationic,
and serum or extracellular matrix proteins can adsorb on the
surface of the nanocarrier through hydrophobic, electrostatic, or
other interactions. Therefore, these factors could influence the
biodistribution of the nanocarrier systems. However, the
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poly(ethylene glycol) (PEG)ylation strategy could overcome these
interactions. Therefore, for a systemically injected CRISPR/Cas9-
containing nanocarrier system, it is mandatory to have both
stealth functionalities (to reduce nonspecific interactions with
serum proteins) and targeting ligands (for cell-specific binding).
Additionally, it has been reported that cationic nanoparticles can
adsorb on the surface of red blood cells (RBCs) after intravenous
injection and accumulate in lung tissues.[33]

4.1. Strategies to Improve Therapeutic Gene Editing by
CRISPR/Cas9

The therapeutic gene editing efficiency of the CRISPR/Cas9 sys-
tem could be influenced by several factors, such as the target gene
sequence, guide RNA activity, Cas9 effector activity, and rate of
HDR. However, considering these factors, the overall therapeu-
tic gene editing efficiency of CRISPR/Cas9 could be improved.
For example, the designed guide RNA plays a significant role,
and as of now, different artificial-intelligence-based software pro-
grams are available, such as CRISPOR, CHOPCHOP, CasFinder,
GuideScan, CRISPR-DO, CRISPR-ERA, JATAYU, CrispRGold,
and CRISPRDirect.[33] All these software programs provide a
best-fit guide via much computational work for the target genome
sequence to obtain the desired gene editing. Moreover, in recent
years, modified guide RNAs have been explored wherein changes
to the sgRNA backbone, native structural motifs, end modifica-
tion, etc., can make it more resistant to hydrolysis, change the
thermodynamic stability of RNA–protein and RNA–DNA com-
plexes, reduce its immunogenic and cytotoxic effects, and im-
prove gene editing efficiency.[34] Filippova et al. compiled an ex-
cellent review on guide RNA modifications and their respec-
tive advantages.[35] In addition to guide RNA, the variant of
the Cas9 effector is also crucial to obtain high gene editing ef-
ficiency. For example, S. pyogenes originated the Cas9 effector
called spCas9, which is the most explored Cas9 variant. Never-
theless, Acharya et al. recently reported that a Cas9 variant origi-
nating from Francisella novicida showed high specificity toward
the target sequence, minimal off-target binding, a high HDR
rate, and better gene editing efficiency than spCas9.[36] Similarly,
many high-fidelity Cas9 variants could provide more precise gene
editing.[37] However, modulators are also used to improve the
HDR rate; for instance, RAD51 mediates HDR by binding to
single-stranded DNA and has been found to increase HDR inser-
tion efficiencies up to sixfold and increase knock-in rates using
Cas9 nickases both in vitro and in vivo.[38] Some debilitating dis-
eases, such as cancers, involve more than one culprit gene lead-
ing to disease progression. In such conditions, particular gene
editing could be less effective. Therefore, to improve the thera-
peutic application of CRISPR/Cas9, a technique called multiplex
gene editing could be used. Herein, a pool of guide RNAs tar-
geting different genes is mixed with Cas9 protein and delivered
to the target cells/tissue to control all gene expression simulta-
neously. Clinical evidence of this strategy is reported by Stadt-
mauer et al., where CRISPR/Cas9 multiplex editing was used
to disrupt three genes (T cell receptor alpha constant (TRAC), T
cell receptor beta constant (TRBC), and Programmed cell death
protein 1 (PDCD1)) from T cells to improve antitumor immu-
nity. Moreover, a cancer-targeting transgene, NY-ESO-1, was also

introduced to recognize tumors.[39] However, there are multi-
ple preclinical studies of CRISPR/Cas9 multiplex gene editing to
treat debilitating diseases involving multiple genes.[40] Conclu-
sively, utilizing different strategies, the inherent gene editing ef-
ficiency of the CRISPR/Cas9 system can be improved for better
therapeutic outcomes.

5. Delivery Strategy Using Nonviral Nanocarriers

Since viral vectors have ample disadvantages related to immuno-
genicity and limited payload capacity, they cannot deliver the fore-
most deliverable form, i.e., RNPs of CRISPR; therefore, the in
vivo use of CRISPR for therapy is limited due to the advent of
nanocarrier-based approaches.

5.1. Polymeric Nanoparticles

In the past three decades, a wide variety of polymers have been ex-
plored and are yet to be examined for the delivery of nucleic acids.
The polymers have exhibited significant benefits in the majority
of in vitro, in vivo, and ex vivo applications in terms of biocom-
patibility, low immunogenicity, biodegradability, and delivery of
payloads, resulting in minimal toxicities, mutagenesis, and other
adverse responses related to the delivery system. Furthermore, a
polymer-based system provides many advantages over conven-
tional materials, including ease of synthesis, structural modifi-
cation, active targeting, etc., which aids in overcoming biological
barriers and thus extends its ability of controlled release, cellular
uptake, and endosomal escape.[41]

The polymeric nanocarriers for the delivery of nucleic acids
are mostly cationic due to the presence of ionizable amine
groups that further interact with the negatively charged phos-
phate groups of the nucleic acids via ionic interactions, thus
promoting the condensation of macromolecules into nanostruc-
tured polyplexes or nanoplexes.[42] Polyethylene amine (PEI) is
one of the oldest and most commonly used cationic carriers with
repeating units of –CH2CH2NH– to deliver nucleic acids. The
structure of PEI (linear and branched) plays a vital role in gene
transfection efficiency as well as endosomal escape via the pro-
ton sponge effect.[43] Furthermore, several studies have reported
that polymers with high buffering capacity, such as branched
PEI, cause swelling and rupture of endosomes and hence facili-
tate endosomal escape within the cells. Although the characteris-
tic feature of being highly cationic aids cellular uptake and en-
dosomal escape, it carries a major drawback in vitro. In addi-
tion, it also demonstrates an interaction with extracellular and
intracellular proteins, causing adverse events primarily due to
the immune response and thus limiting its application in clin-
ical trials. Furthermore, multiple studies focused on designing
biodegradable PEI, reduced cytotoxicity with maximal transfec-
tion efficiency to cells such as incorporating an ester with diacry-
lates or with Pluronic diacrylates exhibited an improvement in
the limitations, gene transfection with lowered cytotoxicity. Fur-
ther modifications, such as labile acid linkers (2,6-pyridine dicar-
boxaldehyde) and thiol linkers, could also be incorporated to over-
come the limitations associated with PEI.[46] A detailed, strategic
architectural requirement for the design of polymeric nanocarri-
ers for CRISPR/Cas9 delivery is shown in Figure 3.
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Figure 3. A strategic architectural requirement for the design of polymeric nanocarriers for CRISPR/Cas9, a) all essential components and b) final
polymeric nanocarriers containing Cas9 RNPs for in vivo delivery.
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In 2019, Chen et al. reported a biodegradable nanocapsule
for the in vivo delivery of CRISPR RNPs. Briefly, customized
nanocapsules (NCs) were prepared using cationic and anionic
monomers (for electrostatic-interaction-based coating on anionic
RNPs), an imidazole-containing monomer (for lysosomal es-
cape), glutathione (GSH)-sensitive linker (for release of RNPs
within the cytoplasm), acrylate methoxy polyethylene glycol, and
acrylate polyethylene glycol conjugated with all-trans-retinoic acid
(ATRA, for active targeting). First, the RNPs were coated using
anionic and ionic monomers, followed by in situ free-radical poly-
merizations with PEG on the surface of the nanocapsule. The
nanocapsules exhibited a particle size and zeta potential of 25 nm
and −4 mV, respectively, with a loading efficiency of 40%. Com-
pared with lipofectamine, which showed gene editing of 60.1 ±
1.7%, NCs showed gene editing of almost 79.1 ± 0.6%. Addition-
ally, the NCs were not toxic in HEK293T cells. For the in vivo eval-
uation, the ATRA-targeted NCs were injected intravitreally into
mice to edit the STOP codon of the tdTomato gene. As per the ob-
servations, the ATRA NCs showed good gene editing efficiency
in terms of tdTomato expression in retinal tissue. Similarly, the
NCs were also evaluated for their in vivo efficiency after intra-
muscular injection in mice. NCs showed good gene editing effi-
ciency concerning the naked RNPs. Overall, the study explored
the potential application of customized polymers for the in vivo
delivery of CRISPR RNPs.[44] Sahel et al. reported lipopolymeric
nanoplexes containing CRISPR/Cas9 RNPs for in vitro gene edit-
ing in HEK293T cells. The lipopolymeric nanoplexes were able to
transfect ≈80% of the cell with >50% gene editing. Additionally,
lipopolymeric nanoplexes were found to be stable under in vivo
conditions and able to transfect muscle tissue after intramuscu-
lar injection.[45]

In the past decade, several alternatives to PEI was designed
to improve stability, transfection efficiency, biodegradability, and
biocompatibility with lowered carrier-based toxicities. For in-
stance, polyamidoamine (PAMAM) cationic polymers with var-
ious amine groups exhibiting ionization could be used to de-
liver nucleic acids to cells. In addition, several other side chains
could be incorporated into PAMAM structures to control charge
density, cellular uptake, payload capacity, endosomal escape, col-
loidal stability, etc., which could be utilized to deliver the nucleic
acid payload to the target cell/tissue of interest.[46] In 2019, Liu
et al. explored boronic-acid-rich G5 amine-terminated PAMAM
dendrimers for the cytosolic delivery of different proteins, in-
cluding a CRISPR ribonucleoprotein for gene editing applica-
tions. Briefly, different units, i.e., 0, 14, 24, 42, and 60, of phenyl-
boronic acid (PBA) were conjugated to PAMAM and named
P0, P1, P2, P3, and P4, respectively. Overall, the P4 polymer
showed a higher binding affinity to form Cas9 RNP complexes
with a particle size of 300 nm. Furthermore, P4 showed even
higher transduction efficiency than the standard protein deliv-
ery reagents, i.e., PULSin and TransEx. The internalization of
nanoparticles was energy-dependent and did not entrap inside
the endo/lysosomes. The dendrimers showed minimal toxicity
in vitro when incubated with standard cell lines. The CRISPR
RNPs delivered using P4 dendrimers showed 40% green fluo-
rescent protein (GFP) gene knockout in HEK cells. Furthermore,
when evaluated for editing adeno-associated virus integration site
1 (AAVS1) and hemoglobin subunit beta (HBB) genes, the RNPs

delivered via P4 dendrimers exhibited indel efficiencies of 23.1%
and 21.1%, respectively.[47]

5.2. Lipid Nanoparticles

It is challenging for the Cas9/sgRNA or the RNP complex to en-
ter the cells due to the high molecular weight of the Cas9 pro-
tein (genetic size of Cas9 ≈4.5 kb) and poor stability against
serum enzymes and proteins.[33] An illustration of the use of
CRISPR-loaded lipid nanoparticles (LNPs) for in vivo gene edit-
ing is shown in Figure 4. Lipid nanoparticles exhibit distinct
advantages over viral vectors. Viral systems, when utilized to
deliver Cas9 proteins, often mediate innate and cellular im-
mune responses, further leading to safety issues and limit-
ing their long-term therapeutic outcomes. However, nonviral
vectors have proven to be relatively safer and are associated
with reduced off-target effects because of the transient expres-
sion of CRISPR/Cas9 mediated by them. Moreover, nonviral de-
livery strategies are not hampered by the size of the nucleic
acid payload, innate immunity, or long-term Cas9-expression-
associated immunogenicity.[48] An ideal nonviral delivery system
should, however, encompass key characteristics for successful
CRISPR/Cas9 delivery, including a) transient Cas9 expression
to limit potential off-target side effects and immunogenicity; b)
an efficient system capable of delivering the large Cas9 enzyme
along with one or more sgRNAs; c) the option to administer mul-
tiple doses to attain a therapeutically relevant level of editing with-
out causing toxicity; and d) feasible scalability of the formula-
tion to enable therapy of different disorders.[49] LNPs are well-
established delivery carriers that tend to meet all these criteria
and have been comprehensively validated preclinically as well as
clinically for the delivery of various nucleic acids, including small
interfering RNA (siRNA) and mRNA, Patisiran (ONPATTRO), a
LNP-based siRNA.

The formulation that inhibits transthyretin protein formation
in the liver recently received FDA approval to treat hereditary
transthyretin-mediated amyloidosis. It is the earliest approved
LNP-based nucleic acid formulation as an anticancer therapy.
Another important achievement in the development of LNP-
formulated nucleic acid therapeutics was marked by the two re-
cently approved coronavirus disease (COVID-19) mRNA vaccines
by Pfizer/BioNTech and Moderna that involve the delivery of
mRNA encoding severe acute respiratory syndrome coronavirus-
2 (SARS-CoV-2) spike protein via ionizable LNPs to develop im-
munity against the response to the virus.[50] Hence, LNPs are
powerful nonviral vectors often exploited for CRISPR/Cas9 ma-
chinery delivery.

5.2.1. Composition of LNPs

Cationic and Ionizable Lipids: Cationic-lipid-based nanode-
vices are well studied as an alternative to virus-based transfecting
agents for the delivery of nucleic acids, genes, and siRNA into eu-
karyotic cells.[51] However, potential colloidal stability concerns
(in vitro and in vivo) and in vivo toxicity issues of these cationic
lipid carriers have prompted commercial translation.
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Figure 4. Graphical illustration of a) LNPs preparation and b) LNPs delivering CRISPR/Cas9 cargo for in vivo gene editing.

In recent years, the medicinal-chemistry-guided structure–
activity relationship approach has led to various novel ionizable
cationic lipids. This novel lipid in conjunction with sophisticated
formulation procedures such as microfluidics to carefully con-
trol the size of the LNP has swiftly expanded the possibilities
for successful therapeutic intervention. Ionizable cationic lipids
composed of an amino functional group in the polar moiety side
of the lipid molecule with an acid-dissociation constant (pKa)
below 7.0 allow these lipids to stay largely neutral at physio-
logical pH (≈7.4) and positively charged at intracellular acidic
pH (<6.0).[52] The pKa of the ionizable lipid is a primary fac-
tor in the effectiveness of LNP formulation. Methodical stud-
ies conducted with broad lipid libraries reported that the max-
imum activity of siRNA–iLNP systems is achieved with a pKa
value of ≈6.4. Ionizable cationic lipids with pKa values of 6–7 are
the most effective.[53] A LNP formulation based on the ionizable
lipid DLin-MC3-DMA (pKa = 6.44) was approved by the FDA in
2018, enclosing a therapeutic siRNA (Patisiran) for the treatment

of hereditary transthyretin-mediated amyloidosis. It became the
first siRNA-based product (trade name: ONPATTRO). Later, sev-
eral LNP-formulated mRNAs and vaccines were studied in clini-
cal trials for various infectious diseases.[54] Hence, it would seem
that ionizable lipids could be a game changer for CRISPR/Cas9
delivery in gene silencing or expression of target genes in a vari-
ety of infectious diseases. The most common LNP formulations
contain four components: an ionizable amino- or cationic lipid, a
helper lipid, cholesterol, and a PEG—lipid.[53] A detailed, strate-
gic architectural requirement for the design of lipid nanocarriers
for CRISPR/Cas delivery is shown in Figure 5.

Helper Lipids: Helper lipids are typically incorporated as LNP
components to provide particle stability and blood compati-
bility and to enhance intracellular cargo delivery efficiency.[55]

Cationic LNPs, alternatively known as cationic liposomes, were
designed for gene therapy and have frequently incorporated 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) as a helper
lipid. In gene therapy, getting the genetic materials across a

Adv. Sci. 2023, 10, 2207512 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2207512 (8 of 38)



www.advancedsciencenews.com www.advancedscience.com

Figure 5. A strategic architectural requirement for the design of lipid nanocarriers for CRISPR/Cas9, a) all essential lipid components and b) final lipid
nanocarriers containing Cas9 RNPs for in vivo delivery.

Adv. Sci. 2023, 10, 2207512 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2207512 (9 of 38)



www.advancedsciencenews.com www.advancedscience.com

membrane, normally endosomal, is a key rate-limiting barrier.
Passing through this barrier necessitates the transient destabi-
lization of the lipid bilayer structure. DOPE has a small head
group (phosphoethanolamine) and two bulky and unsaturated
oleoyl chains. This lipidic-cone-like geometry can stabilize the
non-bilayer hexagonal (HII) phase found in transitional struc-
tures during membrane fusion and bilayer disruption; therefore,
DOPE is also well-known as a fusogenic lipid.[56]

Cholesterol: Cholesterol is a well-recognized component for
liposomes and LNPs as a lipid bilayer stabilizer by filling in
gaps between phospholipids.[57] Cholesterol helps to stabilize the
LNP from serum protein and is often incorporated as a helper
that promotes membrane fusion in vivo to enhance intracellular
delivery.[55] In vivo, cholesterol generally performed better than
DOPE despite its lower fusogenicity.[57] Moreover, a high concen-
tration of cholesterol-induced bilayer stabilization led to a bet-
ter gene transfer capability of cationic lipids.[58] When present
at high percentages, cholesterol seems to enhance the activity of
cationic lipids and promote gene transfer, possibly by promoting
bilayer destabilization.[58,59]

Shielding Lipids: Careful construction of the LNP formulation
with a combination of the right excipients is the most critical as-
pect for optimizing pharmacokinetic and pharmacodynamic pa-
rameters. While doing so, curtailing the potential for adverse ef-
fects due to activation of the immune response is paramount
to obtaining the product in the clinic. To avoid the activation
of the immune response, LNPs should be inconsiderable to im-
mune cells during in vivo administration. PEG is widely used as
a stealth coating.[60] The recent development of PEG–lipids is a
key milestone for the clinical use of LNPs. The shielding effect
of PEG–lipids protects the LNP surface against opsonins and up-
take by the mononuclear phagocyte system and averts their ag-
gregation in circulation.[61] This multifunctional role of shielding
lipids extends during production and storage by preventing the
aggregation that maintains the nanosize of LNPs.

Adding a PEGylated lipid can improve in vitro LNP colloidal
stability and in vivo circulation time but may decrease uptake
and impede endosomal release at the cellular level.[55] This “PEG
dilemma” can be approached by opting for reversible PEGylation,
in which the PEG moiety is gradually released into the blood cir-
culation. pH-sensitive anionic helper lipids can trigger low-pH-
induced changes in LNP surface charge and destabilization that
can facilitate the endosomal release of genetic materials.

5.2.2. Methods of Preparation of LNPs

In light of the clinical success of LNPs for the delivery of vari-
ous nucleic acid cargoes, they have been considered promising
vehicles for delivering CRISPR/Cas9 gene editing tools. They ex-
hibit numerous advantages in terms of ease of synthesis, low im-
munogenicity, scalability, size tunability, high efficiency, and high
capacity to compress and deliver high amounts and various types
of genetic material to target cells.[62] Key features, such as optimal
particle size (≤100 nm), near 100% encapsulation efficiency, posi-
tive surface charge, and a robust manufacturing process, are nec-
essary to develop an ideal LNP system for nucleic acid delivery.[63]

For this purpose, abundant techniques have been employed to
control the physicochemical properties of LNPs, including their

size, lamellarity, and ability to encapsulate nucleic acids. In this
review, we elaborate upon potential methodologies used to for-
mulate LNPs or lipoplexes to deliver CRISPR therapeutics, em-
phasizing the microfluidic mixing approach extensively utilized
to attain CRISPR/Cas9 delivery with high efficiency. Since dis-
ease targets for genomic correction are often identified in specific
organs, it is necessary to realize the potential of LNPs in deliver-
ing CRISPR/Cas9 systems to specific target sites, including extra-
hepatic and cancerous tissues, to enable their clinical translation.
Furthermore, we summarized the tissue-specific LNP-mediated
delivery strategies used for in vitro and in vivo genome editing
in various diseases. The method of preparation and lipid com-
ponents collectively play a key role in the encapsulation of pro-
tein/RNA and transfection.

Thin Film Hydration: The thin film hydration method rep-
resents the most straightforward and oldest method to prepare
liposomes or lipid nanoparticles. Herein, the constituent lipids,
including a cationic or ionizable lipid, helper lipids, cholesterol,
and PEGylated lipids, are initially dissolved in a single solvent or
a mixture of organic solvents, such as chloroform, methanol, or
ethanol, and subsequently, the organic solvent is evaporated to
yield a dried thin lipid film. The lipid film is then hydrated with
an aqueous phase (water or acidic buffer) to produce multilamel-
lar or giant unilamellar vesicles containing liposomal dispersion
of sizes ranging between 100 and 1000 nm. Probe or bath son-
ication, as well as membrane extrusion, could be used further
to produce small unilamellar vesicles with particle sizes of less
than 100 nm.[50] Liposomes can then be dialyzed against phos-
phate buffer to neutralize the pH if an acidic buffer is used as an
aqueous phase to formulate liposomes. Lipoplexes are generated
by incubating an aqueous solution of cationic liposomes with
an aqueous solution of nucleic acid for 15–20 min at room tem-
perature. Electrostatic interaction between the positive charge of
cationic liposomes and the negative charge of nucleic acids dur-
ing incubation leads to the formation of lipoplexes that mediate
nucleic acid delivery. In this preparation method, the nucleic acid
is bound to the surface of the cationic liposomes. However, less
effective binding may lead to stability issues in vivo that cause the
separation of nucleic acids from cationic liposomes, which can
lead to systemic toxicity. Cationic lipid nanocarriers with a signif-
icantly positive surface charge will moreover adsorb serum pro-
teins and are rapidly cleared from circulation by opsonization.[63]

There are certain other disadvantages associated with this tradi-
tional and most common method for liposome preparation, in-
cluding the large particle size of liposomes with broad distribu-
tion and the presence of organic solvent remaining in the final
product that may cause toxicity and affect clinical treatment.

There are various reports on the preparation of cationic
liposomes by the thin film hydration method for CRISPR/Cas9
delivery in treating different diseases. Zhen et al. formu-
lated long-circulating pH-sensitive cationic lipoplexes with
CRISPR/Cas9 plasmids to splice HPV16 E6/E7 in nude mice.
Blank cationic liposomes were prepared by incorporating
cationic and pH-responsive phospholipids, disteroyl phospho-
ethanolamine (DSPE)–PEG2000, and cholesterol, after which
complexation was performed with the CRISPR/Cas9 plasmid.
These nanolipoplexes could significantly inhibit cervical tumor
growth without any significant toxicity in vivo.[64] Another work
by He et al.[65] involved the fabrication of folate-receptor-targeted
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liposomes (F-LPs) to deliver CRISPR plasmid DNA coexpressing
Cas9 and a single guide RNA in ovarian cancer. F-LP formed
stable lipoplexes with the DNA methyltransferase 1 (DNMT1)
gene (gDNMT1), namely, F-LP/gDNMT1, which resulted in
successful tumor growth inhibition of both paclitaxel-sensitive
and paclitaxel-resistant ovarian cancers as well as downreg-
ulated DNMT1 in vivo (ref). To develop brain-tumor-targeted
CRISPR/Cas9 LNPs, Chen et al. assembled internalizing arginyl-
glycylaspartic acid (RGD) (iRGD)-conjugated liposome-template
hydrogel nanoparticles (LHNPs) to encapsulate Cas9 protein
and nucleic acids. Intravenous administration of iRGD–LHNPs
targeting the polo-like kinase 1 (PLK1) gene plus Lexiscan
(to improve brain barrier permeability) inhibited brain tumor
proliferation in mice and improved the survival rates of U87
tumor-bearing mice.[66]

Ethanol Injection: In this technique, constituent lipids are
dissolved in ethanol and rapidly injected into an aqueous solu-
tion (water or acidic buffer) to form bilayer structures encapsu-
lating the aqueous phase. The resulting dispersion is then soni-
cated (bath or probe) or extruded to achieve a homogenous pop-
ulation of LNPs. Ethanol was evaporated by continuous stirring
at room temperature using a magnetic stirrer or dialyzed against
phosphate buffer to remove the organic solvent and neutralize
the pH. These LNPs are then incubated with the nucleic acids to
form lipoplexes. Notably, the lipid concentration in ethanol tends
to influence the liposome size, size distribution, and transfection
efficiency of LNPs. This is a very straightforward and less time-
consuming technique; however, it has certain disadvantages, in-
cluding the difficulty in removing organic solvent, a requirement
for sterilization, and stability and toxicity issues that might be
associated with the binding efficiency of lipoplexes when admin-
istered in vivo.[63] The ethanol injection method has, however,
been utilized by researchers to deliver CRISPR/Cas9 gene editing
tools by incorporating different cationic head groups. Li et al. for-
mulated disulfide-bond-containing cationic LNPs for the intra-
cellular delivery of Cas9/sgRNA and subsequent genome editing
applications. Biodegradable lipoids with hydrophobic O16B and
N16B tails were combined with cholesterol, DOPE, and DSPE–
PEG2k to formulate LNPs in sodium acetate buffer (25 mm, pH
5.2) as the aqueous phase. The resulting uniformly sized LNPs
were complexed with (−30) GFP–Cre protein or Cas9:sgRNA
RNP complex to yield particle sizes between 100 and 350 nm
with good storage stability. These LNPs induced efficient pro-
tein transfection into the cells that were found to be equal to or
greater than the standard reagent Lipofectamine 2000. LNPs with
N16B tails resulted in >25% GFP knockout efficiencies and rel-
atively low cytotoxicity in vitro. They displayed good hemocom-
patibility, and their in vivo biodistribution profiles revealed that
the Cas9:sgRNA-RNP-complex-loaded LNPs could efficiently ac-
cumulate in the liver following intravenous administration.[67]

Ethanol Dilution: The ethanol dilution method is a com-
monly used procedure to encapsulate nucleic acids within LNPs.
In this method, LNPs are prepared in a 2-step process: 1) the
formation of nucleic-acid-encapsulated LNPs by the ethanol dilu-
tion method and 2) the simultaneous removal of residual ethanol
while concentrating the LNP samples. Herein, lipids are dis-
solved in ethanol, followed by dilution with an acidic buffer con-
taining the nucleic acid to be incorporated. With dilution, the sol-
ubility of lipids decreases, causing lipids and nucleic acids to pre-

cipitate into nanosized LNPs via electrostatic and hydrophobic
interactions. Residual ethanol is removed, and LNPs are concen-
trated in parallel using dialysis, ultrafiltration, or tangential flow
filtration. Some disadvantages of this technique include the diffi-
culty of scalability and the high cost involved in diluting the resid-
ual ethanol to an acceptable level, as well as the concentration of
the LNP samples.[68]

Direct Lipid Mixing: In the direct lipid mixing (DLM)
method, constituent lipids are dissolved in organic solvents such
as dimethyl sulfoxide or ethanol and then directly added to the
aqueous phase (water or buffer) containing the nucleic acid to
form lipoplexes. The advantages of this method include that it is
a fast and simple technique that requires neither specific equip-
ment nor the removal of the organic solvent before the formation
of lipoplexes. It enables facile optimization of the lipid composi-
tion and lipid-to-nucleic acid ratios. Additionally, the absence of
a liposomal or LNP intermediate reduces the preparation steps
and allows the analysis of a greater range of chemical struc-
tures for their transfection efficiency.[69] However, any residual
organic solvent and instability of lipoplexes formed by this tech-
nique could also lead to toxicity issues and their rapid clearance
via opsonization from the systemic circulation. Numerous scien-
tists have used the DLM approach to develop LNPs that deliver
Cas9 nucleic acids with sgRNA and RNP complexes to specific
tissues. For instance, Tang et al. reported the engineering of a cell-
selective CRISPR/Cas9 genome editing delivery system by mod-
ulating LNPs by adding phenylboronic acid (PBA) to the cationic
lipid PBA–BADP to target sialic-acid (SA)-overexpressing cancer
cells via the interfacial PBA/SA interaction. These LNPs could se-
lectively recognize cancer cells for delivery of the tumor suppres-
sor p53 mRNA to prohibit their growth significantly. Targeted
delivery of PBA–BADP/Cas9 mRNA LNPs knocked out gene ex-
pression in HeLa cancer cells more effectively than in noncancer-
ous cells. These findings highlighted the realization of a novel
lipid nanocarrier for tumor-targeted gene therapy.[70] Walther
et al. demonstrated optimization of formulation conditions to
fabricate LNPs for direct delivery of CRISPR–Cas9 RNP com-
plexes. LNPs composed of C12-200, DOPE, cholesterol,DMG-
PEG (1,2-dimyristoyl-sn-glycero-3-methoxypolyethylene glycol),
and DOTAP (1,2-dioleoyl-3-trimethylammonium propane) were
prepared at different DOTAP and RNP molar ratios in vari-
ous formulation buffers using the DLM method. The optimized
LNP–RNP system prepared in n-2-hydroxyethylpiperazine-n-2-
ethanesulfonic acid (HEPES) buffer with 5 mol% DOTAP was
colloidally stable in human plasma. It resulted in 80% and 20%
gene knockout and gene correction efficiencies, respectively, even
at nanomolar concentrations.[71]

Microfluidic Mixing: Microfluidic mixing technology is a
popular technology to achieve highly efficient and targeted
delivery of siRNA, DNA, mRNA, and CRISPR/Cas9 gene editing
tools. This technique also follows the principle of the ethanol
dilution method. Herein, constituent lipids are dissolved in
ethanol, and nucleic acids are dissolved in appropriate buffer
solutions (acetate, citrate, or malic acid buffer). A cationic or
ionizable lipid is also incorporated in the lipid phase to encap-
sulate nucleic acids into the LNPs. The organic and aqueous
phase solutions are then introduced into the microfluidic device,
where cationic lipids and anionic nucleic acids form complexes
via electrostatic interactions. These nucleic acid–cationic lipid
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complexes then undergo self-assembly with other lipids upon
diluting ethanol with a buffer solution. When the ethanol phase
is rapidly diluted with the buffer solution containing nucleic
acids to a critical ethanol concentration, small LNPs are formed.
By contrast, slow ethanol dilution conditions yield large LNPs.
It has been previously reported that an ethanol concentration of
60–80% is essential to produce small-sized LNPs.[72] There are
two types of microfluidic mixing devices to make LNPs.

T- or Y-Shaped Mixers: In this microfluidic device, lipid and nu-
cleic acid solutions are fed into two separate inlets to form LNPs
at the liquid–liquid interface by diffusion-based ethanol dilution.
Since these mixers involve slow ethanol dilution, they tend to pro-
duce large-sized LNPs. Additionally, variation in the size of LNPs
can result from the ethanol-concentration gradient formed at the
liquid–liquid interface. To overcome this issue, three inlet-type
microfluidic devices were also employed by Jahn et al. and Hood
and Devoe, which improved the ethanol dilution rate and, ulti-
mately, the uniformity of LNP production.[73]

Chaotic or Staggered Herringbone Mixer: This mixer is one of
the most frequently used microfluidic devices for LNP produc-
tion and is employed for the nanoassembly platform by Preci-
sion Nano Systems (Vancouver, BC, Canada). The staggered her-
ringbone structures generate chaotic advection of the laminar
streams and lead to enhanced mixing efficiency of the lipid and
aqueous phases to finally reach a critical polarity of the lipid phase
where precipitation occurs in the form of LNPs. Chaotic mix-
ers have increased LNP size controllability compared to T- or Y-
shaped mixers due to their suitability for mixing solutions at low
flow rates.[74]

A microfluidic device with baffle structures (invasive lipid
nanoparticle production device or iLiNP) has also been designed
for LNP production and has shown specific applicability in in-
corporating the RNP complex for genome editing. The iLiNP
device retains a layered flow of lipid and buffer solution within
the microchannels to cause rapid ethanol dilution at the liquid–
liquid interface by secondary flow at the baffle structures to form
LNPs. Unlike chaotic mixers, the iLiNP device demonstrates de-
sirable ethanol dilution performance at higher flow rates. Mi-
crofluidic mixers provide key advantages for CRISPR/Cas9 deliv-
ery in terms of high reproducibility, accurate LNP size controlla-
bility, high-throughput optimization of LNPs, scalability and con-
tinuous manufacturing of LNPs.[75]

As a part of genome-editing-based therapy, microfluidic mixer
technology has been well established for nonviral LNP-mediated
delivery of Cas9 mRNA plus sgRNA and the RNP complex.
The very first codelivery of Cas9 mRNA and sgRNA using
LNPs was illustrated by Miller et al. LNPs were designed us-
ing the chaotic mixer assembly (Nonensembler) by incorpora-
tion of newly designed zwitterionic amino lipid (ZAL) mate-
rial. The ZAL nanoparticles facilitated permanent DNA edit-
ing with sustained 95% inhibition in protein expression and
codelivery of Cas9 mRNA and sgRNA against LoxP-stimulated
expression of tdTomato in the liver, kidneys, and lungs of en-
gineered mice.[76] Finn et al. developed LNPs via microfluidic
mixing (NanoAssemblr) by utilizing a biodegradable, ionizable
lipid called “LP01” along with other helper and PEGylated lipids.
This “LNP-INT01” allowed simultaneous delivery of Cas9 mRNA
and sgRNA as a single dose to achieve >97% target protein
(transthyretin) knockdown that persisted for at least 12 months

after administration.[49] Another study by Han et al. showed the
development and optimization of LNPs using a chaotic mixer
assembly (Nano Assembler) for the codelivery of Cas9 mRNA
and sgRNA that targeted antithrombin (AT) to achieve successful
AT inhibition and improvement in thrombin generation with no
off-target effects, toxicity, or immunogenicity. These nanocarriers
were shown to be safe and efficient LNPs for hemophilia ther-
apy via CRISPR–Cas9-mediated genome editing.[48] A research
group also developed LNPs for the codelivery of enhanced sgRNA
against proprotein convertase subtilisin/kexin type 9 (Pcsk9) and
Cas9 mRNA in the liver to attain >80% editing of Pcsk9, with
serum Pcsk9 reduced to undetectable levels and cholesterol levels
found to be significantly lowered in vivo. These LNPs were for-
mulated by employing microfluidic mixing technology and using
cKK-E12 as an ionizable lipid and cholesterol, C14-PEG2000, and
DOPE as other components.[77]

Since CRISPR–Cas9 RNP delivery provides several advantages
over Cas9 mRNA and sgRNA codelivery, microfluidic mixers
have also been utilized by numerous scientists to prepare RNP-
loaded LNPs. RNP delivery does not require Cas9 expression
or complexation of CRISPR, Cas9, and sgRNA in the cell, en-
abling higher genome-editing efficacy and minimizing off-target
effects. However, large RNPs tend to possess low encapsulation
efficiency, necessitating the fabrication of a novel and robust LNP
strategy to overcome this critical issue. For this purpose, Suzuki
et al. developed the delivery of a RNP/single-stranded oligonu-
cleotide (ssON) complex by using a three-inlet iLiNP device. The
incorporation of ssON produced an additional negative charge to
facilitate complexation with RNP and enhance LNP encapsula-
tion via strong electrostatic interactions with cationic lipids. Op-
timized LNPs illustrated effective suppression of hepatitis B virus
(HBV DNA) and covalently closed circular DNA in HBV-infected
human liver cells compared to adeno-associated virus type 2.[78]

Identifying tissue-specific, efficient, and systemically safe
nanocarriers for targeting extrahepatic and tumor tissues re-
mains a missing link for the clinical translation of CRISPR–Cas9
gene editing medicine. Microfluidic mixing has been frequently
employed to prepare LNPs that target various tissues and encom-
pass the potential for their clinical translation. Rosenblum et al.
synthesized epidermal-growth-factor-receptor (EGFR)-decorated
LNPs to deliver mCas9 and sgRNA against PLK1 (sgPLK1–
cLNPs) via a Nonensembler microfluidic mixing device for tar-
geted delivery in ovarian cancer. A single injection of nontar-
geted sgPLK1–cLNPs resulted in ≈70% gene editing in an or-
thotopic model of glioblastoma, leading to 50% inhibition of tu-
mor growth and an improvement in survival by 30%. One step
ahead, conjugation of EGFR antibody to sgPLK1–cLNPs caused
their selective uptake into disseminated ovarian tumors, enabling
≈80% gene editing, significantly inhibited tumor growth, and
enhanced survival by 80% following intraperitoneal injection in
vivo.[79] Qui et al. developed a newly identified LNP platform
by microfluidic mixing (Nonensembler) for liver-specific delivery
of CRISPR–Cas9 mRNA and sgRNA against angiopoietin-like 3
(ANGPTL3) for the treatment of hypercholesterolemia. The de-
veloped LNPs mediated liver-specific and efficient ANGPTL33
gene knockdown in vivo, which was found to be substantially
more efficient than FDA-approved MC3-based LNPs with no evi-
dence of toxicity. Moreover, a single dose was sufficient to elicit a
therapeutic response from genome editing, which was stable for
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at least 100 days following treatment.[80] An interesting work by
Sago et al. utilized the fast identification of nanoparticle delivery
(FIND) system to identify 7C3 as LNPs that could efficiently code-
liver Cas9 mRNA and sgRNA targeting the inflammation-related
gene intercellular adhesion molecules-2 (ICAM-2) to splenic en-
dothelial cells as efficiently as hepatocytes, leading to success-
ful endothelial cell gene editing.[81] Another study by Wei et al.
involved the fabrication of modified LNPs by permanently in-
corporating cationic lipids (DOTAP at 5–60% concentration) to
achieve targeted delivery of RNPs in the livers and lungs of mice
following intravenous administration (Figure 6). Genomic edit-
ing of the endogenous target phosphatase and TENsin homolog
deleted on chromosome 100 (PTEN) was analyzed to determine
whether mice treated with 5A2-DOT-5 yielded successful delivery
of Cas9/sgPTEN RNPs in the liver, while 5A2-DOT-50- and 5A2-
DOT-60-treated mice demonstrated Cas9/sgPTEN RNP delivery
in the lungs. 5A2-DOT-50 LNPs were also able to edit five other
therapeutic genes, including sgTOM, sgP53, sgEml4, sgALK, and
sgRB1, to the lungs of mice when coloaded into Cas9 proteins.
Moreover, optimized 5A2-DOT-X LNPs prepared by microfluidic
mixing effectively delivered RNPs to restore dystrophin expres-
sion in Duchenne’s muscular dystrophy (DMD) mice and consid-
erably decreased serum proprotein convertase subtilisin/kexin
type 9 (PCSK9) levels in C57BL/6 mice.[82]

Quoting the examples mentioned above, expanding the formu-
lation development of LNPs to deliver CRISPR preferentially–
Cas9 gene editing components into targeted cells and tissues
will inflate the clinical translation potential of genome-editing
therapies. LNPs are promising vectors for RNPs.[62] While most
in vivo delivery of CRISPR has been performed through adeno-
associated viruses, it has several limitations, including but not
limited to immune responses and toxicity.[79] LNPs are generally
biocompatible, modifiable, scalable, and stable with high load-
ing efficiency, rendering the nanoparticles an excellent means for
CRISPR delivery. However, several studies have indicated the po-
tential toxicity and insufficient biodistribution of bare LNPs for
in vivo applications. To address this issue, recent studies have in-
vestigated the effects of modifications to the chemical and phar-
macological properties of LNP.[83] In one interesting study, LNP-
based delivery of CRISPR–Cas was shown to achieve highly ef-
ficient genome editing of the murine transthyretin gene in the
liver, resulting in>97% knockdown of the target protein.[49] How-
ever, in another study, LNPs modified with amino-ionizable lipids
were used to deliver CRISPR–Cas9 components for glioblastoma
treatment. The administration of LNP-based therapy yielded up
to 70% gene editing, 50% tumor inhibition, and a 30% increase
in survival.[79] The tremendous clinical potential of nanoparticle-
based delivery of therapeutic molecules was recently demon-
strated by mRNA vaccines developed to fight the coronavirus
pandemic.[84] Wang et al. developed multifunctional nonviral vec-
tor to deliver CRISPR/Cas9-mediated gene therapy to treat non-
small-cell lung cancer (NSCLC). They condensed Cas9/sgMTH1
plasmid with protamine sulfate to impart negative charge and
coated it with cationic liposomes. Then, the liposomes were mod-
ified with DSPE–PEG–hyaluronic acid (HA) to increase the sta-
bility in circulation and tumor specificity.[85] LNP delivery sys-
tems can be modified to facilitate local delivery of CRISPR/Cas9-
based gene therapy. Dry powder formulation of LNP-embedded
microparticles loaded with CRISPR/Cas9 gene therapy tool can

be used for local delivery route and can be effective in treatment
of lung cancers.[86] Development of nanoformulations which
are responsive to internal stimuli like pH, enzymes, adenosine
triphosphate (ATP), glucose, oxygen may also enhance the tar-
get specific delivery of CRISPR/Cas9 tool.[87] Tan et al. devel-
oped reactive oxygen species (ROS) responsive polypeptides to
deliver CRISPR/Cas9-based gene therapy into the cells. They
used boronate which is sensitive to ROS to decorate the polypep-
tides which formed uniform nanoparticles which were effective
in delivering Cas9 ribonucleoprotein into the cells.[88]

5.2.3. In Vivo Gene Editing Process and Mechanism through
LNPs/Nanoparticles

Several preclinical studies have demonstrated effective in vivo
gene editing via LNP-based delivery of CRISPR–Cas9 and un-
veiled the mechanisms by which lipid-based nanocarriers tar-
get cells. Due to low-density lipoprotein (LDL) receptors on
hepatic cells, LNPs have successfully been used to deliver the
CRISPR–Cas system to the liver.[89] Additionally, the liver has
fenestrated capillaries, which facilitate the uptake of LNPs by
the organ.[90] To enable selective targeting of other organs, a
novel LNP system with another supplemental component has
recently been reported.[91] This newly developed LNP platform,
termed selective organ targeting (SORT) nanoparticles, was
shown to be capable of editing various cell types, such as im-
mune cells, endothelial cells, and hepatocytes, with the ability
to target the lung, spleen, or liver specifically. In another study,
an innovative, actively targeted nanoformulation comprised of
glutathione-sensitive polymer shell CRISPR–Cas9 nanocapsules
was fabricated with a dual-action ligand that specifically enabled
blood–brain barrier (BBB) penetration and targeted glioblastoma
(GBM) cells. The low density lipoprotein receptor-related protein-
1 (LRP1) receptor mediated BBB crossing via peptide decora-
tion and disulfide linkage in the smart nanocomposite’s re-
lease sequence specifically at the GBM on site due to the pres-
ence of GSH enzyme on the tumor. With minimal (less than
0.5%) off-target gene editing in high-risk tissues, encapsulating
nanocapsules demonstrated promising glioblastoma tissue tar-
geting that resulted in up to 38.1% PLK1 gene editing efficiency
in a brain tumor. Nanocapsule therapy increased the median sur-
vival time to 10 weeks compared to 3.5 weeks in nonfunctional
sgRNA-treated mice. In addition, another recent study reported
using an inhibitory oligonucleotide in conjunction with Cas9-
degrading siRNA to improve the cell-type specificity of Cas9-
based platforms.[92] The results showed increased Cas9 activity
in splenic endothelial cells compared to hepatocytes. The de-
livery of CRISPR–Cas9 to other tissues, such as the heart and
brain, remains elusive and is thus open to further investigation
in the coming years. Yang et al. developed liposomes that were
conjugated with transferrin receptor targeting peptides to deliver
CRISPR/Cas9 system to knockout permeability-glycoprotein (P-
gp) in the cells. This model could be used to study efflux-mediated
drug resistance.[93]

Mechanism of SORT-LNPs: Selective organ targeting lipid
nanoparticles (SORT-LNPs), reported for organ-specific nucleic
acid (mRNA, CRISPR/Cas9 RNPs) delivery, were developed by
augmenting the content of different lipids in a conventional
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Figure 6. a) A modular approach was developed to enable systemic nanoparticle delivery of CRISPR–Cas9 RNPs for tissue-specific genome editing.
The addition of a permanently cationic supplemental component (e.g., DOTAP) into traditional LNP formulations enabled encapsulation and protec-
tion of Cas9/sgRNA complexes using neutral buffers during nanoparticle formation. Precise tuning of the DOTAP percentage mediated tissue-specific
gene editing. b) Size distribution of Cas9/sgLuc RNPs prepared in phosphate-buffered saline (PBS) buffer (pH 7.4) and citrate buffer (pH 4.0). The size
increase is likely due to denaturization. c) Size distribution of 5A2-DOT-10 encapsulating Cas9/sgLuc RNPs prepared in PBS and citrate buffer. 5A2-DOT-
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lipid nanoparticle system. Integrating varying proportions of
anionic (18BMP, 14PA, and 18PA), cationic (((Dimethyldioc-
tadecylammonium bromide (DDAB), 1,2-dioleoyl-sn-glycero-
3-ethylphosphocholine (EPC), and DOTAP), and ionizable
cationic (5A2-SC8, 1,2-dioleoyl-3-dimethylammonium propane
(DODAP), and C12-200) lipids into LNPs is the fundamental
strategy for designing SORT-LNPs (C12-200 LNPs, mDLNP,
and MC3 LNPs).[91] The SORT-LNPs can deliver nucleic acids
(mRNA, CRISPR/Cas9 RNPs), particularly to the lungs, spleen,
or liver tissues, based upon the augmented lipid proportions.
Siegwart and co-workers first reported the tissue selectivity of
SORT-LNPs. When they injected luciferase-loaded SORT-LNPs
(18PA mDLNPs and DOTAP mDLNPs) intravenously into mice,
the expression of luciferase was dependent upon the proportion
of DOTAP and 18PA used to develop SORT-LNPs.[94] How-
ever, the selectivity of SORT-LNPs was observed without using
DOTAP. Interestingly, an increase in DOTAP concentration to
10–15 results in selectivity toward the spleen. However, when
the amount of DOTAP was increased to 50%, the selectivity
shifted toward the lungs. Similarly, tissue selectivity was also ob-
served with the anionic lipids, wherein 5–40% of 18PA showed
selectivity toward the spleen. SORT-LNPs were recently used
to deliver CRISPR/Cas9 RNPs for tissue-specific gene editing
in vivo in mice to consolidate these outcomes.[95] Conclusively,
SORT-LNPs provide selectivity toward extrahepatic organs, i.e.,
spleen and lungs. However, anionic lipid content improved the
spleen-targeted accumulation of the SORT-LNPs, and ionizable
SORT-LNPs deviated the selectivity toward the liver. Moreover, as
per the reported observations, such behavior of the SORT-lipids
is due to the overall charge and therefore provides predictable
organ targeting.[96] No exogenous or endogenous factor was
reported to affect this behavior of SORT-LNPs. However, there
are restrictions on the in vivo application of cationic lipids since
cationic lipids can interact with endogenous anionic serum
proteins to generate nonlamellar HII phase structures that
destroy cell membranes. Additionally, cationic LNPs are quickly
removed from circulation, and the formation of reactive oxygen
species is another factor in toxicity. However, this issue could
be resolved by developing novel ionizable cationic lipids with
apparent pKa values below 7, and an example of such lipids is
DODAP. Such lipids remain neutral at physiological pH and
therefore impart less toxicity and improved circulation time
after intravenous injection. Overall, the SORT-LNPs provide a
light of hope for injectable CRISPR.[97] Hopefully, the SORT-
LNPs could be transformed into platform technology for in
vivo, organ-specific gene editing by incorporating stimuli- or
endogenous-factor-responsive material.

The CRISPR–Cas9 system can be efficiently delivered into
mammalian cells of various organs of the body in different ways,
such as using delivery vectors or physical methods (Table 1).
However, a careful nanomedicine approach is still required for
off-tissue side effects with more efficient in vivo outcomes.

5.3. Multiplexed In Vivo CRISPR Delivery

Multiplexed CRISPR–Cas has seen a surge of interest within the
biomedical field over the last decade, as evidenced by a dramatic
increase in relevant publications from 2013 to 2018.[40] Key appli-
cations, including combinatorial gene-network analysis, in vivo
synthetic lethality screening, and chromosome engineering, are
made possible by CRISPR/Cas9 multiplexing. Indeed, the tech-
nology has offered many opportunities for biomedical applica-
tions, including in vivo delivery of the CRISPR–Cas system for
medical therapeutics and diagnostics. Multiplexed CRISPR aims
to express more than one Cas protein or gRNA in vivo and edit
and/or transcriptionally regulate multiple target genes simulta-
neously. Gene editing is achieved via the formation of a ribonu-
cleoprotein complex by a target sequence and a guide RNA, fol-
lowed by the introduction of a double-strand break by Cas9 and
Cas12a at the cleavage site adjacent to a PAM.[126] On the other
hand, for transcriptional regulation, Cas9 and Cas12a are genet-
ically mutated to remove the ability to cleave DNA. The mutated
form of Cas proteins can either upregulate or downregulate gene
expression directly by modulating the transcriptional activities of
RNA polymerases and indirectly by recruiting endogenous tran-
scription factors. For in vivo applications, sustained functional-
ity of the Cas complex over time is key to achieving gene edit-
ing and transcriptional regulation with the desired efficacy.[127]

To this end, multiple genetic architectures, such as synthetic
sRNA arrays, have recently been developed that enable the si-
multaneous expression of many gRNAs in vivo.[128] In the past,
many gene editing and transcriptional regulation efficiencies for
multiplexed CRISPR–Cas have been reported. While multiple
genes can be targeted simultaneously, it is also possible to have
numerous gRNAs targeting a single genetic locus to increase
CRISPR activity. But the drawback of multiplexing is unintended
genome modifications. Tasca et al. demonstrated that cotransfec-
tion of plasmid constructs that encode multiple gRNAs and cova-
lently bound to Cas9 proteins (termed forced CRISPR/Cas9 het-
erodimers) enhance the precise deletion of target genes while di-
minishing the unintended modifications. They used high capac-
ity adenoviral vectors to deliver forced CRISPR/Cas9 heterodimer
targeting DMD gene at intron 50 and exon 51 which resulted in

10 prepared without RNPs was used as a control. d) Size distribution of Cas9/sgRNA RNPs with Cas9/sgLuc molar ratios of 1/1, 1/3, and 1/5. e) Size
distribution of 5A2-DOT-10 encapsulating Cas9/sgLuc with molar ratios of 1/1, 1/3, and 1/5. f) Zeta potential of Cas9/sgRNA RNPs showing decreasing
charge. Data are presented as the mean± standard error of the mean (s.e.m.) (n = 3 biologically independent samples). g) No significant difference in
zeta potential was observed for 5A2-DOT-10 encapsulating Cas9/sgLuc with different molar ratios. Data are presented as the mean± s.e.m. (n = 3 bio-
logically independent samples). h) Time-dependent cellular uptake of 5A2-DOT-10 LNPs encapsulating EGFP-fused Cas9/sgRNAs showing cytoplasmic
release and gradual entry into the nucleus (n = 3 biologically independent samples). Scale bar: 10 μm. Red arrows show the distribution of EGFP-
fused Cas9/sgRNAs inside cells. i) Inhibition of 5A2-DOT-10 LNP uptake was studied using specific endocytosis inhibitors. Amiloride (AMI): inhibitor
of macropinocytosis; chlorpromazine (CMZ): inhibitor of clathrin-mediated endocytosis; genistein (GEN): inhibitor of caveolae-mediated endocytosis;
methyl-𝛽-cyclodextrin (M𝛽CD): lipid raft-mediated endocytosis; 4 degree: energy-mediated endocytosis. Data are presented as the mean± s.e.m. (n =
3 biologically independent samples). Reproduced under the terms of the Creative Commons CC BY license.[82] Copyright 2022, The Authors. Published
by Springer Nature.
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the precise splicing of gene in DMD.2 myoblasts (DMD defective
myoblasts).[129]

5.4. Exosome-Based CRISPR/Cas9 Delivery

Extracellular vesicles (EVs) are membrane-bound natural
nanovesicles secreted into the extracellular space by cells. There
are many subtypes of EVs, of which microvesicles, exosomes, and
apoptotic bodies are widely explored.[130] Physiologically, they
play an important role in intercellular communication. Their
cargo includes lipids, nucleic acids, proteins, and metabolites.
Due to their unique role as carriers of biomarkers, especially for
diseases associated with deep-seated organs such as the brain,
they are rapidly emerging as diagnostic tools with no or mini-
mal invasion for the early detection of various life-threatening
diseases.[131] Exosomes and microvesicles are being explored
for their role as drug and biomolecule carriers to deliver them
to target tissues. Therapeutically, they can be used as carriers
for small molecule drugs, proteins, and nucleic acids. These
are more advantageous than synthetically derived nanoparticles.
Since they are biological molecules, they are biocompatible and
show low immunogenicity reactions.[132] Due to their small
particle size and negative charge, they escape phagocytosis
clearance by the reticuloendothelial system and renal clearance
as well. Surface modifications with various ligands or those
that are expressed intrinsically can be used for the site-specific
delivery of cargo. These EVs can be endocytosed into cells and
release their contents into the cytoplasm of the cells. They can
also cross physiological barriers, such as the blood–brain barrier
and intestinal barrier. They can penetrate the deeper tissues and
remain in the site for a longer time. These advantages make
them suitable and safe vehicles for effective drug delivery.[133]

Exosomes can be used as an alternative to viral-based gene
therapy. Several exosome-based therapy products are undergoing
clinical trials.[131,134] Similarly, exosomes can also be useful for de-
livering plasmids containing CRISPR/Cas9 tools or their mRNA.
However, the former is associated with a delayed response, as
the gene DNA must be delivered to the nucleus to be transcribed
and expressed as protein, and the latter with degradation by en-
donucleases. Hence, delivery of the RNP itself is the best option.
Loading RNPs into exosomes is a major challenge.[135] The load-
ing of the cargo into exosomes can be performed in situ in donor
cells or in vitro after isolation and purification of the exosomes.
Overexpression of the Cas9 protein in donor cells results in their
packaging into exosomes. Microvesicle scaffolding proteins are
used to load Cas9 proteins on the surface or in the lumen of EVs.
Several in vitro loading techniques include ultrasound, transfec-
tion, incubation, electroporation, freeze–thaw cycling, hypotonic
dialysis, extrusion, the heat shock method, and the pH gradi-
ent method.[26] Many preclinical studies have been performed to
identify the role of EVs as carriers of CRISPR/Cas9 in various
disease models through several loading techniques and surface
modifications to enhance the efficacy of gene therapy through
EV-mediated delivery of CRISPR/Cas9 RNPs. Few of them are
discussed below.

Wan et al. developed exosome RNPs, a novel delivery system
for gene editing. They electroporated Cas9 and sgRNA target-
ing p53, an upregulated modulator of apoptosis (PUMA), cyclin

E1 (CcnE1), and K (lysine) acetyltransferase 5 (KAT5) into exo-
somes derived from the LX-2 cell line and treated acute liver in-
jury, chronic liver fibrosis, and hepatocellular carcinoma mouse
models. They observed that the therapeutic efficacy of RNPs in-
creased when they were delivered in EVs rather than RNPs alone,
and tissue specificity was improved as the exosomes targeted liver
cells. This study demonstrated that exosomes derived from LX-
2 cell lines could be used for gene therapy of liver diseases.[136]

In another study, Cas9 and sgRNA KrasG12D were loaded into
exosomes derived from HEK293T cells using Exo-Fect reagent.
These exosomes, when injected intratumorally into an orthotopic
model of pancreatic cancer (B6-albino mice), were found to be
effective in reducing tumor growth and Kirsten rat sarcoma viral
oncogene homolog (KRAS) mRNA levels.[137] Majeau et al. devel-
oped a simple method to load CRISPR RNPs into EVs for use as
gene therapy products in DMD. In their study, they isolated EVs
from human and mouse serum and loaded RNPs targeting in-
trons 22 and 24 of the DMD gene into EVs using a protein trans-
fectant. Upon injection of these RNP-loaded EVs into the mus-
cle of mdx mice, deletion of exons 23 and 24 and dystrophin ex-
pression was observed in up to 19% of the complementary DNA
(cDNA) extracted from the mdx mice treated with RNPs loaded
in EVs when compared to the mice treated with RNPs alone.[138]

Liang et al. used exosomes to deliver CRISPR/Cas9-mediated
gene therapy for arthritis. They constructed genetically modified
exosomes whose surface contained chondrocyte affinity peptide
to specifically target chondrocytes. They used these exosomes
to deliver plasmid Cas9 and sgMMP-13 to cartilage matrix in
arthritic rats which resulted in alleviation of osteoarthritis by ef-
ficiently ablating matrix metalloproteinase-13 (MMP-13) expres-
sion in chondrocytes.[139] Recently, Lin et al. designed exosomal-
mediated CRISPR/Cas9 delivery system to target and knockout
YTH domain-containing family protein1 (YTHDF1) gene which
is implicated in tumorigenesis. When injected intratumorally,
this CRISPR/Cas9 plasmids targeting YTHDF1 gene efficiently
reduced tumorigenesis in tumor bearing C56BL/6J mice.[140]

Similarly, Luo et al. used AML12-cell-derived exosomes which
are safe and effective to deliver CRISPR/dCas9-VP64 to the hep-
atic stellate cells which contribute significantly to liver fibrosis.
This resulted in the effective delivery of the CRISPR/Cas9 tool
effectively into the hematopoietic stem cells (HSCs) both in vitro
and in vivo and enhanced the reprogramming of HSCs to hep-
atocyte phenotype.[141] Later, they constructed retinol-binding-
protein-4-modified exosomes to specifically target HSCs and de-
liver CRISPR/Cas9-SAM system which also proved to be effective
in attenuation of hepatic fibrosis.[142]

In another study performed by Zhuang et al., surface modifica-
tion of EVs enhanced the target-specific delivery of RNPs loaded
in EVs. Cas9 protein and sgRNA targeting WNT10B were loaded
into EVs using sonication and freeze–thaw methods. Then,
the EVs were decorated via cholesterol anchors with valency-
controlled tetrahedral DNA nanostructures (TDNs), which were
conjugated with TLS11a aptamers that specifically bind to HepG2
cells. The product was called TDN1–EV–RNP. They injected
functionalized EVs intravenously into HepG2 tumor-bearing
female BALB/c nude mice. Tumor inhibition and gene edit-
ing were found to be effective in TDN1–EV–RNP-treated mice
compared to EV–RNP-treated mice.[143] Xu et al. modified EVs
with anti-cluster of differentiation 19 (CD19) chimeric antigen
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receptor (CAR) (anti-CD19 CAR–EVs) to target CD19-positive
Burkitt lymphoma cells. They isolated EVs from anti-CD19 CAR–
HEKT293T cells and loaded them with the CRISPR/Cas9 sys-
tem targeting the MYC gene through electroporation. These EVs
targeted CD19-positive tumor cells in Raji-bearing subcutaneous
xenograft mice upon intratumoral injection and were found to be
effective in reducing tumor volume.[144]

Cargo loading is one of the major challenges for the utilization
of EVs as biomolecule delivery vehicles. Osteikoetxea et al. uti-
lized reversible protein heterodimerization to load CRISPR/Cas9
into EVs. One of the protein partners was fused with Cas9 and
the other to the EV-sorting motif (protein or fatty acid moi-
ety). This method helps in the selective and efficient loading of
Cas9 into EVs. Among the various heterodimers, cryptochrome
2 fused to Cas9 was recruited by CD9 or a myristoylation–
palmitoylation–palmitoylation modification resulted in efficient
loading with ≈25 Cas9 molecules per EV and was effective in
gene editing of the PCSK9 gene in HEK293 cells with 6% indel
efficiency.[145] Gee et al. developed a novel delivery system named
NanoMEDIC (nanomembrane-derived extracellular vesicles for
the delivery of macromolecular cargo) to deliver RNPs. Initially,
the Cas9 protein was recruited into the EVs using the FKBP12
and FKBP12-rapamycin binding (FRB) dimerization system for
effective translocation of the Cas9 protein into the nucleus of the
target cells. SgRNA expression vectors were constructed to re-
lease it selectively into the nanovesicle containing the Cas9 pro-
tein. Two nanoMEDICs containing sgRNA DMD1 and sgRNA
DMD23 were synthesized to treat DMD-patient-derived induced
pluripotent stem cells (iPSCs), which resulted in indel frequen-
cies of more than 50%. They also assessed the extent of RNP
delivery in vivo by developing NanoMEDIC–Luc, which con-
tained FRB fused luciferase protein, and injecting it into the
gastronemus muscle of C57BL/6 mice. Luciferase expression
was observed at the injected muscle 16 h after the injection
and cleared within 3 days of injection, indicating the transient
delivery of protein. This study demonstrated a novel method
to efficiently load EVs with CRISPR RNPs.[146] Ilahibaks et al.
demonstrated another novel method of cargo loading and effi-
cient intracellular delivery of cargo protein named as “Technol-
ogy of Protein delivery through Extracellular vesicles.” They dec-
orated the EVs with fusogenic vesicular stomatitis virus glyco-
protein which enhanced their endosomal uptake by the recip-
ient cells and improved intracellular CRISPR/Cas9 ribonucleo-
protein delivery.[147] Wan et al. used exosomes from hepatic stel-
late cells to load CRISPR/Cas9 RNPs through electroporation.
RNP-loaded exosomes (exosomeRNP nanocomplexes) were effi-
cient carriers for in vitro and in vivo delivery. The size range of ex-
osome RNP nanocomplexes was 50–200 nm, with an encapsula-
tion efficiency of 20%. The exosomeRNPs facilitated effective cy-
tosolic delivery of Cas9–FITC (fluorescein isothiocynate) into LX-
2 (H) and Huh-7 (I) cells after 4 h of incubation through multiple
pathways, including clathrin-dependent endocytosis, caveolin-
mediated endocytosis, macropinocytosis, and phagocytosis. An
in vivo biodistribution study showed that DiR (1,1-dioctadecyl-
3,3,3,3-tetramethylindotricarbocynine iodide) labeled exosomes
accumulate in liver tissue 6 h after intravenous injection. Fur-
thermore, exosome RNPs showed solid therapeutic potential in
acute liver injury, chronic liver fibrosis, and hepatocellular car-
cinoma mouse models by targeting PUMA, CcnE1, and KAT5,

respectively. By targeting the liver selectively, exosomeRNPs act
as a potential platform for gene editing for liver diseases.[136]

These studies demonstrate that extracellular vesicles can be
effectively used as delivery vehicles of CRISPR/Cas9 RNPs and
can be utilized for gene therapy in various diseases. More re-
search into isolation tissue-specific exosomes, surface modifica-
tions, and cargo loading techniques will accelerate their develop-
ment for clinical applications as well.

6. The Immunological Aspects of
CRISPR/Cas9-Loaded Nanomedicine

Every new technology is associated with new challenges. The
CRISPR/Cas system has been associated with some new com-
plications to be addressed before it can be used in therapeu-
tics. One of the most important difficulties is the ethical conse-
quences of heritable genome editing resulting from its use as
a therapeutic and human immune response. Site-specific deliv-
ery of the CRISPR/Cas protein is essential for its proper mecha-
nism and the expression of the CRISPR/Cas component; hence,
the immunogenicity risk of genome editing through this tool
will depend on the delivery path. The use of virus-mediated
delivery could integrate CRISPR/Cas9 into host cells and ac-
tivate the h,ost’s immune response. Unlike viral delivery sys-
tems, lipid nanoparticles have shown little success in deliver-
ing CRISPR/Cas9 components.[19] However, the components of
CRISPR/Cas systems (Cas9 proteins or sgRNA) delivered by non-
viral vectors may also trigger an immune response of the host.
A recent study showed that CRISPR/Cas9 therapy activates hu-
moral and cell-mediated immunity not only in humans but also
in mice. Charlesworth et al.[148] demonstrated the presence of the
anti-Cas9 protein in healthy human adults.[149] In another study,
anti-Cas9 antibodies were reported in the human population.[150]

The presence of anti-Cas9 antibodies against Cas9 suggests ex-
posure of the immune system to Cas9, an intracellular bacterial
protein, during infection. However, antibodies generated against
intracellular proteins activate the cellular immune response. In
vivo delivery of RNA cargo may also activate the innate im-
mune response.[151] Additionally, some nonviral vectors may also
have been recognized by the host immune system. The host im-
mune response against components of the CRISPR/Cas9 sys-
tem resulted in a nonsignificant decrease in the efficiency of this
genome editing tool but may result in severe safety concerns.
Interestingly, compared to viral systems, the CRISPR/Cas sys-
tem encapsulated inside lipid nanoparticles partially shields their
recognition by the host immune system, which can reduce the
activation of immune cells. However, it is still unclear, and fur-
ther investigation is needed to determine the detailed host im-
mune response against nonviral-mediated CRISPR/Cas systems.
It is still difficult to produce nanomedicines that can heal autoim-
mune illnesses without inducing systemic immunosuppression.

7. Intracellular Trafficking of
CRISPR/Cas9-Containing Nanomedic,ine

For efficient gene editing, the CRISPR/Cas9 system must tra-
verse the intracellular barriers and reach the cytoplasm, followed
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by nuclear localization. The cell has delicate mechanisms of traf-
ficking materials, which mainly include receptor-mediated inter-
nalization, engulfment, or ion channels. A great deal of work
has been done to understand the internalization and intracellular
trafficking of nanoparticles. Some of the excellent reviews thor-
oughly discuss the process of nanoparticle uptake and their jour-
ney within the cell and relevant kinetics for the same.[152] Numer-
ous studies to understand the interaction of nanoparticles with
the biological milieu have been conducted. It is, however, chal-
lenging to predict the accurate fate of nanoparticles in vivo due to
the interplay of numerous factors, both biological and nanoparti-
cle characteristics, which ultimately determine the journey and
destination of the particles. However, based on what we have
learned thus far, there are a few characteristics of nanoparticles
that can be modified to achieve favorable outcomes. Nanoparti-
cles are crucial in facilitating surface interactions with the cellular
membrane and carrying cargo within the cells. The nanoparticles
can be internalized within the cells via either 1) direct entry of the
particles and/or 2) endocytosis-dependent mechanisms.

The direct entry of the nanoparticles within the cells can be
facilitated by physical means such as electroporation, where elec-
trical pulses disrupt the cell membrane to allow nanoparticle en-
try within the cells, or by microinjection of nanoparticles. Elec-
troporation is widely used as a physical method for transfec-
tion for gene editing, especially using exosomes as carriers for
the CRISPR/Cas system.[153] Electroporation is a highly efficient
technique capable of transfecting almost all types of cells and is
even difficult to transfect into cell lines. However, their applica-
tion is limited to in vitro transfection due to difficulties associated
with their in vivo applications. Similarly, precise gene editing can
be achieved in vivo using microinjection, but its in vivo applica-
tion is extremely difficult.[154] Direct translocation of the nanopar-
ticles has been observed where the nanoparticles disrupt the
cell membrane and traverse across the membrane without uti-
lizing any other energy-dependent mechanisms. However, these
phenomena have been observed with extremely small nanopar-
ticles with sizes of ≈2–5 nm, such as quantum dots and gold
nanoparticles. Direct translocation via such a small nanoparti-
cle may not be of significance for CRISPR/Cas9 given that the
size of the cargo is large; therefore, the carrier required could
be several hundreds of nanometers. One of the important strate-
gies involves the use of shot amino acid sequences called cell
penetrating peptides (CPPs) for direct diffusion through the cell
membrane. Nanoparticles decorated with CPPs as ligands have
shown improved transfection ability;[155] however, immunogenic-
ity and off-target insertion/mutagenesis limit their potential in
vivo applications. Another and more important mechanism for
nanoparticle internalization is via endocytosis-dependent path-
ways (Figure 7). Endocytosis-dependent pathways involve five
distinct mechanisms, namely, 1) clathrin-dependent endocyto-
sis, 2) caveolin-dependent endocytosis, 3) clathrin- and caveolin-
independent endocytosis, 4) phagocytosis, and 5) macropinocy-
tosis. The first two are termed receptor-mediated endocytosis,
which involves the interaction of nanoparticles or ligands with
membrane receptors invoking the cellular internalization pro-
cess. Clathrin-dependent endocytosis involves the formation of
clathrin-coated pits at the site of nanoparticle interaction with the
cell membrane, which eventually internalizes the nanoparticles
by membrane bending and invagination and separation from the

cell memb-rane as individual vesicles. Caveolin-dependent endo-
cytosis forms similar vesicles, but the pit is coated with caveolin,
and it forms flask-shaped vesicles. These vesicles typically de-
liver the cargo to the golgi apparatus and the endoplasmic retic-
ulum. Hence, if the target site is one of those organs, caveolin-
dependent endocytosis serves as a potential route. A comprehen-
sive review by Kim et al. discusses the use of nanovesicles for
CRISPR/Cas9-mediated genome editing.[135] Some of the rele-
vant studies involve the interaction of nanoparticles/ligands with
the cell surface to facilitate cellular internalization. Rouet and
Christ labeled the Cas9 protein with the small molecule ligand
(ASGRL; asialoglycoprotein receptor ligand), which is specific
for asialoglycoprotein receptors. The authors demonstrated that
the tagged Cas9 protein is primarily internalized via receptor-
mediated endocytosis. The authors further demonstrated that for
efficient gene editing, the cargo needs to escape endosomes be-
fore the late endosomal stage. In addition, the uptake should be
fast enough to overcome rapid degradation to achieve a sufficient
concentration of the active form within the cytoplasm.[156] Zuris
et al. described the cationic lipid-mediated delivery of Cre recom-
binase, transcriptional activator like effector (TALE) complexes,
and Cas9 and Cas9:sgRNA complexes into cultured human cells,
achieving ≈80% gene editing efficiency in vitro. The authors also
studied the in vivo efficacy of the cationic lipid (Lipofectamine
2000) for delivering (−30) GFP–Cre-targeted Cas9:sgRNA into
the mouse inner ear. The authors reported no obvious toxicity
or efficient knockout of the target gene.[22] Cho et al. prepared
lecithin nanoliposomal particles complexing sgRNA sequences
specifically for dipeptidyl peptidase-4 gene/Cas9 protein to mod-
ulate the function of glucagon-like peptide 1 for the treatment
of type 2 diabetes mellitus (T2DM). The complex was studied in
vitro using SNU398 human liver carcinoma cells as well as in
vivo using T2DM db/db mice. In vitro genome editing was found
to have ≈31% and ≈39% in vivo efficacy with limited off-target
effects.[157] Finn et al. demonstrated >97% target protein knock-
down (transthyretin) and extended the durability of genome edit-
ing up to at least 12 months using lipid nanoparticles as carriers.
The authors demonstrated that in contrast to viral vectors, mul-
tidosing is possible with lipid nanoparticles to achieve optimal
gene editing.[49] Similarly, Rosenblum et al. demonstrated the use
of the lipid nanoparticle/CRISPR–Cas9 system to achieve up to
98% genome editing in multiple cancer cell lines and up to ≈80%
genome editing in vivo for cancer treatment.[79]

There are different mechanisms for the cellular internalization
of the nanoparticle (Figure 7). Apart from receptor-mediated en-
docytosis, the cell can endocytose nanoparticles via a receptor-
independent mechanism. The cell membrane has cholesterol-
and sphingolipid-rich domains that can undergo endocytosis
upon interaction with nanoparticles such as virus-like parti-
cles. The process does not involve clathrin or caveolin and is
termed clathrin- and caveolin-independent endocytosis or lipid-
raft-mediated endocytosis. Phagocytosis (cell eating) involves the
recognition of nanoparticles via interactions with cell surface re-
ceptors such as complement receptors, scavenger receptors, and
mannose receptors. This is followed by subsequent engulfment
of the nanoparticles to form phagosomes. Phagocytosis is pri-
marily a clearance mechanism observed with the macrophage
phagocytic system and poses a challenge in delivering gene edit-
ing systems. PEGylation (coated with polyethylene glycol) of the
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Figure 7. Intracellular trafficking of the different CRISPR/Cas9 nanomedicines.

nanoparticle surface has been shown to avoid complement ad-
sorption on the nanoparticle surface and thus prevent or reduce
phagocytosis, enabling a longer circulation time for the nanopar-
ticles.

Macropinocytosis (cell drinking) involves the engulfment of
fluid through actin-stabilized membrane extension.[158] All of
these mechanisms result in the confinement of internalized
nanoparticles within the vesicular structure called endosomes
and hence do not have direct access to the cytoplasm. Early en-
dosomes eventually transform into late endosomes with grad-
ual acidification of the vesicle, which ultimately fuses with lyso-

somes, resulting in enzymatic degradation of the contents. For
a carrier to successfully deliver the cargo to the cytoplasm, it is
important to escape the early endosomes via a process termed
endosomal escape. Although poorly understood, the endosomal
escape of nanoparticles is shown to involve osmotic swelling
of the vesicle and subsequent rupture of the vesicles (proton
sponge effect). Cationic nanoparticles, consisting of polymers es-
pecially consisting of many functional groups prone to protona-
tion (such as PEI, PAMAM, and chitosan), draw H+ ions from the
cytoplasm, which ultimately draws counterions (Cl−) within the
vesicles, gradually increasing osmotic pressure. Vesicle swelling
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and subsequent rupture release the nanoparticles within the
cytoplasm. Apart from the proton sponge effect, other mecha-
nisms responsible for endosomal escape involve membrane fu-
sion of endosomes with vesicles, primarily liposomes or exo-
somes, membrane pore formation via cell-penetrating peptide,
or polymer-induced disruption of the membrane.[159] Cationic-
polymer-based nanoparticles, composites, or dendrimers have
been demonstrated to assist the endosomal escape of oligonu-
cleotides and hence can be potentially employed for CRISPR–
Cas9 systems.

8. Strategies for Tissue-Specific Delivery of
CRISPR/Cas9

A therapeutic moiety must attain a therapeutic concentration at
the target site to elicit the pharmacological response. To have ac-
ceptable safety, there should be minimal or no adverse response
in nontarget tissue. This is true for small molecules as well as pro-
teins and oligonucleotides. Genetic medicines must reach the tar-
get site to elicit the intended response, whether siRNA-, mRNA-
, plasmid-, or CRISPR/Cas9-based gene editing. CRISPR-based
gene editing highlights some of the key requirements for ge-
netic medicines to be clinically relevant and showcases the im-
portance of delivery systems to achieve that. CRISPR-based gene
editing using either Cas9 protein/sgRNA, Cas9 mRNA/sgRNA,
or CRISPR plasmid suffers from rapid degradation of the com-
ponents by proteases/RNAses after systemic administration.[160]

Moreover, although gene editing is precise, off-target effects oc-
casionally lead to fatal mutations. In addition, the components
by themselves have very limited cellular uptake. The large size
(≈160 kDa), negative charge on the RNA and the cellular mem-
brane and consequent repulsion between the two present a bar-
rier for the uptake of the components to achieve therapeutic con-
centrations. The CRISPR plasmid, in addition to crossing the
cellular membrane, has to traverse the nuclear membrane to
be transcribed for the required components.[161] Host immunity
also plays a role in the clearance of administered Cas9, as it is
recognized as a foreign protein resulting in immunogenicity.[162]

Additionally, the target site also presents unique challenges for
efficient gene editing. If the treatment is intended for cells that
are readily accessible, such as blood cells in the case of leukemia,
gene editing is relatively unobstructed. Conversely, therapies in-
tended to achieve therapeutic concentrations in specific tissues,
such as cancer tumors, retina, liver, etc., have to overcome ad-
ditional barriers, such as the blood–brain barrier in the case of
gliomas, the retinal barrier, fibroblast barriers for most solid tu-
mors, etc. The tumor microenvironment adds to the difficulties
in achieving effective concentrations for large molecules.[163]

8.1. Passive-Targeting-Based Strategy

Over the past several decades, researchers have worked relent-
lessly to develop vehicles that can overcome these cargo delivery
problems at the right location in the right concentration. The
knowledge accumulated from diverse fields, such as passive
targeting of small molecules, delivery of siRNA, mRNA, or
plasmids, and delivery of proteins, has collectively paved the

way forward for CRISPR gene editing, which may realize the
development of a platform that can potentially be fine-tuned to
achieve precise and personalized gene editing. Several mech-
anisms have been explored as potential delivery mechanisms,
such as direct injection to the site, electroporation, microinjec-
tion, sonoporation, etc. However, these physical methods are
only applicable to ex vivo gene editing or where the target site
is readily accessible. Currently, nonviral vectors or nanoparticles
are attracting much attention for their extreme application in
nucleic acid delivery. The physical and chemical characteristics
of these nanoparticles can be easily modulated to enhance the
permeation and accumulation of the particles at specific target
sites to achieve passive targeting of the desired site. Some
of these parameters are the size, shape, surface charge, and
chemical composition of the nanoparticles.

8.1.1. Effect of Size and Shape of Nanoparticles

The size of the nanoparticles is one of the factors that deter-
mine the duration of their systemic circulation. Typically, parti-
cles smaller than 5 nm are rapidly cleared by glomerular filtra-
tion and hence have a short circulation time. Due to geomet-
ric constraints, most delivery vehicles, such as liposomes, solid
lipid nanoparticles, nanostructured lipid carriers, and polymeric
nanoparticles, have sizes greater than 5 nm (>20 nm in the case
of liposomes). Hence, rapid glomerular filtration is not evident
for such systems. Another mechanism of clearance of any foreign
particulate matter is via the reticuloendothelial system (RES),
which consists of tissue macrophages and monocytes. Particulate
matter administered systemically is exposed to RES organs, such
as the liver, spleen, lungs, and lymph nodes, where the tissue
macrophages are concentrated. Several factors affect the recogni-
tion of particles by macrophages. Typically, particles larger than
200 nm in size are rapidly recognized by macrophages and con-
sequently accumulate in RES organs, such as the liver, spleen,
and lungs, after systemic administration. Apart from the clear-
ance, the size also affects the tissue uptake of the nanoparticles. A
classic example is the enhanced permeation and retention (EPR)
effect observed in solid tumors. The gaps between the endothe-
lial cells in the tumor neovasculature can be as large as 600 nm,
which is otherwise close to 5 nm in healthy blood vessels. Parti-
cles with diameters less than 200 nm have been shown to pen-
etrate tumors via these gaps and accumulate there due to poor
development of lymphatic drainage. The EPR effect has shown
great benefits for chemotherapy for cancer treatment, helping cy-
totoxic drugs achieve high concentrations in tumors and sparing
healthy tissue from side effects.[164] Additionally, the shape of the
particles also plays a role in macrophage activation. Although not
fully understood, it has been observed that spherical particles are
cleared rapidly by macrophages compared to elongated particles
such as rods, elliptical particles, and worm-like particles.[165]

8.1.2. Effect of Surface Charge of the Nanoparticles

Traditionally, from the perspective of oligonucleotide deliv-
ery, the major component of the delivery system is cationic
lipids or cationic polymers consisting of secondary and tertiary
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polyamines. Oligonucleotides are negatively charged at physio-
logical pH and hence cannot interact with the cell membrane
due to repulsion, as the membrane is also negatively charged.
Cationic particles condense with anionic oligonucleotides due
to electrostatic interactions. The resulting complex is relatively
neutral and can easily interact with the cell membrane. Such
delivery systems have shown great transfection capabilities in
in vitro experiments. However, their in vivo efficacy has been
hampered by the fact that as soon as they are administered via
the systemic route, the negatively charged plasma proteins dis-
place the oligonucleotides before they reach the target site, for-
feiting their very purpose. The interaction with plasma proteins
also results in complement activation and subsequent recogni-
tion by macrophages, leading to the accumulation of cationic
nanoparticles in RES organs such as the liver, spleen, and lungs.
Such charge-dependent accumulation can be exploited for tar-
geted gene delivery to RES organs. PEGylation of the surface has
been shown to decrease such interactions by shielding the charge
but results in reduced uptake by cells. However, cationic compo-
nents, especially polyamines, have been shown to improve the cy-
tosolic availability of oligonucleotides by decreasing their lysoso-
mal degradation. Polyamines are capable of interacting with pro-
tons, virtually acting as a “proton sponge.” This, in turn, drives
counterbalancing Cl− ions within the endosomal vesicles. As a
result, the osmotic pressure increases within the vesicle, ruptur-
ing it and releasing the oligonucleotides within the cytosol. This
could prove beneficial for Cas9 mRNA or Cas9 plasmids since
they have an anionic charge at physiological pH. However, the
Cas9 protease is positively charged at physiological pH. There-
fore, cationic nanoparticles may not be useful for Cas9 protease
delivery.[161]

8.2. Ligand-Based Active Targeting Strategy

Delivery of CRISPR/Cas9 components to the target cells or tis-
sues involves a series of extracellular barriers (RES fate, sus-
ceptibility to enzymatic degradation, immune activation, etc.)
and intracellular barriers (cellular uptake, endosomal degrada-
tion, nuclear localization), and the complexity of barriers de-
termines the accessibility of the nucleic acid to the respective
site.[166] Upon administration, to yield the desired optimal gene
editing, the nanocarrier system must be engineered so that it
will selectively deliver the payload after reaching the predeter-
mined cells or tissue.[167] An ideal drug delivery system com-
prises a nanoplatform system, including polymeric nanoparti-
cles, micelles, liposomes, lipid nanoparticles, etc., possessing
biodegradability, stability, nonimmunogenicity, optimal loading,
and release of payload to the target site. By default, the nanocar-
rier system ideally accumulates within the liver, spleen, or lung
tissues. However, the tuning of surface functionalities with ac-
tive molecules/moieties such as small molecules, antibodies,
nucleic acids, proteins, peptides, and sugars to nanocarriers
has improved their specificity and selectivity toward the target,
viz. molecular interaction with targeting tissue receptors,[168]

thereby limiting the off-target effects. However, achieving 100%
target specificity is very challenging. Herein, we categorized
the major targeting strategies based on ligand–receptor interac-
tions, including small-molecule-based, antibody-based, nucleic-

acid-based, protein- and peptide-based, and sugar-based target-
ing strategies.

8.2.1. Small Molecules

The nanocarrier systems can be functionalized with small
molecules (<1000 Da) to improve cell/tissue specificity. Small
molecules were used as one of the initial targeting approaches
for various diseases because of their simplicity in conjugation
with the carrier system.[169] Some of the extensively studied small
molecular ligands for tissue-specific delivery are folic acid, cyclic
RGD (cRGD), galactose, retinoic acid, etc. There are several re-
ports demonstrating tissue-specific delivery of CRISPR/Cas9-
loaded nanoparticles using these ligands.

For example, Sun et al. developed galactose (Gal) and dimethyl-
maleic-anhydride (DM)-modified PEI (Gal–PEI–DM) coated over
DNA nanoclews and used it for the in vivo delivery of Cas12
RNPs. As per the biodistribution data, the Gal–PEI–DM coating
improves the circulation time and selective hepatocyte uptake of
the DNA nanoclew. Additionally, the DNA nanoclew achieved a
75% indel frequency in the PCSK9 gene in vivo. However, the
deep sequencing data showed ≈48% indel frequency. The in vivo
data showed an ≈45% reduction in cholesterol levels after treat-
ment with Gal–PEI–DM-coated DNA nanoclews.[170] Similarly,
Zhang et al. prepared targeted nanoparticles for the Pcsk9 gene
in liver tissues. Briefly, the nuclear-localization-sequence (NLS)-
targeted anionic Cas9 RNPs were complexed with cationic hu-
man immunodeficiency virus infection (HIV)-1–transactivating
transcript or (TAT)-peptide-modified gold nanoclusters and later
coated into a galactose-modified lipid layer to form triple-targeted
gold nanoclusters with a mean size of 105.5 nm. The resulting
nanoclusters showed ≈60% indel efficiency for the Pcsk9 gene in
vitro; however, a 30% reduction in plasma LDL-C in mice was ob-
served in vivo.[171] Wan et al. developed a supermolecular polymer
system by complexing 𝛽-cyclodextrin-conjugated low-molecular-
weight polyethyleneimine (CP) with disulfide-bridged biguanidyl
adamantine (Ad-SS-GD) to form CP/Ad-SS-GD, which further
complex with anionic Cas9 RNPs to form CP–Ad-SS-GD/RNP
nanocomplexes of ≈200 nm size and >90% entrapment effi-
ciency. The disulfide bond aids in releasing RNPs in the cyto-
plasm and, as a result, provides good gene editing in vitro. More-
over, interestingly, HA-decorated CP/Ad-SS-GD/RNP nanocom-
plexes (HA/CP/Ad-SS-GD/RNP) targeting the KRAS gene were
evaluated in an SW480 tumor-bearing nude mouse model. The
HA/CP/Ad-SS-GD/RNP showed excellent tumor targeting and
antitumor effects in terms of a reduction in tumor volume, more
terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) positive cells in the tumor, a reduced percentage of
Ki67-positive cells, and inhibition of tumor metastasis.[172] All
trans-retinoic acid is a small molecule that binds to interpho-
toreceptor retinoid-binding protein of the retinal pigment epithe-
lium (RPE) and photoreceptor outer segments and is therefore
used as an active targeting moiety of delivery in retinal cells in
vitro and in vivo. Similarly, Chen et al. reported a 25 nm size
customized biodegradable NC, prepared using cationic (imida-
zole) monomer, anionic monomers, GSH-sensitive linker, acry-
late methoxy polyethylene glycol, and ATRA methoxy polyethy-
lene glycol, for the in vitro and in vivo delivery of CRISPR/Cas9
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RNPs. The NC showed 79.1 ± 0.6% gene editing in vitro. More-
over, ATRA-targeted NCs were injected intravitreally into mice
to edit the stop codon of the tdTomato gene and showed good
gene editing efficiency in terms of tdTomato expression in retinal
tissue.[44]

8.2.2. Antibodies

Antibodies are very well-known for their target-specific bind-
ing with their respective antigens and can be deployed in
nanomedicine with diagnostic and therapeutic applications.[173]

Although antibodies were discovered in the mid-1970s and pos-
sess extremely high selectivity, specificity, and binding affinity,
their potential for targeting disease/tissue was not explored until
the late 20th century.[174] Currently, multiple potential antibod-
ies, such as rituximab, trastuzumab, and cetuximab, have been
approved by the US FDA, with many more undergoing clinical
trials for targeted antibody-functionalized nanoparticle delivery
for EGFR, human epidermal growth factor receptor 2, transferrin
receptor, etc. Being highly specific and selective toward the target,
antibodies also exhibit higher systemic circulation times ranging
from days to weeks and thereby could be utilized to enhance the
exposure of therapeutic nanocarriers to the respective. However,
an antibody attached to a nanocarrier would specifically enhance
its delivery to cells expressing the mAb–receptor interaction.[175]

An ICAM1 antibody-targeted nanoliposome that targets tumors
was developed by Guo et al. The gel was evaluated for its in vivo
efficacy in an orthotropic model of triple negative breast can-
cer (TNBC). The gel delivered CRISPR/Cas9 plasmids to TNBC
cells by knocking out the Lipocalin 2 gene with an efficiency of
81%, which resulted in a regression of 77% of the tumors with-
out causing any toxicity.[176] Recently, in 2020, Rosenblum et al.
reported novel amino-ionizable-lipid-based lipid nanoparticles to
effectively deliver Cas9 mRNA and sgRNA to knock out the PLK1
gene in vivo in an orthotropic glioma model. A single intracere-
bral injection of CRISPR–LNPs against PLK1 (sgPLK1–cLNPs)
into aggressive orthotopic glioblastoma enabled up to ≈70% gene
editing in vivo, which caused tumor cell apoptosis, inhibited tu-
mor growth by 50%, and improved survival by 30%. To evaluate
the in vivo therapeutic potential of LNPs against the human OV8
peritoneal xenograft mouse model, the LNPs were targeted with
anti-EGFR antibodies. Mice bearing peritoneal OV8-mCherry
tumors were injected with 0.75 mg kg−1 EGFR-functionalized
Cy5.5-labeled LNPs. After 4 h, the mice were evaluated under a
live imaging system, and as per the data, the tumor accumulation
of Cy5.5-labeled LNPs was 3 times higher than that of the isotype
control(I) antibody-targeted LNPs. Furthermore, the in vivo anti-
tumor efficacy of EGFR-functionalized LNPs (targeting the PLK1
gene) was carried out in the OV8-mCherry tumor model in mice.
As per the data reported, ≈82% PLK1 gene editing was observed 2
days after injection, with an ≈80% increase in the overall survival
rate.[79]

8.2.3. Aptamer

Aptamers are short single-stranded oligonucleotides that are
compact and folded into secondary and tertiary structures pro-

duced in vitro. These carry high binding affinity to specific bio-
logical targets, especially proteins, mainly through complemen-
tary shapes at the aptamer–target interface.[177] Similar to anti-
bodies, aptamers are highly specific for target recognition and
undergo cellular internalization via receptor-mediated endocyto-
sis. Aptamers exhibit low degradation kinetics and can be de-
natured and renatured without significant activity loss and re-
main stable under ambient temperature conditions.[178] Com-
pared to antibodies, aptamers can be commercially synthesized
and carry the ability to penetrate the tumor core more effec-
tively due to their small size by 25-fold.[179] Likewise, Farokhzad
et al. initially synthesized a PLA–PEG–COOH copolymer, which
was then covalently conjugated with an amine-modified A10
RNA aptamer to target prostate cancer cells. The resulting
nanoparticle–aptamer conjugate effectively expressed specific
binding by 77-fold compared to the control, resulting in selective
and enhanced uptake by prostate LNCaP epithelial cells recog-
nizing prostate-specific membrane antigen protein.[180] For in-
stance, an amphiphilic 𝛽-cyclodextrin (CD) that had been mod-
ified with multiple hydrophobic chains was coassembled with
CRISPR/Cas9 RNPs into nanoparticles with a particle size of
200 ± 50 nm and encapsulation efficiency of >30%. Further-
more, the system was conjugated with AS1411 aptamer or fo-
late via host–guest complexation. The aptamer-targeted nanopar-
ticles efficiently delivered cargoes into MDA-MB-231 xenograft
breast tumors, which overexpressed nucleolin receptors. Further-
more, the folate-decorated nanoparticles that delivered RNP tar-
geting PLK1 demonstrated significant gene disruption (47.1%
gene deletion) and tumor growth inhibition in vivo.[181] In an-
other study, sorafenib and CRISPR/Cas9 were codelivered us-
ing polyamidoamine–aptamer-coated hollow mesoporous silica
nanoparticles. The P–Apt-targeted NPs showed a particle size of
156.6 ± 1.8 nm with an encapsulation efficiency of 76.65% for
the CRISPR/Cas9 plasmid. The T7E assays showed that the P–
Apt-targeted NPs caused a knockout gene efficiency of ≈66.3% in
HepG2 cells. In vivo efficacy studies were performed in the H22
tumor-cell-bearing mouse model, and as per the data, there was
85% tumor inhibition after P–Apt-targeted NP treatment. In vivo
bioimaging data showed a high accumulation of P–Apt-targeted
NPs at the tumor site in vivo.[182]

8.2.4. Peptides

A large number of targeting moieties have been studied in the
past three decades, wherein active surface functionalization with
peptides and short amino acid chains demonstrates very high se-
lectivity and affinity to their target receptors, with a paradigm rev-
olution in strategy development for therapeutic applications.[183]

Several biomimetic peptides were identified using bimolecular
and bioinformatics tools to identify structural and sequence ho-
mology, elucidating the higher affinity toward the receptor, re-
sulting in internalization or response related to the receptor-
associated.[184] For example, in 2017, Chen et al. developed LH-
NPs loaded with CRISPR/Cas9 components for PLK1 gene edit-
ing in brain tumors in vitro and in vivo. In cell culture stud-
ies, PLK1-2-targeted LHNPs inhibited cell growth by 79.3% and
80.2% for U87 and GS5 cells, respectively. To improve the in vivo
efficiency, the LHNPs were targeted with iRGD, and as per in
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vivo imaging system (IVIS) images, the iRGD-targeted LHNPs
accumulated in the subcutaneous tumor 2.6-fold more than the
nontargeted LHNPs. As per the flow cytometry data, 33.1% of
subcutaneous tumor cells took up LHNPs after intravenous in-
jection. Efficacy studies were performed in U87-cell-based sub-
cutaneous tumors, and as per the results, a 23.5% decrease in
tumor volume was observed in the mice given iRGD-modified
PLK1-2-targeted LHNPs. However, to enhance the BBB perme-
ability of LHNPs, Lexiscan was introduced in LHNPs, and biodis-
tribution was performed in mice bearing intracranial U87 tu-
mors. As per the IVIS imaging, there was a 2.1-fold increase
in tumor accumulation of iRGD and Lexiscan-targeted LH-
NPs. Mice bearing intracranial U87 gliomas, when given iRGD-
modified PLK1-2-targeted LHNPs, showed an improved survival
rate along with a decrease in PLK1 expression up to 60.4%.[66]

In another study, the CRISPR/Cas9 plasmid was delivered us-
ing a natural polymer functionalized with aptamer (AS1411)-
conjugated hyaluronic acid and TAT–NLS-peptide-conjugated
hyaluronic acid. In this study, the 𝛽-catenin-encoding gene
CTNNB1 was knocked out in tumor cells. The functionalized
polymer containing the CRISPR/Cas9 plasmid showed a parti-
cle size ranging from 230 to 320 nm with encapsulation effi-
ciencies >95%. The aptamer/peptide nanosystem was used to
deliver the CTNNB1-targeted CRISPR/Cas9 plasmid into H1299
cells. After 𝛽-catenin knockout, the expression of programmed
death ligand-1 (PD-L1), CD47 (immunosuppression protein), c-
Myc, cyclin D1, vascular endothelium growth factor (VEGF), and
B-cell lymphoma-2 (Bcl-2, proliferation protein) was found to
be significantly downregulated. On the other hand, the apop-
tosis regulator protein (Bax) was found to be upregulated. Fur-
thermore, the downregulation of PD-L1 successfully reverses tu-
mor immunoescape and immunosuppression; therefore, CD8+
T cells can efficiently recognize and eliminate edited malignant
cells. More importantly, edited tumor cells effectively boost T-cell
immunity, including proliferation, cytokine release, and cytolytic
activity.[185]

8.3. Stimuli-Responsive Nanomaterials: Examples Related to
CRISPR/Cas9 Delivery

8.3.1. pH-Responsive Nanomaterials

The acidic or low pH environment of tumor cells occurs mainly
due to the amplification of cancerous cells, resulting in a short-
age of oxygen and consequently triggering lactic acid production
due to anaerobic respiration rather than aerobic respiration with
oxidative phosphorylation. This process is known as the War-
burg effect, and pH-responsive nanomaterials show many ad-
vantages, such as enhanced cellular uptake of the CRISPR/Cas
system to particular cells and less accumulation in nontargeted
cells or tissues. There are different approaches to making a
nanocarrier pH-sensitive, such as employing a pH-sensitive moi-
ety or group (including hydrazine, orthoester, and vinyl ester)
in the backbone of the nanomaterial. For instance, a multi-
stage delivery nanoparticle system was created by Liu et al., in-
cluding CRISPR/dCas9 (plasmid DNA) and PBA-modified low
molecular weight polyethyleneimine. The shell is composed of
2,3-dimethyl-maleic-anhydride (DMMA)-modified poly(ethylene

glycol)-b-polylysine (mPEG113-b-PLys100/DMMA). While enter-
ing the tumor cells, the acidic environment induces the decom-
position of the DMMA group, triggering polymeric shell detach-
ment from the core, leading to polyplex core exposure to the
cationic surface, thereby triggering the detachment of the poly-
meric shell from the core and causing endosomal disruption, re-
sulting in the release of CRISPR/Cas9 (plasmid DNA) inside the
cytoplasm.[186]

8.3.2. Redox-Responsive Nanomaterials

Redox-responsive delivery vehicles offer more significant advan-
tages, which aid in gene or CRISPR/Cas9 complex transport di-
rectly to the target site mainly because of the presence of the
spatial microenvironment of the cell. Redox potential varies from
cell to cell based on extracellular or intracellular compartments
and healthy or affected cells, mainly because of variable GSH
concentrations. With a high concentration of GSH in cytoplas-
mic components, disulfide bonds have been extensively explored
to create a redox-active nanodelivery system for the cytoplasm.
Thus, the unique property of elevated GSH concentration in spe-
cific cells allows for the development of a redox-sensitive delivery
system including disulfide (–S–S–), thiol group (–SH), thioether
bond (–S–), and diselenide bond (–Se–Se–). Redox-responsive
nanocarriers are known to release their respective cargo payload
by degradation of the redox-sensitive linker, providing controlled
stimuli-based intracellular release, leading to the minimal pres-
ence of payload in the bloodstream and avoiding common toxic
effects to normal cells. Wang et al. reported two redox-responsive
disulfide bonds containing polyplexes for the practical delivery of
plasmid DNA, Cas9/sgRNA, and the RNP–DNA complex. The
resulting polyplexes demonstrated effective encapsulation, cel-
lular uptake, and controlled endolysosomal escape with negli-
gible cytotoxicity. The in vitro data indicated cytosolic unpack-
ing of the payload in the presence of GSH without affecting the
payload efficiency with better biocompatibility. Recently, GSH-
responsive silica NPs with high loading content and loading effi-
ciency were prepared, wherein the silica network was integrated
with disulfide cross-linkers, and an imidazole-containing compo-
nent was also included in the NP infrastructure. While the disul-
fide cross-links bestow the NP with GSH-responsive payload re-
lease ability when taken up by a target cell, the imidazole group
improves endosome escape capacity, resulting in intracytoplas-
mic release. The in vivo studies established the NP’s ability to ef-
fectively deliver sgRNA/RNP (intravenous injection) and mRNA
(subretinal injection) to hepatocytes and murine RPE cells when
the NPs are functionalized with n-acetylgalactosamine (GalNAc)
and ATRA, respectively, leading to efficient genome editing.[187]

Bioreducible lipid nanoparticles were created by Wang et al. to
deliver the CRISPR/Cas9 payload to HEK293 cells effectively.
Aliphatic amines and acrylamides were combined to produce the
lipid nanoparticles. These NPs can self-assemble to load gRNA
and Cas9 RNPs, and glutathione breaks them down once in-
side the cell. According to the findings, when lipid 8-014B was
employed to make bioreducible lipid NPs, 70% enhanced green
fluorescent protein (EGFP) gene editing was observed.[188] Re-
cently, in 2023, Metzger et al. explored the biodegradable PE-
Gylated NCs for delivering CRISPR/Cas9 RNPs into the mouse
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striatum for gene editing in neurons after intracerebral injec-
tion. As per the observations, the RNPs loaded NCs were able
to efficient gene editing prominently (i.e., >80%) in medium
spiny neurons; however, occasionally, gene editing was seen in
other neurons (i.e., cholinergic, calretinin, and parvalbumin in-
terneurons). These outcomes showed the neuronal delivery po-
tential of RNP-loaded NC under in vivo conditions.[189] Another
example is discussed in the “polymeric nanoparticles” section,
wherein Chen et al. developed GSH redox-responsive nanocap-
sules to edit the genome in vivo and in vitro. These nanocapsules
were formed by polymerizing acrylate units assembled around
the Cas9 RNP. Furthermore, imidazole-containing disulfide is
linked to the RNP complex via a H-bond. This imidazole also
aids in redox-responsiveness-mediated endosomal escape. These
bioreducible nanocapsules delivered the sgRNA/RNP complex to
a targeted cell or tissue to edit retinal pigment and skeletal muscle
genes in vitro and in vivo.[44] Mout et al. produced nanoassem-
blies by combining arginine-functionalized gold nanoparticles
with a complex of Cas9 and sgRNA that targets the human AAVS1
gene. Because the nanoparticles are positively charged, a negative
charge was added to Cas9 by adding a glutamate peptide tag to the
N-terminus of the Cas9 protein. To improve the targeting of the
nucleus, a signal for nuclear localization was added to the end of
Cas9. The nanoassemblies entered the cell membranes immedi-
ately and went straight to the nuclei using a membrane process
that depended on cholesterol instead of cellular endocytosis. As a
result, they achieved a transfection efficiency of 90% in different
cell lines with 30% gene editing efficiency. It is important to note
that this study only showed preliminary results in cell culture,
which do not necessarily show how well the nanoparticles target
in animal models.[190]

8.3.3. ATP-Responsive Nanomaterials

ATP-sensitive nanocarriers are a potential approach to improve
the in vivo delivery of therapeutic payloads to ATP-rich tissues
or cells. It has been reported that ATP is present in low concen-
trations (<0.4 × 10−3 m) in the extracellular environment but is
relatively concentrated within the intracellular cytoplasm (1–10
× 10−3 m). For this reason, building a nucleic acid nanocarrier is
preferable to targeting cells/components with high ATP concen-
trations. This information was utilized to develop self-assembled,
CRISPR/Cas9-containing zinc-containing NPs (ZIF-90) by Yang
et al. The release of the CRISPR/Cas9 component from ZIF-90
was triggered by the degradation of zinc atoms’ competitive coor-
dination of zinc ions and ATP. The ZIF-90 metal–organic frame-
work was able to transfect HeLa cells with gene editing in terms
of a decrease in GFP fluorescence up to ≈40%.[191]

8.3.4. Light-Responsive Nanomaterials

Light can also be employed as physical stimulation to trigger the
release of therapeutic-encapsulated compounds. To employ light
as a trigger, photons must travel through biological tissues with-
out causing damage to activate the release process. Due to low
scattering and small absorptivity, light in the wavelength range

of 600–900 nm may penetrate deeply into biological tissues. Pho-
todynamic therapy is a cancer treatment approach that employs
photosensitizing chemicals that may be triggered by varying in-
tensities, wavelengths, or pulse durations to accomplish direct
cell death or targeted drug release. Since most photosensitizers
are hydrophobic, nanopreparations, such as liposomes and mi-
celles, are commonly utilized to improve drug stability and tu-
mor targeting. Light-induced reactions might entail irreversible
alteration (photocleavage) of a reactive amphiphilic molecule or
reversible conformational changes in the lipids to trigger release
via a local increase in membrane permeability. The photoliable
semiconductor polymer NPs (pSPNs) have an oxygen-generated
backbone and a brush made of PEI. Light or laser light causes the
oxygen atom and PEI part of the pSPN to be cleaved, allowing the
CRISPR/Cas9 payload to be released into targeted cells. This ir-
radiated or light-responsive gene-editing technique increased the
efficiency of the CRISPR/Cas9 system in mouse cells by 15-fold
over nonirradiated CRISPR/Cas9 delivery.[192] Similarly, carbon
dots with PEI functionalization (CD–PEI) were produced for in-
tracellular delivery of CRISPR components. Carbon dots are pho-
toluminescent carbon-based nanoparticles, and due to their size,
shape, zeta potential, and one or more cellular uptake mecha-
nisms, CD–PEI-fabricated NPs are suitable for plasmid CRISPR
(pCRISPR) cargo delivery. HEK-293 cells were transfected with
CD–PEI/pCRISPR nanocomplexes encoding GFP as a reporter
to investigate gene delivery capacity. Depending on the weight ra-
tios of CD–PEI to pCRISPR, the nanocomplexes were reportedly
internalized by more than 70% of the HEK-293 cells. A higher
weight ratio (CD–PEI:pCRISPR of 100:1 and 200:1) produced the
best results.[193]

8.3.5. Multistimuli-Responsive and Others

The CRISPR/Cas genome editing system can be controlled more
spatially and temporally precisely at target areas using multire-
sponsive NPs. Only a small amount of research published dur-
ing the last few years provides evidence for the benefits of de-
veloping multistimuli-responsive NPs for CRISPR/Cas delivery.
A mouse tumor model recently revealed that a near infrared
(NIR) and reducing-agent-responsive nitrilotriacetic-acid-based
NP could codeliver CRISPR/Cas9 RNP with the antitumor photo-
sensitizer chlorin e6. This delivery method was carried out by em-
ploying NPs. As a result of exposure to NIR light, chlorin e6 pro-
duced ROS, facilitating NP exit from the lysosomes. The breaking
of the disulfide link in the NP infrastructure was the event that
sets off the release of Cas9 and sgRNA into the cytoplasm. To
make cancer cells more sensitive to ROS, the gene-editing ma-
chinery was designed to focus on the nuclear factor erythroid-
related factor 2 (Nrf2) gene, which is responsible for produc-
ing antioxidants. By contrast, attempts to edit genes within nor-
mal tissues without first subjecting them to NIR irradiation were
unsuccessful because the CRISPR/Cas9 RNP was degraded by
lysosomes.[194] Kaushik et al. prepared magnetoelectric nanopar-
ticles (MENPs) to deliver CRISPR/Cas9 RNPs through the BBB
to inhibit latent HIV-1 infection in microglial cells. The MENPs
possess a particle size of 25± 5 nm, cross the BBB in the presence
of a static magnetic field, and were found to be nontoxic up to a
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dose of 50 μg. The MENPs showed on-demand release of Cas9
RNPs under a magnetic field of 60 Oe. However, detailed in vivo
studies are warranted to consolidate these findings.[195]

9. Clinical Status and Translational Considerations

9.1. Translational Challenges of CRISPR/Cas

CRISPR/Cas editing therapies hold high potential to revolution-
ize the treatment of human ailments. The prospect of the gene-
editing tool has yet to be realized entirely and is a long way to
go with many significant milestones. CRISPR/Cas9 can be cus-
tomized for any genetic alterations to deliver or delete genes, ei-
ther knock-in or knock-out.[196] Correcting all disease mutations
in an individual may not be possible. Nevertheless, the aim is to
at least supply sufficient cell numbers at the desired site for ther-
apeutic efficacy.[197]

Some questions that need further investigation are as fol-
lows:

a) Whether the CRISPR gene editing tool can be safe and pre-
cise without any off-target effect, including interactions with
the human system? The shortcomings of CRISPR/Cas9 in-
clude off-target effects at nonspecific sites, polymorphism,
and chances of autoimmune reactions if allogenic transplan-
tation is performed, the delivery technique, and ethical con-
cerns.

b) Once the biological hurdle is approached, how does the tool
need to be administered? Can it be efficiently and economi-
cally manufactured?

c) Furthermore, regulatory challenges need to be addressed.

9.2. Safety, Efficacy, and Off-Target Effects

The use of RNA molecules to mediate sequence recogni-
tion and binding for gene editing is a critical advantage of
the CRISPR/Cas9 tool, unlike other editing techniques, which
use protein–DNA interactions for recognition and subsequent
cleavage.[198] It is almost similar or comparable to siRNA or
RNA interference. Due to their transient expression, they also al-
low safer outcomes and fewer integrative risks. However, safety
and efficacy arising due to off-target alterations are impeded.[199]

Unfortunately, the off-target effects of CRISPR/Cas are higher
than those of transcription activator like effector nucleases
(TALENs).[196] Gene expression can be seen at unintended lo-
cations using CRISPR/Cas. They can cause complex rearrange-
ments in edited cells[200] or in adjacent and distal targeted
sites.[201] Translation of gene-editing techniques should be cou-
pled with whole genome sequence analysis and intensive geno-
toxicity risk evaluation.[202]

Off-targeting issues are possible when the gRNA leads to
a wrong target introducing wrong mutations at unrequired
locations.[203] gRNA has a high tolerance for mismatch, result-
ing in Cas9 breaking off-target sites with similar gene sequences.
With bioinformatics, designing more predictable and accurate
gRNA is possible. Newer versions of gRNA designs[5] and Cas9
nucleases (xCas9 and HypaCas9)[204] are under investigation. For

instance, limiting the length of the gRNA to less than 20 nu-
cleotides can be more specific and cause less off-targeting.[205]

However, at the same time, gRNA that is too short (less than 15
base pairs) loses specificity and does not bind the right nuclear
target.[206]

Screening for mutated tumor protein 53 (TP53) and KRAS
may reduce the chances of mutations, as these preexisting mu-
tations increase the risk of further mutations.[207] TP53 recog-
nizes any alteration caused by CRISPR/Cas and triggers cell cy-
cle arrest, killing the edited cells. Hence, CRISPR/Cas is in-
efficient with uninhibited p53.[208] Conversely, those edited are
because of inhibited p53, and there are high chances of un-
known mutation and increased tumorigenesis.[202] Neutralizing
antibodies can negate the effects of AAV- and CRISPR/Cas-
based gene therapies.[209] CRISPR/Cas inhibitors are also good
regulators.[210]

Viral vectors are immunogenic, as they trigger the natural in-
nate immune response. AAV levels ≥ 1.5 × 1014 vg kg−1 are re-
ported to possibly trigger liver toxicity.[211] Organs such as the
brain, eye, and spinal cord are more tolerant to exogenous anti-
gens, as they have a poorly immunogenic status.[212] Hence, for
hematopoietic cells, CRISPR/Cas9 therapies are administered ex
vivo or via subretinal AAV injection for ocular disorders. How-
ever, stem cells are currently matched and derived from a donor.
Autologous transplantation has been perceived to avoid the ef-
fects of the graft–host response. It overcomes the immune bar-
rier to finding an immune-matched donor. Additionally, native
stem cells need to be isolated from donor cells, which is possible
only via ex vivo therapy.[213]

Cas9 nuclease also causes immunogenic reactions.[202] These
S. pyogenes or Staphylococcus aureus bacterial-derived proteins
SaCas9 and SpCas9, respectively, are recognized as foreign anti-
gens and generate an immune response in humans.[214] The
presence of human anti-Cas9 in serum causes a severe im-
mune storm after CRISPR/Cas9 administration.[202] As a result,
the chances of Cas9 protein clearance upon injection are very
high.[215] A strategy to overcome this is to target the immune-
privileged organs with a lower chance of immunologically reject-
ing tissues such as the placenta, fetus, and brain. Eye and testicles
use CRISPR/Cas in a very early stage of life, probably before birth
or during infancy, when the immune system is not yet completely
mature.[198] However, the latter seems illegal in some countries
due to off-target dangers in embryos.[216]

Delivery of CRISPR/Cas is challenging, as it is a complex set of
Cas proteins and RNAs that need to be administered in individu-
als. CRISPR nucleases, plasmids, mRNAs, sgRNAs, or RNPs are
large in size; hence, they cannot be packed into a single vector.[217]

A single spCas9 gene is ≈4300 bp (≈160 kDa). AAV can accom-
modate genes up to ≈4700 base pairs. Hence, CRISPR compo-
nents are delivered by splitting sgRNA (≈31 kDa) and SpCas9 as
two different entities in vectors[218] or having a smaller ortholog
of Cas9 (SaCas9).[219] The moderately negatively charged CRISPR
components are packaged into the delivery vehicle by electro-
static interactions.[220] In addition, sgRNA and Cas9 mRNA have
relatively short stability.[221] The most successful approach for
CRISPR/Cas delivery is based on the RNP-delivery approach.[222]

Based on the earlier success, ex vivo approaches for the
delivery of CRISPR/Cas9 editing tools and electroporation for
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the direct delivery of Cas9 RNP or mRNA. The template is
transduced by viral vectors or electroporated simultaneously[223]

for homology pair-directed repair. Performing electroporation
in vivo, i.e., in tissues of human subjects, is challenging. Ap-
propriate parameters must be selected, or they may damage
the body.[224] Microinjection requires precise skill and accuracy
for injection.[225] All delivery carriers have ingrained some
imperfections.

Delivery of AAV, a viral vector itself, is challenging as it
evades host immunity. Additionally, AAV has limited packaging
of constructs up to 5 kb. The AAV capsid can be designed to
have tropism for tissues, e.g., neurons,[226] microglia,[227] mus-
cle transduction,[228] and airway epithelium.[229] Viral vectors,
although, integrate randomly, but Cas9 edits are specific. The
production of neutralization antibodies against AAV can probably
be managed by engineering AAV capsid epitopes.[230] However,
engineering epitopes may also result in loss of function.[231]

Exosomes have also been studied for encapsulating AAV to pre-
vent neutralization antibodies and enhance transduction.[131,232]

However, the large-scale production of exosomes is challenging.
Novel drug delivery systems (DDSs) have low immunogenicity

and can be designed to exhibit high loading[171,82] compared to vi-
ral vectors with small carrying capacity, lack of cellular targeting,
immunogenicity, and hepatotoxicity at higher doses.[233]

9.3. Manufacturing Challenges

Each delivery platform of a novel DDS has its own challenges.
Controlling gene manipulation in a controlled cell culture en-
vironment and performing quality control is much easier than
administering it in vivo. Hence, ex vivo pipelines have been
quick for clinical trials. AAVs are produced by the triple trans-
fection method, most commonly in HEK-293 lines in fixed
bed or suspension bioreactors.[234] gRNA can be transcribed or
synthesized de novo in vitro. Cas proteins are produced sim-
ilarly to protein therapeutics, i.e., in fermentation vessels fol-
lowed by chromatographic purification. Large-scale nonviral for-
mulation production is amenable and relatively more manage-
able but not very simple to scale-up.[220] The success of lipid
nanoparticles in the delivery of siRNA is not yet completely
designed to deliver larger nucleic acids such as plasmids and
mRNAs.[235]

As CRISPR is a gene editing tool, the regulatory implications
for manufacturing are more severe. For instance, the produc-
tion of vector plasmids and nucleic acids may need a high-quality
grade of water-free DNase/RNase. In addition, producing nucleic
acids of therapeutic grade is more effortless than producing re-
combinant proteins, with very few purification steps.[236]

Various strategies are being evaluated to make CRISPR free
from hurdles and less risky. The recent success of RNA-based
therapeutics and much of the technology can be used for build-
ing up. The other challenges will be meagre as the techniques of
engineering the carrier and manufacturing more gene-therapy-
based products are maturing. Precise genome editing with min-
imal off-target issues creating personalized treatment platforms
can be quick for translational research.

9.4. Clinical Trial Status of Current CRISPR/Cas-Based Therapies

Different companies worldwide are working on CRISPR to treat
diseases using CRISPR cells and genes (Table 2). In 2016, the
first CRISPR clinical trial was performed on non-small-cell lung
cancer by knocking out PD-1 T cells. After that, in 2018, CTX001
cell therapy was used in sickle cell disease. After a few success-
ful stories, different types of new cells and gene therapies re-
ceived approval from the FDA and can be recruited for clini-
cal trials, such as Phase I/Phase II. In some cases, they already
received approval to give a dose to the first cohort of patients.
In 2021, Intellia Therapeutics dosed NTLA-2002 to patients in a
phase I/II clinical trial for hereditary angioedema (HAE), where
NTLA-2002 acts as a gene therapy that inactivates kallikrein B1
(KLKB1) and prevents HAE attacks. This trial has recently been
recruited, and preliminary results are awaited. In another study,
Intellia Therapeutics again developed NTLA-2001 gene therapy,
which is a CRISPR/Cas9 system to knock out the transthyretin
(TTR) gene in patients with the progressive, fatal disease hered-
itary transthyretin amyloidosis, which is caused by mutation of
the TTR gene. This trial exhibited promising results in a phase I
trial for 15 patients. In addition, CRISPR Therapeutics and Vi-
aCyte both have developed VCTX210, an allogeneic stem-cell-
derived therapy that aims to replace the beta cells lacking in di-
abetes patients. The phase I trial of VCTX210 started enrolling
patients at the end of 2021, with the first patient dosed early in
2022. Along with CTX001 cell therapy for sickle cell disease, dif-
ferent approaches using CRISPR have been explored for sickle
cell diseases by Editas Medicine, UC Berkeley. The EDIT-301
hematopoietic stem and progenitor cells (HSPCs) developed by
Editas Medicine transplanted into patients have been edited us-
ing Cas12a to target the HBG1 and HBG2 gene promoters, up-
regulating the production of hemoglobin F, which can replace the
faulty adult hemoglobin produced by sickle cell disease patients.
Similarly, UC Berkeley developed another gene editing study in
which a single nucleotide polymorphism in the HBB gene that
causes sickle cells was corrected in HSPCs. This gene correc-
tion approach is also being used in Graphite Biotherapeutic’s
CEDAR clinical trial of their GPH-101 therapy. In addition to
gene editing therapy, base editing approaches for sickle cell dis-
ease are in clinical trials developed by Beam Therapeutics with
two different therapeutic approaches in which BEAM-101 tar-
gets HBG1 and HBG2 promoters to upregulate hemoglobin F,
whereas BEAM-102 swaps the harmful nucleotide substitution
in the HBB gene for a naturally occurring, nonpathogenic mu-
tation. Importantly, neither of these therapies induces double-
stranded breaks in DNA, making them theoretically safer for pa-
tients. Thereafter, the EBT-101 in vivo therapy was developed by
Excision Biotherapeutics and received permission from the FDA
to start a Phase I/II clinical trial at the end of 2021. EBT-101 in
vivo therapy uses SaCas9 with two guide RNAs to cut HIV from
the human genome. In addition, SNIPR Biome has developed
an orally administered antibiotic SNIPR-001 for eliminating bac-
terial infection. More specifically, it helps to remove specific Es-
cherichia coli strains from the gut and prevents them from translo-
cating to the bloodstream of cancer patients with hematological
malignancies. The phase I trial dosed its first patients in early
2022. Furthermore, clinical trials of CRISPR have been explored
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Table 2. List of companies associated with CRISPR/Cas9 and clinical trial stages.

S. No. Names of companies
working on CRISPR

Crispr–Cas9 technology details Target disease Clinical trial stage (clinical trials
number) if any

1 2seventy bio bbT369 - T-cell immunotherapy targeting
CBLB gene

Relapsed and/or refractory B-cell
non-Hodgkin’s lymphoma (NHL)

Phase 1/2 trial (NCT05169489)

2 2seventy bio SC-DARIC33 - T-cell immunotherapy
targeting CBLB gene

Relapsed or refractory CD33+
leukemia

Phase 1 trial
(NCT05105152)

3 Allife Medical Science
and Technology

iHSCs with the gene correction of HBB 𝛽-thalassemia Early Phase 1 trial (NCT03728322)

4 Allogene Therapeutics a) ALLO-501A - anti-CD19 allogeneic
CAR-T cells

b) ALLO-605 - anti-B-cell maturation
antigen (BCMA) allogeneic CAR T-cell
therapy

a) Relapsed/refractory large B-cell
lymphoma

b) Relapsed/refractory multiple
myeloma

a) Phase 1/2 trial (NCT04416984)
b) Phase 1/2 trial (NCT05000450)

5 Bayer Induced pluripotent stem cell (iPSC) therapy Liver-targeted diseases Research phase

6 Beam Therapeutics a) BEAM-101 - activation of fetal
hemoglobin using HSCs

b) BEAM-102 - correction of HbS mutation
using HSCs

c) BEAM-301 - correction of R83C
mutation using LNPs

a) Sickle cell disease; 𝛽-thalassemia
b) Sickle cell disease
c) Glycogen storage disease 1a

a) Phase 1/2 trial (NCT05456880)
b) IND-enabling studies
c) Preclinical

7 BlueRock Therapeutics MSK-DA01 - iPSC therapy Advanced Parkinson’s disease Phase 1 trial (NCT04802733)

8 Bristol Myers Squibb Gene-edited iPSC-derived cellular therapies Hematological and solid tumors Research phase

9 Capsida
Biotherapeutics

Engineered AAV vectors Familial amyotrophic lateral sclerosis
(ALS) and Friedreich’s ataxia

Research phase

10 Caribou Biosciences CB-010 - anti-CD19 CAR-T-cell therapy Relapsed/refractory B-cell
non-Hodgkin lymphoma

Phase 1 trial (NCT04637763)

11 Cellectis UCART123 - allogeneic engineered T cells
expressing anti-CD123 chimeric antigen
receptor

Acute myeloid leukemia (AML) Phase 1 trial (NCT03190278)

12 Century Therapeutics CNTY-101 - iPSC-derived natural killer (iNK)
cell product

CD19-positive B-cell malignancies Phase 1 trial (NCT05336409)

13 Clade Therapeutics iPSC therapy Cancer Preclinical phase

14 CRISPR Therapeutics a) CTX110 - CAR-T therapy targeting
cluster of differentiation 19

b) CTX120 - T-cell immunotherapy
c) CTX130 - CAR-T therapy targeting

cluster of differentiation 70

a) Sickle cell disease
b) Multiple myeloma
c) Solid tumors and blood cancers

a) Phase 1 CARBON trial
b) Phase 1 trial
c) Phase 1 trial (NCT04035434)

15 Defense Therapeutics ACCUM technology for precision delivery of
vaccine antigens or antibody drug
conjugate (ADC)

Cancer and infectious diseases Preclinical phase

16 Edigene ET-02 - CD19-UCAR-T therapy Relapsed or refractory B-cell
malignancy (NHL/acute
lymphoblastic leukemia (ALL))

Interventional (clinical trial)
(NCT04933825)

17 Editas Medicine EDIT-301 - CD34+ cells edited at the
gamma globin gene (HBG1 and HBG2)
promoters

a) Sickle cell disease and
hemoglobinopathies

b) Transfusion-dependent beta
thalassemia (TDT)

a) Phase 1/2 trial (NCT04853576)
b) Phase 1/2 trial (NCT05444894)

18 Eli Lily ARCUS genome editing technology Duchenne muscular dystrophy Preclinical phase

19 Excision Bio
Therapeutics

EBT-101 - HIV-1-specific CRISPR/Cas9
system delivered by AAV9

Human immunodeficiency virus
infection (HIV)

Phase 1 trial (NCT05143307)

20 Fate Therapeutics FT538 - NK-cell immunotherapy product Advanced hematologic malignancies Phase 1 trial (NCT04614636)

21 Graphite Bio GPH101 - CRISPR–Cas9 edited and sickle
mutation-corrected HSPC product

Sickle cell disease (SCD) Phase 1/2 CEDAR trial
(NCT04819841)

22 Iovance
Biotherapeutics

IOV-4001 - autologous tumor-infiltrating
lymphocyte (TIL) targeting disruption of
PDCD1 gene

Metastatic melanoma or advanced
non-small-cell lung cancer
(NSCLC)

Phase 1/2 trial (NCT05361174)

(Continued)
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Table 2. (Continued).

S. No. Names of companies
working on CRISPR

Crispr–Cas9 technology details Target disease Clinical trial stage (clinical trials
number) if any

23 Intellia Therapeutics a) NTLA-2001 - LNPs delivering sgRNA
and Cas9 mRNA

b) NTLA-2002 - LNPs inactivating kallikrein
B1 (KLKB1) gene

a) Transthyretin-related (ATTR)
familial amyloid polyneuropathy

b) Hereditary angioedema (HAE)

a) Phase 1 trial (NCT04601051)
b) Phase 1/2 trial (NCT05120830)

24 Intima Bioscience TIL - CISH (Cytokine-induced SH2 protein)
inhibition using CRISPR gene editing

Gastrointestinal (GI) cancer Phase 1/2 trial (NCT04426669)

25 Locus Biosciences LBP-EC01 - CRISPR-engineered
bacteriophage product

Urinary tract infections (UTI) Phase 1b trial (NCT04191148)

26 Mammoth Biosciences a) SARS-CoV-2 RNA DETECTR assay -
CRISPR/Cas12 targeting single-stranded
DNA

b) CRISPR-based Mycobacterium
tuberculosis diagnostic test -
CRISPR/Cas12 targeting single-stranded
DNA

a) COVID-19
b) Pulmonary tuberculosis

a) FDA authorized
b) Observational study

(NCT04074369)

27 Metagenomi CAR-T therapy and pluripotent stem cell
therapy

Solid tumors and blood cancers Lead optimization and research
phases

28 Novartis OTQ923 and HIX763 - genome-edited
hematopoietic stem and progenitor cell
(HSPC) products

SCD Phase 1/2 trial (NCT04443907)

29 Pfizer In vivo base editing therapy Rare genetic diseases of the liver,
muscle, and central nervous
system (CNS)

Research phase

30 Precision BioSciences PBCAR0191 - allogeneic anti-CD19 CAR-T
cells

ALL Phase 1/2 trial (NCT03666000)

31 Poseida Therapeutics P-BCMA-101 - CAR-T therapy targeting
BCMA

Multiple myeloma Phase 1/2 PRIME trial
(NCT03741127)

32 Sana Biotechnology CRISPR–Cas12b Genetic diseases and cancer Preclinical phase

33 Sangamo Therapeutics SB-FIX - Zinc finger nucleases
(ZFN)-mediated genome editing using
adeno-associated-virus (AAV)-derived
vectors

Hemophilia B Phase 1 trial (NCT02695160)

34 Sanofi ST-400 - autologous hematopoietic stem cell
transplant

TDT Phase 1/2 trial (NCT03432364)

35 Sarepta Therapeutics a) SRP-9001 (delandistrogene
moxeparvovec)

b) SRP-9004 (patidistrogene bexoparvovec)

a) Duchenne muscular dystrophy
(DMD)

b) Limb-girdle muscular dystrophy,
type 2D (LGMD2D)

a) Phase 3 trial (NCT05096221)
b) Phase 1/2 trial (NCT01976091)

36 SNIPR BIOME SNIPR001 - genetically modified
bacteriophages targeting E. coli

E. coli infections Phase 1 trial (NCT05277350)

37 Spotlight Therapeutics Targeted active gene editors (TAGE) Immuno-oncology, ophthalmic
diseases, and hemoglobinopathies

Preclinical phase

38 Takeda
Pharmaceuticals

Cas-CLOVER, OMNI nuclease Liver- and hematopoietic-stem-cell
(HSC)-directed indications

Preclinical phase

39 Vertex Pharmaceuticals CTX001 - CRISPR–Cas9 modified CD34+
human hematopoietic stem and
progenitor cells (hHSPCs)

TDT Phase 3 trial (NCT05356195)

40 Verve Therapeutics a) VERVE-101 -PCSK9 silencing using LNP
b) VERVE-201 - LNP to inactivate the

ANGPTL3 gene

a) Heterozygous familial
hypercholesterolaemia

b) Homozygous familial
hypercholesterolemia

a) Phase Ib trial (NCT05398029)
b) IND application (preclinical

studies)

41 Vor Pharma VOR33 - CRISPR/Cas9 genome-edited
hematopoietic stem and progenitor cell
therapy product lacking CD33 myeloid
protein

AML Long-term follow-up (LTFU) study
(NCT05309733)
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in different diseases, including acute myeloid leukemia, solid
tumors, beta thalassemia, human-papillomavirus-related malig-
nant neoplasm, tuberculosis, pulmonary disease, severe sepsis,
and pneumonia.

10. Conclusions

CRISPR has practically proven its precision, site specificity, cost-
effectiveness, and gene editing capability and, as a result, has be-
come the highlight of the decade in the field of biotechnology.
Despite DSBs, they have also been explored through epigenome
editing and biosensor applications. However, its in vivo delivery
is still a major challenge. Interestingly, ample nonviral nanocar-
riers have been developed and explored for the in vivo delivery
of CRISPR components, but they are limited to some immune-
prone organs of the body, such as the liver, lungs, or spleen.
Moreover, various strategies, such as stimuli-responsive nanocar-
riers or ligand-targeted nanocarriers, could make CRISPR deliv-
ery more specific to the target cells or tissue, but extensive in
vivo studies of these nanocarriers are warranted before any sort
of translation. However, various pharmaceutical companies are
showing interest in the CRISPR therapeutics area, and therefore,
it will be interesting to watch the progress in this field. Since both
ethical and social implications are associated with the usage of
CRISPR, we need to move forward very responsibly.
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