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Abstract

The CRISPR-based genome editing technology has opened extremely useful strategies in biological research and clinical
therapeutics, thus attracting great attention with tremendous progress in the past decade. Despite its robust potential in
personalized and precision medicine, the CRISPR-based gene editing has been limited by inefficient in vivo delivery to the
target cells and by safety concerns of viral vectors for clinical setting. In this review, recent advances in tailored nanopar-
ticles as a means of non-viral delivery vector for CRISPR/Cas systems are thoroughly discussed. Unique characteristics of
the nanoparticles including controllable size, surface tunability, and low immune response lead considerable potential of
CRISPR-based gene editing as a translational medicine. We will present an overall view on essential elements in CRISPR/
Cas systems and the nanoparticle-based delivery carriers including advantages and challenges. Perspectives to advance the

current limitations are also discussed toward bench-to-bedside translation in engineering aspects.
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1 Introduction

Since the discovery of the clustered regularly-interspaced
short palindromic repeats (CRISPR) as a part of adaptive
prokaryotic immune system, the CRISPR-associated sys-
tems (Cas) have revolutionized the field of molecular biol-
ogy [1]. In particular, the simplicity and the specificity of
CRISPR/Cas that can readily edit DNA sequences in vivo
are changing the paradigm in biomedical research including
disease target validation and genetic disorder mechanism
identification as well as epigenetic studies over the decade
[2-8]. The CRISPR/Cas-based gene editing consists of two
main components: a guide RNA (gRNA) for target speci-
ficity and a non-specific CRISPR-associated nuclease (e.g.,
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Cas9). The gRNA is a short synthetic RNA composed of a
scaffold sequence (for Cas9-binding) and a spacer or target-
ing sequence (typically, ~20 nucleotides) intended to edit.
The Cas9 nuclease is directed by a gRNA to modify a spe-
cific chromosomal DNA sequence by inducing a sequence-
specific double-strand break (DSB), which is then resolved
by error-prone non-homologous end-joining (NHEJ) repair
mechanism [9-11]. Consequently, the CRISPR/Cas system
can be employed for gene knockout, activation, repression,
and epigenetic editing (methylation or demethylation). The
CRISPR/Cas is also clinically transforming the therapeu-
tic treatment of diseases from monogenic rare disease to
immunotherapy because it potentially corrects disease-caus-
ing mutations as a tool of precision medicine. Moreover,
high recurrence rate and chemoresistance for most types
of cancers highlight the need for new therapeutic modality
such as gene therapy. For example, most anticancer drugs
require repeated administration, which increases side effects,
toxicity, and medical cost, thus severely reduces patients’
quality of life. However, the CRISPR/Cas gene editing has
the potential to permanently disrupt tumor survival genes,
which enables to overcome the repeated dosing limitations
of traditional cancer chemotherapy [12]. Despite the remark-
able advances of CRISPR-based gene therapy, safe and effi-
cient delivery of the CRISPR components to the target cell
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or organ is the main challenge for clinical translation, thus
its medical applications still remain limited. In this regard,
considering clinical translation of CRISPR/Cas system, the
development of safe and efficient platforms to deliver the
CRISPR components for accurate therapeutic purpose are
one of the crucial factors, which will lead exclusive break-
through in translational medicine.

Inherent ability of virus to introduce exogenous genetic
materials into host cells ensures high transduction efficiency,
thus the viral vectors have been commonly adapted to deliver
CRISPR components in vivo [13]. Although high delivery
efficiency is obviously the main advantage of viral vectors
over non-viral delivery platforms, safety concerns includ-
ing immunogenicity and insertional mutagenesis are major
obstacles of viral vectors to be addressed with the develop-
ment of safe and advanced delivering vehicles [14]. Adeno-
associated viruses (AAVs) is one of the most commonly
used viral vector due to long-term stability and relatively
lower immunogenicity and genomic integration rate, thus
several clinical trials using AAVs have been progressed [15].
Nevertheless, recent studies have reported incremental risk
of AAV integration in CRISPR for clinical uses including
severe insertional mutagenesis and carcinogenesis [16, 17].
For instance, a study of dog with hemophilia treated with
AAYV up to 10 years showed that the vector can readily insert
in many spots across the host’s genome, sometimes near
genes affecting cell growth [7].

Non-viral delivery systems offer fascinating characteris-
tics such as reduced off-target effects and cytotoxicity over
the viral vectors. In addition, non-viral vehicles utilize Cas9
mRNA or proteins with synthetic sgRNA (e.g., ribonucleo-
protein (RNP)) to directly deliver the CRISPR components,
rather than requiring transcription and translation steps as
needed for viral CRISPR delivery. However, the large size of
both Cas9 protein (~ 160 kDa) and sgRNA (~31 kDa) is one
of the major obstacles for non-viral delivery systems. Nan-
oparticle-based delivery systems as a non-viral vector have
been reported to transport the CRISPR components to the
target cells and tissues, resulting in promising gene editing
and therapeutic efficacy [18—-22]. Nanoparticles are attrac-
tive because of large loading capacity, scale-up capability,
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controllable surface modification for specific cell targeting,
and minimal immunogenicity. However, lower delivery effi-
ciency to non-liver tissues remains an important challenge
for therapeutic translation for the nanoparticle-mediated
CRISPR/Cas gene editing systems. Here, we review the
recent advances of gene editing technology with particu-
lar focus on nanoparticle-mediated CRISPR/Cas delivery
(Fig. 1), and provide in-depth overlook on the targeted deliv-
ery strategy of the CRISPR/Cas-based translational medi-
cine. As the nanoparticle-mediated delivery systems are the
promising non-viral vector for clinically reliable CRISPR-
based genome editing, the engineering aspects of material
characteristics are thoroughly discussed with potential and
challenges in delivering CRISPR/Cas system for transla-
tional medicine.

2 Gene editing: past and present
2.1 The advent of gene editing tools

The field of molecular biology has been vastly developed over
the past years, with gene editing being the most promising
one due to its potential applications in gene therapy to treat
incurable disease with recent molecular drugs. Efforts on the
gene editing technology have also attracted great attention in
the field of translational medicine, which provides the game-
changer therapeutics in a wide range of cancers and genetic
disorders. The core technique of the genome editing is based
on the use of engineered nucleases composed of sequence-
specific DNA-binding domains fused to a nonspecific DNA
cleavage module. Therefore, the gene editing process requires
the presence of highly specific nucleases which cleave the
desired sequence in the genome, resulting in the creation of
site-specific double strand breaks (DSB) and the subsequent
DNA modification through the DSB repair pathways [23, 24].
DSB can be repaired by either error prone NHEJ or template
assisted error free homology directed repair (HDR). In NHEJ,
the DSB is repaired with some random nucleotides inserted
or deleted (indels) at the DSB site since there is no template
sequence used. As a result, the NHEJ pathway disrupts the
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gene sequence and is usually used for gene knockout research
[25, 26]. The NHEIJ is simple and efficient but there is a risk of
mutagenesis. On the other hand, the HDR pathway enables use
of a homologous donor template, either in the forms of single-
stranded oligodeoxynucleotides (ssODNs) or double-stranded
DNA (dsDNA), resulting in targeted gene editing including
gene knock-in research [27]. Despite being less efficient in
editing, the HDR pathway is more accurate (less error-prone)
compared to NHEJ pathway. Consequently, the process of
genome modification via HDR may pave the way to treating a
number of multifactorial genetic disorder diseases since it can
modify and correct the mutated genes back to their intended
wild-type version [28, 29].

To induce precise modification of specific DNA
sequences, researchers have designed different classes of
nucleases: meganucleases, zinc-finger nucleases (ZFN),
and transcription activator-like effector nucleases (TALEN)
[30]. Meganucleases are the first endonuclease discovered;
they are very specific endonucleases that can recognize the
dsDNA base pairs ranging from 14 to 40, thus acting as
scissors to modify the sequences in a certain genome. Their
compatibility with broad types of delivery strategies to the
target cell has made the meganucleases become widely uti-
lized as a gene editing tool [31, 32]. ZFN and TALEN are
chimeric nucleases composed of programmable, sequence-
specific DNA-binding module zinc finger and DNA binding
domain of TLA, respectively, linked to a nonspecific DNA
restriction endonuclease FokI [33-35]. Consequently, both
ZFNs and TALENSs enable a broad range of genetic modifi-
cations by inducing DNA double-strand breaks that stimu-
late error-prone NHEJ or HDR at specific genomic locations
[30]. The simplicity and flexibility of these nucleases are
powerful to redefine the boundary of molecular biology, thus
being catapulted to the forefront of genetic engineering.

Although the ZFN and TALEN have been proven to be
useful in gene therapy and consequently have opened up
a wide range of biomedical applications, several challeng-
ing aspects still hinder their clinical translations [36]. For
example, constructing meganucleases has been an arduous
task for researchers since the enzyme exhibits a non-modular
configuration, whereby both DNA recognition and cleavage
site become intertwined at some points in its domain [37].
TALEN:S also prove to be challenging because of their large
size, and this impedes researchers to have only few options
for their delivery [38]. And last but not the least, incremen-
tal off-target possibility is one of the crucial concerns once
exposed to the host cells [39—41]. However, the utilization of
CRISPR-Cas9 system has significantly advanced the current
standard to engineer genome and has led the vast break-
through on molecular biology, biomedical engineering, and
translational medicine [42].

2.2 CRISPR-Cas as an inherent defensive system
of bacteria

The CRISPR system is originally involved in the defense
system of bacteria and related species [43]. In fact, a short
sequence of the viral DNA is inserted between the bacte-
rial genome’s CRISPR sequences when a virus (e.g., bac-
teriophage) infects a bacterial cell, which is the first stage
(adaptation) of bacterial defense process. In the second
stage (expression), the bacterial cell transcribes the CRISPR
sequences into pre-crRNA, which is processed afterwards
into becoming a mature crRNA. Finally, the complex of
crRNA and Cas protein recognize and attack the recurring
invading virus’ nucleic acid sequences (the last stage, inter-
ference). This is achieved through base complementarity
between the target strand and crRNA [44-46]. The inser-
tion of viral DNA sequences onto the bacterial genome’s
CRISPR sequences is essential because the memory guides
the Cas proteins to attack the same virus and disable its
infectious machinery by introducing double-strand breaks.

Over the past years, there has been an extensive research
about the diversity of CRISPR-Cas system. The CRISPR-
Cas systems are categorized into two main classes, with
each class diverging into many types and divisions [47].
The categorized classes are based on the effector molecules
used by the CRISPR-Cas systems: class 1 contains multi-
subunit effector complexes while class 2 consists of a single
multi-domain effector molecule. Class 1 system, which is
subdivided into types I, III, and 1V, is widely utilized by
bacteria and archaea, covering almost~90% of CRISPR-Cas
systems. On the other hand, class 2 system, which includes
types I, V, and VI, is used exclusively by bacteria, com-
prising ~ 10% of CRISPR-Cas systems. Each type has its
own unique characteristics; for example, presence of proto-
spacer adjacent motif (PAM) is required in type I and type
II systems to invade DNA sequences for recognition, while
type III system does not need the PAM sequence [48, 49].
Despite having these subtle differences from one another, the
CRISPR/Cas systems serve as an adaptive immune response
for all the microbial species since the mechanism is specific
to the invading virus’ genetic sequences, and this effectively
blocks the viral infection when the same virus happens to
attack again.

2.3 CRISPR as a programmable genome editing tool

Originally used by bacteria to render the invading virus
harmless, the CRISPR has been widely adopted as a new way
to alter specific genetic information contained in a certain
organism. As a result, the CRISPR has gained tremendous
attention and has been demonstrated as a means of potential
therapeutics on many kinds of diseases, genetic disorders,
and even cancers [50-57]. Generally, the CRISPR-based
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genome editing system is composed of two main compo-
nents: either two-part or single guide RNA and Cas protein.
The two-part guide RNA composed of crRNA and tracrRNA
required for target sequence specificity and complex forma-
tion with Cas protein and crRNA as a scaffold, respectively.
The Cas9 nuclease is directed by the gRNA to modify a spe-
cific chromosomal DNA sequence by inducing a sequence-
specific DSB, which is then resolved by error-prone NHEJ
repair mechanism or template assisted error free homology
directed repair mechanism (Fig. 2).

In addition to the classical CRISPR/Cas9 system, there
are many engineered versions of CRISPR system for genome
editing such as base editor and prime editor. The base editor
(BE) directly converts cytidine to uridine without DNA dou-
ble strand breaks by fusing cytidine deaminase to endonucle-
ase deficient dCas9. The cytidine deaminase is delivered to
target sequence by dCas9/gRNA and convert nearby cytidine
to uridine resulting in C to T or G to A substitution. This
can be used to convert several disease risk factor genes to
its normal sequence without the risk of DSB and subsequent
random indel mutation [58]. The primer editor (PE) is a
genome editing system without inducing DNA double strand
break. This system composed of catalytically impaired Cas9
nickase fused to engineered reverse transcriptase (the prime
editor), and prime editing guide RNA(pegRNA) which has
crRNA sequence for target specificity, spacerRNA sequence
as a scaffold and extended sequence at 3’ as a template for
gene editing. At the target region, single strand DNA nick is
generated by Cas9, and this nicked strand is replaced with
DNA which is synthesized by reverse transcriptase domain
of PE using pegRNA as a template [59].

Fig.2 Mechanism of CRISPR-
Cas9 as a genome editing tool.
The Cas9-gRNA complex
makes its way to the target
sequence: a the Cas9 nucle-

ase cuts the desired specific
sequences. b This process leads
to the formation of DSB, which
will be consequently repaired by
the cell’s DSB repair pathways.
¢ In NHE]J, the breaks are
repaired by creating insertions
or deletions (indels). d HDR, on
the other hand, makes use of a
donor template which leads to a
precise modification

Recently, a number of engineered CRISPR systems has
been suggested to improve gene editing efficiency, reduce
off-target editing, bypass double strand break and be only
activated by external stimuli. The advances in CRISPR
system for genome editing emphasize the importance and
potential of development of safe and efficient universal
CRISPR delivery system as a platform for delivery of not
only classical CRISPR/Cas9 system, but also their engi-
neered derivatives for application in translational medicine.

3 Intracellular delivery of CRISPR
components

3.1 Source of Cas9 protein

The delivery of CRISPR-based system, in terms of the
source and/or format of the Cas9 nuclease, is subdivided
into three categories: DNA, mRNA, and protein (Fig. 3)
[60, 61]. DNA plasmid as a source of Cas9 nuclease has
been most widely used to induce CRISPR-based genome
editing, because they are relatively stable, cheap, and easy
to manipulate [62—65]. Once the DNA plasmid is delivered
into a cell, it should enter the nucleus for transcription of
Cas9 mRNA and gRNA. Cas9 protein is then translated from
the processed mRINA, and finally Cas9/gRNA complex cuts
chromosomal DNA after nuclear translocation. This process
is, however, inefficient due to the many steps required for
mature Cas9/gRNA ribonucleoprotein expression and proper
localization. Furthermore, there is a risk of off-target muta-
tion due to sustained expression of CRISPR system even
after target gene editing is finished [66].
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Fig. 3 Different sources of the

Cas9 nuclease. a The Cas9

DNA plasmid (either two

different plasmids or a single

plasmid) is delivered to the cell

nucleus, followed by undergo-

ing transcription in the process. K
b The Cas9 mRNA is delivered K
to the cytoplasm to be translated /.
to produce Cas9 protein. ¢ The [
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delivered to the nucleus and can (a) ,"
directly target the desired genes i

in the cell \

Having no need for the DNA to be transcribed, delivery
via mRNA can be a beneficial method compared to the DNA
plasmid delivery [63]. This process is also advantageous
since there is no need for the CRISPR components to cross
the nuclear membrane; only a direct delivery to the cyto-
plasm is enough for the ribosomes to express the delivered
mRNA. However, secured delivery and rapid expression
of mRNA is essential due to unstable nature of mRNA to
RNases in physiological environment. In fact, stability of
mRNA compromises the gene editing efficiency, making this
method somewhat still challenging to be translated in clinics.
A number of studies has been carried out to increase the sta-
bility and expression of the mRNA by chemical modification
of nucleic acid molecules [67-69].

Lastly, the ribonucleoprotein (RNP) complex is the sim-
plest and most efficient means of delivery with higher gene
editing efficiency since additional expression is not required
and nuclear localization is the only localization process
required [61, 63]. Many studies are now focusing on this
format since it offers many benefits such as the sgRNA
being protected by the RNP complex from any degradative
enzymes and the complex having a relatively short half-life
which cuts the chances for off-target mutations inside the
cell [70]. However, like the other sources of Cas9 protein,
delivering the RNP complex is still inundated with impedi-
ments such as the highly negatively-charged nature of
sgRNA and the proper encapsulation of the largely-sized
Cas9 nuclease.
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3.2 Delivery strategies for CRISPR-based gene
editing: conventional approach

3.2.1 Physical internalization

Microinjection and electroporation have been widely used as
intuitive physical means to directly internalize the CRISPR
components (Fig. 4). As a long-established strategy of
mechanical transfection, the microinjection uses the combi-
nation of a microscope and a micrometer-scale needle that
effectively pierces through the cell membrane. The direct
delivery of the CRISPR/Cas construct into the cell, effec-
tively bypassing the barriers such as extracellular matrix and
cell membrane, makes microinjection a powerful method,
and this consequently has been used in many research areas
[71-73]. The cargo size, which is considered one of the
important limiting factors that should be addressed in deliv-
ery systems, is also not an issue when using this technique.
In addition, this technique confers that manual injection pro-
vides a way to better control the dosage of the cargoes that
are being delivered onto the cells [60, 61]. However, there
are certainly major drawbacks when using this specific deliv-
ery method. Firstly, when delivering the Cas9 in DNA plas-
mid format, there is a high chance that a random integration
of the vector into the chromosome will happen. Secondly,
the delivery of Cas9 (in mRNA format) and sgRNA seems to
be an arduous task since injecting the CRISPR/Cas construct
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Fig.4 CRISPR-Cas9 system delivery by physical methods. a Micro-
injection: The cargoes are delivered using a microscopic needle
which can penetrate through the cell membrane and nuclear mem-
brane. b Electroporation: The cell membrane is perturbed through the
use of voltage; the presence of pores allows the cargoes to be deliv-
ered onto their designated sites

happens not in one location, but in two different locations
which are nucleus and cytoplasm, and so doing it with two
different microinjections is impractical [71]. Finally, the use
of microscope renders the overall delivery useless when used
in in vivo setting [60].

Electroporation, on the other hand, employs an optimized
voltage with which electrical pulses are sent through and
consequently disrupt the cell membrane. This creates tempo-
rary pores which can then be used to deliver the system into
the cells. One of the advantages this technique offers is that
it does not discriminate among diverse types of cells, and
so those cells that are originally difficult to control can now
accept the CRISPR components that are being delivered; one
typical example includes the use of tube electroporation that
effectively delivered the CRISPR/Cas9 construct into human
stem and primary cells with high efficiency and low cyto-
toxicity [74]. A different approach towards electroporation
has been also performed, so-called zygote electroporation
of nuclease (ZEN), which successfully delivered CRISPR-
Cas9 material into the mouse zygotes [75]. The technique
has been also known to a safe method since the presence of
any chemical or viral components is not needed to carry out
its function. Like microinjection, however, electroporation
is not suitable as a delivery strategy in in vivo and clinical
settings due to mammalian cells being quite sensitive to high
voltages [60].
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Fig.5 CRISPR-Cas9 system delivery using viral vectors. Adeno-
associated virus (AAV), adenovirus (AVs), and lentivirus (LV)
deliver the Cas9 protein in a plasmid DNA format; these viruses can
infect a wide array of cells and exhibit a high gene editing capacity

3.2.2 Viral vectors

Viruses have been dealt as essential elements in the fields
of molecular biology and biotechnology as they are easy to
manipulate and can serve as a vector for delivery of genetic
information to understand the cellular dynamics and func-
tions. They are generally considered as natural vectors for
genetic information that led them to being used in many
different platforms nowadays particularly in gene therapy
(Fig. 5) [76]. Adeno-associated viruses (AAVs), which are
mainly characterized by having a linear, single-stranded
DNA (ssDNA) genome, have become a mainstay in biologi-
cal research due to their significant features. These viruses
can infect a variety of cells, including human cells, without
inducing severe immune response in return. In this regard,
AAVs have been broadly used to deliver CRISPR-Cas9 com-
ponents into cells both in vitro and in vivo. However, long-
term insertional mutagenesis is still a noticeable obstacle to
be adopted in clinics despite of the efforts engineering the
AAV-based gene delivery system not to integrate into the
genome of the target organism [77, 78]. Moreover, small
packaging size of the vector which cannot fully accommo-
date the large Cas9 gene, sgRNA, fluorescent tags and other
reporters is another challenge faced in AAV-based delivery
methods.

In addition to AAVs, adenoviruses (AVs) and lentivi-
ruses (LVs) have been also used to deliver the CRISPR-
Cas9 components into cells. The AVs and LVs have a better
cloning capacity, which make delivery of long engineered
Cas9 proteins, gRNAs, tags and fusion proteins in a single
viral vector. Moreover, it has been reported that LVs have
a highly efficient transduction process in both dividing and
non-dividing cells, indicating that they can infect many types
of cells. These features of LVs make them suitable, to some
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extent, as carriers for CRISPR-based gene editing tool [79].
In spite of their high gene editing capacity, their exposure to
the host may trigger immune responses which can obstruct
the overall delivery of CRISPR-based system into the cells
[80]. Also, long term exposure to the active CRISPR system
expressed by the viral DNA may also increase the risk of
off-target effects [60, 61].

Overall, the applications of CRISPR-based gene editing
in translational medicine are still limited due to the lack of
proper delivery system, despite of high potential as a gene
therapy tool. Alternatively, nanoparticles have attracted
great attention as promising candidates for the CRISPR
delivery system due to their diverse design to achieve target
specificity, immune escape, and efficient intracellular deliv-
ery. Tailored design of nanoparticles to have adaptable shape
and surface chemistry may enable efficient and safe delivery
of CRISPR components in vivo.

4 Nanoparticle-mediated delivery
for CRISPR systems

4.1 Lipid-based nanoparticles

Lipid-based nanoparticles (LNPs) are spherical nanostruc-
tures typically ranging from 10 to 500 nm in size. Based
on the structures, these particles may be subdivided into
liposomes, nanostructured lipid carriers (NLCs), and solid
lipid nanoparticles (SLNs). Regardless of the type, they have
been used as carriers for therapeutic agents in many disease
researches due to their versatility, high biocompatibility, bio-
degradability and protection of payloads [81-83]. Moreover,
since nucleic acids cannot easily pass through the cell mem-
brane due to their highly anionic nature, these particles seem
to be suited in delivering these molecules by encapsulating
them with cationic lipids and protecting them from enzy-
matic degradation [84, 85]. With the aid of technology and
the development of new biological and chemical techniques,
these nanoparticles are now being used as carriers in deliver-
ing the CRISPR-based tool to hopefully treat many diseases,
including the hard-to-treat cancer, in human.

Ionizable amino lipid library can provide a means to
screen cationic lipids to construct LNPs which is designed to
encapsulate both Cas9 and sgRNA. Recent study has shown
that the Cas9 mRNA was modified with 5-methoxyuridine
to confer stability and reduce the risks of immunogenicity
[18]. Introducing this LNPs with sgRNA targeting PLK1
gene achieved ~70% gene editing in aggressive orthotopic
glioblastoma model and ~80% gene editing in disseminated
ovarian tumor model inhibiting tumor growth and improving
survival rate (Fig. 6). Cationic LNPs with a core—shell struc-
ture containing the protamine, Cas9-sgPLK-1 plasmid DNA
and chondroitin sulfate (CS) as a negative core have shown

another potential as a powerful CRISPR delivery strategy.
The plasmid DNA was condensed in the core with positively
charged protamine as a seed with the help of highly nega-
tively charged CS. This core was encapsulated by a cationic
lipid shell containing DOTAP, DOEP, cholesterol and poly-
ethylene glycol (PEG) functionalized DSPE to increase sta-
bility, solubility, half-life in blood circulation while reducing
toxicity and immunogenicity [86, 87]. This core—shell PEG
functionalized lipid nanoparticles (PLNPs) showed ~47.4%
of transfection efficiency and ~ 16.1% of indel mutation in
PLK gene target site while commercially available transfec-
tion agent (Lipofectamine 2000) showed only ~3% transfec-
tion efficiency and ~ 1.2% of indel mutation using A375 cell
line in vitro. Intratumorally injected PLNPs in melanoma-
bearing mice induced ~3% of indel mutation in PLK locus
indicating successful delivery of CRISPR constructs con-
firmed by deep sequencing and decreased PLK-1 expression
level and tumor size (Fig. 7) [88].

4.2 Inorganic nanoparticles

Recently, the use of inorganic materials has become the fore-
front in drug delivery systems, due to their desirable char-
acteristics and technological significance. As a result, many
inorganic nanoparticles have been suggested as nano-carri-
ers for drug delivery since they are generally non-toxic, bio-
compatible, and more stable than organic materials [§9-91].
Moreover, these materials also possess the ability to deliver
many therapeutic gene agents such as antisense oligonucleo-
tides, siRNA and mRNA [92, 93]. Extensive investigations
have shown safe and efficient delivery of CRISPR/Cas9
system using various types of inorganic nanoparticles both
in vitro and in vivo.

4.2.1 Gold nanoparticles

Gold nanoparticles (AulNPs) are comprised of the ele-
ment gold (Au) whose diameter typically ranges from 1 to
100 nm. Once these gold particles are suspended in water,
they are called as “colloidal gold”. Being the most stable
metal nanoparticles, the AuNPs are involved in many differ-
ent applications such as in electronics, sensors and probes,
catalysis, and therapeutic agent delivery [94-97]. One of the
defining characteristics of AuNPs is that they are considered
chemically inert, thus the chances of triggering an immune
response upon delivery are very low, making them suitable
as candidate for intracellular delivery of the CRISPR-based
system.

One of the recent advancement in AuNPs-based drug
delivery systems has shown that the nanoassemblies between
AuNPs (coated with arginine) and Cas9 protein (inserted
with glutamate peptide tag, E-tag) and sgRNA reported
a~90% delivery efficiency and up to~30% gene editing
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sgGFP-cLNPs

sgPLK1-cLNPs

Week 4

Week 5

Fig.6 Tumor inhibition by sgPLK1-cLNPs. a, b Intratumoral injec-
tion of sgPLK1-cLNPs caused a significant tumor growth inhibition
in 005 GBM-bearing mice as opposed to that of sgGFP-cLNPs. ¢ The

efficiency upon cellular uptake [98]. The engineering of
Cas9 to carry the negatively-charged glutamate tag was
crucial in accomplishing a strong self-assembled structure
with the cationic arginine-AuNPs; the presence of nuclear
localization signal (NLS) also enabled the Cas9 to have a
clear target path towards the nucleus, increasing the chances
of having a precise gene editing. The nanoassemblies were
formed at varying ratios of both Cas9 and AuNPs, and it has
been observed that the length of glutamate-tag plays a role
both in self-assembly formation between Cas9 and AuNPs
and in cytoplasmic delivery (Fig. 8a). Real-time tracking
experiment revealed that the Cas9 carrying shorter E-tag
(e.g., Cas9EO and Cas9ES) led to a poor cytoplasmic deliv-
ery, by which lack of proper self-assembly with cationic
arginine-AuNPs might be the major cause. The mechanism
of delivery was also investigated by incubating the HeLa
cells, which have been pretreated with endocytosis inhibi-
tors or a cholesterol depletion inducing drug. Cytoplasmic/
nuclear Cas9E20 delivery was blocked by the cholesterol
depletion inducing drug while it was not affected by endo-
cytosis inhibitors, which clearly suggest that the deliv-
ery occurred through a cholesterol-dependent membrane
fusion-like process. Lastly, the gene editing capability of
the CRISPR-based construct was evaluated using the human
AAVSI gene as the target. The indel analysis results showed
that up to 29% of indel efficiency has been achieved. At
the same time, the human PTEN gene was also targeted to
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survival curve showed that sgPLK1-cLNPs helped the cancer-bear-
ing mice to have a longer lifespan. Reprinted with permission from
American Association for the Advancement of Science [18]

confirm the efficacy of the method. The results showed that
30% of indel efficiency has been induced in the gene, indi-
cating an efficient genome editing capability (Fig. 8b).
Another form of AuNPs and CRISPR component
assembly (CRISPR-Gold) focus on homology-directed
repair (HDR) based gene editing by replacing original
DNA sequence with a donor DNA sequence co-delivered
with Cas9/sgRNA to broaden the scope for the treatment
[99]. The CRISPR-Gold is composed of 15 nm gold nano-
particle in the center, conjugated to thiol modified DNA
which is hybridized with single stranded donor DNA for
HDR. Cas9 RNP binds to this donor DNA and the whole
nanoparticle is coated with endosoaml escape polymer
PAsp (DET). Cas9 RNPs are loaded with non-specific
electrostatic interaction with the AuNPs and affinity to
the donor template DNA (Fig. 9a). The CRISPR-Gold tar-
geting CXC34 gene in a number of cell types including
human embryonic stem cells (hESC) and induced pluri-
potent stem cells (hiPSC) showed 3-4% HDR efficiency
(Fig. 9b). The nanoparticles are internalized through
endocytosis via cavaeolae/raft-dependent pathway and
PAsp(DET) disrupts endosome for endosomal escape. It
was used to treat Duchenne muscular dystrophy (DMD)
model mouse in vivo improving strength and agility in
mdx mice by correcting the mutated Dmd allele to its wild
type with about 5.4% of correction rate, which is far higher
than 0.3% by Cas9 RNP and donor DNA alone (Fig. 9c).
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Fig.7 a, b Mice treated with the PLNP with core—shell structure blotting analysis showed that the PLNP was effective in silencing the
showed the lowest tumor volume and tumor weight after 16 days, PLK-1 protein. Reprinted with permission from Springer Nature [88]
indicating successful inhibition of the growth of tumors. ¢ Western

GNP-Cas9EQ ArgNP-Cas9ES ArgNP-Cas9E10

Fig.8 a Nanoassemblies
between Cas9 and AuNPs: The
length of glutamate (E-tag)
significantly plays a role in

the self-assembly formation
between Cas9En (glutamate-
tagged Cas9) and ArgNPs
(arginine-AuNPs); larger
nanoassemblies are observed
when the length of E-tag is
increased. b Gene editing
capability: Approximately 30%
of indel efficiency (lane 1) has
been observed in the targeted
AAVSI and PTEN gene,
indicating an efficient gene
editing as opposed to deliver-
ing Cas9E15-RNP alone (Lane (b)
2) and cell only control (Lane
3). Arrowheads (red) designate
the DNA cleavages. Reprinted
with permission from American
Chemical Society [98]. (Color
figure online)
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Fig.9 a CRISPR-Gold design: The CRISPR-Gold structure is com-
posed of gold nanoparticles as its core, and the affinity of Cas9 RNP
with the loaded DNA enabled its adsorption onto the nanoparticles.
b Inducing HDR in vitro: The treatment of BFP-HEK cells with
CRISPR-Gold converted approximately 11.3% of the cells to GFP

This CRISPR-Gold system also treated Fmrl knockout
fragile X syndrome model mouse significantly rescueing
the incrased repetitive behaviors by knocking out mGIluRS5
gene with 14.6% of indel mutation frequency reducing
40-50% of its mRNA and protein expression level [20].

4.2.2 Iron oxide nanoparticles

Due to their special magnetic properties of magnetite
(Fe;0,4) and/or maghemite (y-Fe,03), the iron oxide nano-
particles (IONPs) have been extensively used in many bio-
medical applications such as sensors, tags, imaging, and
drug delivery systems and have been applied in many major
clinical diagnosis including magnetic resonance image
(MRI) [100-102]. Following the success of IONPs as drug
delivery system, the IONPs was used as a carrier to deliver
CRISPR/Cas9 construct into porcine fetal fibroblasts (PFFs)
[103]. The combination of physicochemical properties and
external force, termed as magnetofection, enables magnetic
field to concentrate and deposit the CRISPR-based mate-
rial, which is enclosed in the magnetic nanoparticles, on
the cell that is being transfected. A comparison between
magnetofection-induced CRISPR/Cas9 and classic lipo-
fection has been performed to confirm whether the former
technique improves the delivery of CRISPR/Cas9 constructs
into cells. Using the genomic cleavage detection assay, it
has been observed that the cell lines treated with CRISPR/
Cas9 had much intensified cleaved bands, an indication
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expressing cells. ¢ Dystrophin expression by CRISPR-Gold: A sin-
gle injection of CRISPR-Gold in mdx mice resulted in restoring the
dystrophin expression, indicating a successful reversion from mutated
gene into its wild-type version. Reprinted with permission from
Springer Nature [99]

that magnetofection was more successful in inducing DNA
cleavage at porcine H11 locus compared to lipofection. Fur-
thermore, the TIDE web tool analysis showed that the indel
frequencies were much higher in magnetofection, 15.3% for
10 pg DNA/cell and 27.6% for 20 pg DNA/cell, compared
to lipofection which only had 4.3% and 7.4%, respectively
(Fig. 10). Overall, the combined effects of magnetic nano-
particles, which have iron oxide material as the core, and
gradient magnetic field proved to be an effective method in
delivering CRISPR/Cas9 into cells and in inducing genome
editing afterwards.

4.2.3 Mesoporous silica nanoparticles

Mesoporous silica nanoparticles (MSNs) have a system-
atic framework composed of silicon oxide, which serves as
the foundation of large networks of pores, whose diameter
typically ranges from 2 to 20 nm. The MSNs are able to
effectively deliver a number of therapeutic regimens such
as drugs, nucleic acids, and proteins which are helpful for
blocking the advancement of diseases. As a template matrix,
silica nanoparticles are commonly prepared using the Stober
process, a sol—gel technique where a precursor tetraethyl-
orthosilicate (TEOS) reacts via hydrolysis and condensa-
tion to form a new phase (sol) in water-alcohol solution
with ammonia as a catalyst. Afterwards, the nanoparticles
suspended within the sol condense into the gel phase. The
rate of hydrolysis and ocndensation of silica and interaction
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between template and silica decides size and morphology of
MSNs. The base triethanolamine can be used as a substitute
for the basicity provided by ammonia to synthesize MSNSs,
although it is also reported that triethanolamine has the abil-
ity to inhibit the growth of the nanoparticles [104]. The use
of cationic surfactants including cetyltrimethylammonium
bromide or cetyltrimethylammonium chloride as a template
has been shown to direct the silicate source and make them

(a) Surface NLS
———r. = S ——T
Functionalization Conjugation
A AN
Voo T

Cy5.5-MSNs

Cy5.5-MSNs-NH,

(b)

Fig. 11 a Preparation of the MSNs for CRISPR/Cas9 delivery. The
plasmids are adsorbed to the nanoparticles well due to their strong
interaction with the functionalized amine moieties found in the sur-
face of the particles. b Intense green signal of GFP is observed after

Cy5.5-MSNs-NLS

condensed around the micelles originally formed by these
surfactants to form ordered silica structures.
Monodispersed spherical MSNs were used for deliv-
ery of plasmids for expression of CRISPR/Cas9 sgRNA
complex and donor template for HDR mediated knock in
of GFP into PXN gene [105]. MSN was functionalized
with positively charged amine group for strong electro-
static interaction with negatively charged plasmid DNAs.
Additionally, a nuclear localization signal was attached to
the MSNs for better nuclear localization of plasmids fol-
lowing endosomal escape. The MSNs were then encap-
sulated with positively charged pH-responsive polymer
(poly(dimethyldiallylammonium chloride), PDDA using
microfluidic co-flow focusing nanoprecipitation method. The
PDDA coating protects the plasmids from environment, its
positive charge enhances cellular internalization and its pH
responsive degradation facilitates endosomal escape, which
is essential for nanocarriers to prevent lysosomal degrada-
tion of payloads. This nanoparticle showed successful GFP
knock-in into PXN gene proven by expression of GFP from
the transfected U20S cell and colocalization with staining
against PXN protein (Fig. 11). In another study, it has been
reported that constructing core—shell hollow mesoporous
silica nanoparticles (HMSNs) as carriers for both chemo-
therapy drugs and gene therapy approaches was success-
ful in inducing a synergistic inhibition on EGFR signaling,
with the nanocomplex showing at least more than 60%
gene editing efficiency [106]. The drug used is Sorafenib,
which inhibits a number of targets present in hepatocellular
carcinoma (HCC), and the gene editing approach is based

Plasmids D Polxmer-

2 Encapsulation

pCas9oPXN@NPs@PDDA

pCas9pPXN@NPs

(c)

7 days of incubation with the MSNs-based nanocarrier, indicating a
successful gene editing. Reprinted with permission from Springer
Nature [105]
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on delivering EGFR-targeting sgRNA via DNA plasmids
(Fig. 11a). Several components have also been added onto
the HMSNSs to make the carriers become more ideal in exert-
ing its gene-drug co-delivery system effects. Such compo-
nents include dendrimer polyamidoamine, which can both
prevent the leakage of drugs and allow the release in the
tumor tissue, and modified DNA aptamer, which has the
ability to recognize the epithelial cell adhesion molecules
found in HCC (Fig. 12b, c). In vivo experiments showed
that the nanoparticles had a resounding therapeutic effect
once injected into the tumor-bearing model mice, resulting
from the decrease of EGFR protein expression in tumor tis-
sue. This led to inhibition of the growth of tumor as shown
in the low volume present in the tumor. Overall, the syner-
gistic effects of gene-drug co-delivery accompanied by the
nanosystem provided an alternative way for cancer treatment
more efficiently.

5 Concluding remarks

In the recent events following the discoveries made in the
field of molecular biology, genome editing has been at the
forefront of many research areas due to its ability of modify-
ing DNA sequences at specific sites, unlike the early genetic
engineering techniques which make use of randomly inserted
genetic materials into a certain host’s genome. Among the
many versatile genome editing tools, the CRISPR/Cas9 sys-
tem is a revolutionary and effective method that researchers
and scientists use to alter any specific DNA sequences in a
certain organism’s genome: this is achieved by bringing a
specific kind of nuclease, and a guide RNA, to cut specific
targeted sites in the organism’s genome. The efficiency, engi-
neering feasibility, and design simplicity of CRISPR/Cas9
system definitely stood out among the previously engineered
nucleases like TALEN, ZFN, and meganucleases. Moreover,
the accumulated works of researchers who put their time and
effort in understanding the CRISPR-based genomic tool have
shed light on its potential therapeutic benefits. Such benefits
include, but are not limited to, deleting specific genes in the
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o EPCAM |, EGFR
- 2
@ . Sora  (}pEGFR (c) 2000 ek
' Lo i 2€ A 0,
Fo. 8 22 ~-0.9% NC —+-E@HMSN
: 1600+
@ 8 %ij‘imfx - £ "] -=sora SE'@HMSN /“T wus.
EpCAM SR LS ':d/”/ 2 1200{ - S@HMSN -~ SE@HMSN
A | Sora pEGFR 3 - SEHPA =
@& y Relea;se } ) é g 800+ e
- o
O cHeo 2 oy ;s
EGFR .  Nackss . lE 200+ -l
p- o L) L) Ll L) L] L] L] L] L] L] .
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Cas9

Fig. 12 a Schematic illustration of the SEHPA (SE@HMSN/P-Apt:
Sora- and pEGFR-loaded HMNS/PAMAM-Aptamer) nanoparticle
preparation. b The downregulation of EGFR/PI3K/Akt pathway is
caused by the synergistic effects of Sora and pEGFR in SEHPA NPs.
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day

¢ SEHPA nanoparticles inhibited the growth of tumor, indicating a
successful anticancer effect. Reprinted with permission from Ameri-
can Chemical Society [106]
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genome, adding therapeutic genes, and correcting mutated
genes back to their wild-type versions which seem to be
helpful in treating many kinds of diseases.

In the same process, a number of delivery systems have
been developed to confirm the efficacy and to maximize
the power of the CRISPR-based genome editing tool when
it comes to gene editing; these delivery strategies have
been used in many studies and have been proven to be
effective to some extent, considering that each strategy
has also its own drawbacks (Table 1). Safety concerns are
of the utmost importance when choosing which strategy
can be used to deliver the CRISPR/Cas9 constructs par-
ticularly in in vivo setting, and because of this, the shift
from viral vectors to non-viral vectors nowadays has pal-
pably increased at a faster rate. Nanoparticles, a prime
example of non-viral vectors, have continuously gained
momentum in the research field due to their desirable
characteristics; these characteristics, including nanoscale
size, specific targeting, ease of size tunability and surface
functionalization and modification, little to no immune
response, and low cost, make them very suitable candi-
dates in delivering CRISPR/Cas9 constructs into a wide
range of cells. Furthermore, the range and potential for
what could be improved and/or added to this tool, for the
purpose of intensifying its effectiveness, are limitless: for
instance, the research study involving the combination of
CRISPR-based constructs, delivered by mesoporous silica
nanoparticles (MSNs), and the Sorafenib drug proved to be
marked with superiority in delivering a synergistic inhibi-
tion of EGFR expression in cancer cell lines; another study
tackled the effective delivery of CRISPR/Cas9 constructs,
enclosed in iron oxide nanoparticles, using external mag-
netic force. As pointed out in the above sections, the thera-
peutic potential of CRISPR-based genome editing tool is
satisfactory with which changing of the genes responsible
for the occurrence of certain kinds of diseases becomes
the central focus of each work.

In summary, up-to-date research revolving around nan-
oparticles as carriers for CRISPR-based genome editing
tool opens up a new era, and the fact that these nano-
particles are continuously compromised by a number of
different factors is a reasonable issue that can be address
upon further work. For instance, the final goal for various
components of a certain nanoparticle system and whether
they pose cytotoxic effects after delivery still remain an
elusive topic for most researchers. With how technology
progresses every second, however, it is only a matter of
time before several large improvements will be made to
these non-viral vectors. The outlook we have is certainly
positive, and we firmly believe that in few years later,
CRISPR/Cas9-loaded nanoparticles will be at their full-
est potential, leading the framework in clinical trials for

@ Springer

the treatment of many kinds of diseases and for the benefit
of mankind.
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