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Abstract

The discovery of clustered regularly interspaced short palindromic repeat (CRISPR)/ CRISPR-
associated (Cas) genome editing systems and their applications in human health and medicine has
heralded a new era of biotechnology. However, the delivery of CRISPR therapeutics is arguably
the most difficult barrier to overcome for translation to /77 vivo clinical administration. Appropriate
delivery methods are required to efficiently and selectively transport all gene editing components
to specific target cells and tissues of interest, while minimizing off-target effects. To overcome this
challenge, we discuss and critic nanoparticle delivery strategies, focusing on the use of lipid-based
and polymeric-based matrices herein.
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An Introduction to CRISPR-based Systems

The clustered regularly interspaced short palindromic repeat (CRISPR) locus was originally
discovered as part of the adaptive immune system in archaea and bacteria, consisting of
spacer sequences that corresponded to extrachromosomal DNA derived from phages and
plasmids. These spacer sequences essentially confer resistance against those particular
microbes from which they are derived from, serving as genomic memory which can identify
and disable invading DNA.[1-3] While there are two classes of CRISPR/ CRISPR-
associated (Cas) systems (as well as several subtypes), the class 2 type Il system, otherwise
known as CRISPR/Cas9, is the most widely studied.

The CRISPR-associated Cas9 protein is an endonuclease that relies on a guide sequence
within the tracrRNA (trans-activating CRISPR RNA):crRNA (CRISPR RNA) duplex to base
pair with target DNA sequences and induce site-specific double-stranded breaks in the
genome. The hybrid tracrRNA:crRNA complex was engineered as a single guide RNA
(sgRNA) in which a simple change in the 20-nucleotide guide sequence can program Cas9
to target any DNA sequence of interest.

Target DNA recognition requires: (1) site-specific complementarity between the variable 20
nucleotide sgRNA sequence and target DNA sequence, and (2) the presence of the
protospacer adjacent motif (PAM) nucleotide sequence 5’-NGG-3’ (usually found 3-4
nucleotides downstream of the cut site).[4] Then, one of two endogenous DNA repair
pathways are used to restore the double-stranded breaks in the genome: the error-prone non-
homologous end joining (NHEJ) or the template-driven homology-directed repair (HDR)
pathways.

In most organisms, the NHEJ pathway is the predominant repair pathway with the goal of
simply restoring the integrity of the DNA by non-specifically rejoining the broken ends,
inducing frameshift mutations that may lead to the successful knockout of a gene of interest.
Alternatively, the HDR pathway relies on exogenous DNA repair templates to enable the
insertion of precise genetic modifications by homologous recombination.[5]

CRISPR-based Technologies for Genome Editing

Previous genome-engineering technologies, such as, zinc finger nucleases (ZFNs) and
transcription activator-like effector nucleases (TALENS), require meticulous constructing
and testing of newly designed proteins for each target DNA sequence, with design
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challenges surrounding delivery due to the large size and repetitive nature of TALENS or the
substantial protein engineering required to construct ZFNs.[6,7] The main advantage of
CRISPR technologies, as opposed to either ZFNs or TALENS, is the ease of which the ~80
nucleotide sgRNAs can be synthesized and modified to direct Cas9 to different target
sequences, significantly increasing throughput. CRISPR/Cas systems have shown great
promise in identifying essential genes crucial to regulating various biological processes as
well as drug targets, modeling disease, and developing novel therapies.[7-9]

In addition to inducing permanent genetic modifications, CRISPR systems can induce non-
permanent modifications in the DNA by way of CRISPR interference (CRISPRI) or
alternatively, CRISPR activation (CRISPRa). CRISPRIi/a rely on a catalytically inactive
Cas9 (dCas9) that lacks endonucleolytic activity. CRISPRi/a represses or activates
transcription by either directly disrupting or enhancing RNA polymerase binding.[10]
Alternatively, fusion of dCas9 to unique transcriptional effector domains can recruit specific
proteins to the DNA, and in turn, modulate transcriptional regulation. One such study found
that dCas9-KRAB fusion proteins efficiently regulate transcriptional repression by
potentially recruiting chromatin-modifying complexes to the DNA site.[11]

Several studies have established the efficacy of CRISPR-based therapies both /n vitroand in
vivo in model organisms (Table I). Of particular interest are genetic disorders resulting from
a loss-of-function mutation in a single gene (monogenic disorders). For example, several
groups have focused on permanent and efficient correction of mutations in the endogenous
Duchenne muscular dystrophy (DMD) gene implicated in DMD.[12] Other studies have
focused on Beta-Thalassemia, Fanconi anemia, cystic fibrosis, lung disease, and even
cholesterol metabolism, providing further evidence that CRISPR/Cas9 gene editing can be
employed to correct diseased alleles.[13-16]

The potential of CRISPR gene editing spans past monogenic disorders. The multiplexed
capability of CRISPR/Cas systems allows for the robust knockdown and subsequent analysis
of several genes that may be genetically linked with a single guide RNA.[17-19]
Furthermore, CRISPR systems can also be used to introduce protective mutations into the
genome to prevent or overcome diseases that do not have an underlying genetic cause. For
instance, simultaneous genome editing of the CXCR4 and CCR5 receptors via CRISPR/
Cas9 editing may be used to block HIV-1 infection in primary CD4 T+ cells. The modified
cells showed a selective advantage over those that were unmodified in induced HIV-1
infection assays.[20] Ex vivo gene editing provides a flexible alternative to /n7 vivo gene
editing, allowing for the analysis and characterization of edited cells before re-introduction
into patients. While ex vivo gene editing strategies require more steps (/.. cell collection,
isolation, expansion, editing, characterization, selection, and transplantation), they avoid the
delivery and unintended off-target gene editing challenges that often accompany in vivo
approaches.[21]

Challenges Associated with CRISPR-based Technologies

While CRISPR/Cas9 systems show great therapeutic potential in the treatment of human
diseases, several challenges must be addressed before CRISPR therapeutics can successfully
be administered in the clinic.[22] One key challenge relates to the rational engineering of the
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CRISPR system to minimize unwanted off-target mutations. High fidelity Cas9 variants and
optimized sgRNA libraries have been developed to minimize off-target effects. For example,
instead of inducing the native Cas9 protein to initiate double stranded breaks in the DNA,
nickase versions of Cas9 directed to paired sites may offer improved specificity. One group
developed an original two-step approach named “verification of in vivotargets’ (VIVO) to
predict the sites at which the gRNA will cause off-target effects, providing a general
blueprint for (1) defining, and (2) quantifying the off-target effects of gene-editing nucleases
in whole organisms.[11]

Other factors that affect the efficacy of the CRISPR/Cas9 gene editing system include
optimizing target DNA site selection and sgRNA design, overcoming epigenetic
modifications, such as histone acetylation and DNA methylation, to access previously
inaccessible regions of DNA (which may contain the gene of interest), and developing
strategies to improve the efficacy of homology-directed repair present barriers to the
implementation of CRISPR systems.[23]

Current Approaches for the Delivery of CRISPR/Cas9

In present day, the design of appropriate gene delivery platforms are dependent on the
selection of two key factors: cargo and delivery vectors. The CRISPR/Cas9 system consists
of the endonuclease Cas9, as well as a target-specific guide RNA (gRNA). Currently, three
major methods exist to transport the Cas9 protein and gRNA including: (1) a DNA plasmid
encoding both Cas9 and the sgRNA, (2) Cas9 mRNA and sgRNA, and (3) the Cas9 protein
itself and sgRNA.[7] Regardless of which strategy is utilized, it is important that the delivery
vehicle is designed to accommodate the physical properties of the CRISPR/Cas9 cargo
without compromising other desired properties of the delivery vehicle itself, such as
targeting or transfection efficiency.

Viral Delivery Approaches

Viral vector systems are one of the most extensively characterized methods for the delivery
of nucleic acids.[28-32] The five main classes of viral vectors can be broadly grouped into
two different categories depending on their ability to integrate within the host genome (such
as is the cases of oncoretrovirsuses and lentiviruses) or persist in the nucleus as
extrachromosomal episomes (which is the case for adeno-associated viruses (AAVS),
adenoviruses, and the herpes virus).[33] Gene therapy via viral vectors is particularly
attractive because of their intrinsic ability of to enter and deliver genetic material to cells.

In particular, lentiviral vectors have become increasingly popular in clinical applications
because of their ability to accommodate large DNA payloads and sustain robust expression
in dividing and non-dividing cells alike.[34] Lentiviral vectors also have the unique ability to
translocate across the nuclear pore of an intact nuclear membrane. However, their ability to
constitutively express Cas9 and sgRNA may lead to undesirable off-target effects, resulting
from non-specific RNA-DNA interactions and off-target DNA cleavages. Moreover, for
CRISPR/Cas9 delivery, the integration capacity of retroviral vectors could lead to unwanted
off-target insertional mutagenesis.[35] Furthermore, the safety of retroviral vectors for
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clinical applications remains open: there is potential for retroviral recombination events
during large-scale vector manufacturing, resulting in replication-competent viruses.[36]

AAV vectors possess unique features that are attractive for clinical applications including
low immunogenicity, lack of integration machinery, and ease of production. However,
concerns over the limited packaging capacity, low transduction efficiency, and ability to
induce an immune response further, complicates the design of these systems.[37] The
discovery of a smaller Cas9 variant derived from Staphylococcus aureus (SaCas9), with
editing efficiencies comparable to those of Streptococcus pyogenes Cas9 (SpCas9), has led
to the development SaCas9/sgRNA systems that can be packaged in AAV vectors.[38]
Another alternative involves using adenoviral vectors, which are nonenveloped, double-
stranded DNA vectors that have a larger packaging capacity of approximately 35 kb
compared to that of AAV vectors.[39] However, at high dosages, adenoviral vectors are
highly immunogenic and can invoke the host innate immune response, producing an
inflammatory cytokine response and initiating the differentiation of dendritic cells into
antigen-presenting cells.[40]

Physical Delivery Approaches

Additionally, several physical approaches have been repurposed to deliver the Cas9/sgRNA
system including microinjection, electroporation, hydrodynamic injection, and laser
irradiation;[41] however, physical delivery methods are largely restricted to both /n vitro and
ex vivo systems.[42] Physical gene delivery methods avoid the immunogenic complications
inherent to viral vectors by directly delivering cargo molecules to the cytoplasm or nucleus
and bypassing complications that are associated with targeting, internalization via
endocytotic pathways, and immunogenicity.[43]

Two broad categories pertaining to physical delivery exist, namely, methods that directly
insert cargo into the cytoplasm or nucleus, and methods that use a physical field to disrupt
the cell membrane. While microinjection is conceptually the most direct delivery method
enabling delivery of cargo into the host cell nucleus, the slow rate of delivery has limited the
applicability of microinjection techniques to low-thruput processes such as, in vitro
fertilization and production of transgenic animals. Although automated systems have
increased thruput significantly, thruput still lags compared to other physical techniques.[44]

Electroporation is a particularly useful technique in cells that are difficult to transfect by
other methods. This method relies on the transient increase in cell membrane permeability
upon exposure to an electric field pulse. The successful electro-transfer of nucleic acids into
cells depends on: (1) how the cell membrane is permeabilized and (2) DNA-cell membrane
interactions and internalization.[45] However, at high electric field strengths, electroporation
often leads to high post-transfection mortality. The development of novel electroporation
devices that result in more even voltage distributions and homogenous electric field
distributions has demonstrated high transfection efficiencies and low cytotoxicity in a variety
of cell types.[46]
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Non-viral Delivery Approaches

The development of non-viral delivery vectors to deliver CRISPR cargo /n vivo, particularly
the development of nanoparticles (NPs), has the potential to address several of the
aforementioned limitations of the use of viral vectors and physical delivery methods.
Specifically, non-viral vectors are compatible with the simultaneous delivery of multiple
guide RNAs, can be easily functionalized with targeting ligands to enhance the delivery of
CRISPR cargo to specific tissues and cells, and can be designed to accommodate large
payloads.

NPs employ endocytic pathways to achieve intracellular localization, most notably via
receptor dependent clathrin-mediated or caveolin-mediated endocytosis. Additionally,
clathrin- and caveolae-independent endocytosis occurs in cells that lack clathrin and
caveolin. NPs can also be internalized nonspecifically via pinocytosis or even phagocytosis.
[47] The physicochemical properties of the NPs such as size, shape, surface charge, and
polarity directly affect the transfection efficiency, cellular uptake mechanism, and
cytotoxicity of the NPs.[48] Upon cellular internalization, the NPs are located within
endosomes (pH 6.8-6.5), which later develop into late endosomes (pH 6.2-5.2). Late
endosomes fuse with lysosomes (pH 5.2-4.5) to destroy the engulfed material, aided by
hydrolytic enzymes and an acidic environment. It is essential that the NPs escape from the
endosomes prior to lysosomal digestion. In fact, several cationic nanocarriers, such as those
that incorporate polyamidoamine (PAMAM), polyethyleneimine (PEI), or chitosan, have
been proposed to induce endosomal escape using a proton sponge mechanism.[49] This
mechanism relies on the protonation of the cationic moiety resulting from the acidic
endosomal environment, which leads to the methodical influx of ions, swelling, and eventual
rupture of the endosome.[50,51]

Nanoparticle Delivery Systems

Important Properties of Carrier Systems

In order to achieve effective delivery of CRISPR/Cas components, drug delivery systems
must be stable in circulation and designed with ideal characteristics, such as choice of drug
delivery carrier, size, shape, and surface properties (Figure 1) being the key determinants
that impact factors such as the cellular uptake, /7 vivo toxicity, immunogenicity, and overall
efficacy of the drug delivery carriers.[52] Once in the bloodstream, conventional
nanoparticles with no surface modifications can be opsonized and rapidly cleared by
phagocytic cells through the reticuloendothelial system (RES). This clearance system
hinders active targeting because of its ability to easily recognize nanoparticle systems and
remove them from systemic circulation so particles are not delivered to the targeted cells.
Functionalizing the surface of nanoparticles with a hydrophilic chain of linear polymers,
such as poly(ethylene glycol) (PEG), results in a hydrating layer that hinders protein
absorption and clearance of nanoparticle systems.[53]

Carrier size (Figure 1a) plays a key role in determining the vascular flow dynamics of the
carrier /n vivo, including their diffusion profile, adhesion properties, and velocity
distribution, all which contribute to the uptake efficiency of particles.[54,55] Carrier shape
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(Figure 1b) also has important consequences in biological applications, with effects on
vascular transport, degradation, internalization, clearance, and even targeting.[56,57] Most
nanoparticles that are designed for intravenous delivery exhibit spherical geometry and are
between 10 and 100 nm in diameter. Particles larger than 200 nm accumulate in the liver and
spleen, and are subsequently cleared by RES. Recent research efforts have focused on
developing nanoparticles with non-spherical geometries to increase interactions with vessel
walls and extravasation sites to develop innovative means to amass nanoparticles at site-
specific tissues.

Moreover, the surface properties of delivery systems can also determine stability in
circulation and uptake mechanisms. For example, the surface charge (Figure 1c) of carrier
systems, namely in non-viral delivery systems, has critical effects on the molecular
interactions between carriers and their target cells, as well as subsequent downstream
intracellular events. Mukherjee et al., investigated the role of nanoparticle surface charge
(cationic, anionic, neutral, and zwitterionic) on the cellular membrane potential and uptake
of gold nanoparticles.[58] They found that the internalization of positively charged gold
nanoparticles depolarized the membrane potential in a concentration-dependent manner by
rapidly increasing the intracellular [Ca2*] concentration by stimulating both plasma
membrane [Ca?*] influx and [Ca2*] release from the endoplasmic reticulum. While cationic
NPs can disrupt the lipid bilayer and thereby enhance cellular uptake by modulating cell-
membrane potential, increases in [Ca2*] can decrease cell proliferation and result in
apoptosis. Therefore, these seemingly opposing mechanisms must be reconciled in the
design of delivery systems.

Delivery Systems

Lipid-based delivery systems are composed of physiological lipids. Liposomes, which are
spherical vesicles enclosed by a lipid bilayer membrane (Figure 2), are the traditional
paradigm of lipid-based formulations, capable of encapsulating both hydrophilic and
hydrophobic molecules. Despite liposomes being entirely biocompatible and biodegradable,
many of their translational applications are limited due to short shelf life, poor stability, low
encapsulation efficiency, rapid clearance by the reticuloendothelial system (RES), and
intermembrane transfer.[59]

Solid lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLCs) are two major
classes of lipid-based nanoparticles that have been developed to overcome some of the
aforementioned limitations of liposomes, boasting advantages such as a sustained release
profile, targeted drug delivery, and superior physical stability. SLNs are composed of a solid
lipid core, surrounded by a layer of surfactants. SLNs are generally smaller than 500 nm in
diameter, with diameters between 80 and 120 nm ideal for /n vivo delivery.[60]

Nucleic acids can form strong electrostatic attractions to cationic SLNs, facilitating the
transport of genetic material and protecting them from enzymatic degradation. The features
of the vector are ultimately dictated by the ratio between the particle and nucleic acid,
optimized to maximize the condensation capacity of the vehicle and later release of its
contents at the appropriate site.[61] An alternative to SLNs are NLCs, with improved drug
loading capacities and release properties, composed of a mixture of solid and liquid lipids.
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NLCs are unique in their ability to co-deliver nucleic acids as well as lipophilic drugs.[62]
Some of the commonly used methods for the synthesis of LNPs include high pressure
homogenization (solvent emulsification, evaporation, or diffusion), supercritical fluid
extraction of emulsions, ultrasonication, and spray drying.[59]

Over the years, several commercial, non-viral transfection reagents have been developed for
the transport of nucleic acids. The most commonly used commercially available lipid
nanoparticle systems are Lipofectamine-based reagents. Lipofectamine is a cationic
liposome formulation that can be complexed with negatively charged nucleic acid molecules
via electrostatic interactions. One group conducted a comparative analysis of 5 common
transfection reagents including Lipofectamine 3000, Lipofectamine 2000, Fugene,
RNAIMAX, and Lipofectin against 10 different cell lines. They found that although
transfection efficiency and transfection reagent toxicity were dependent on cell type,
generally, the toxicity of the reagents displayed a positive correlation with their transfection
efficacy. They found that Lipofectamine 3000, Fugene, and RNAIMAX had the highest
transfection efficiencies, and that the transfection efficiency of Lipofectamine 2000 was
compromised due to its high toxicity.[63]

As an alternative to using commercially available lipid-based transfection reagents, a wide
range of lipid-based nanocarriers have been synthesized in the laboratory and extensively
tested for their ability to be used as gene delivery systems (Table I1). Traditional, non-viral,
cationic carriers have been widely used for the delivery of nucleic acid cargo by taking
advantage of electrostatic interactions between the cargo and vehicle. Zhang and colleagues
constructed polyethylene glycol phospholipid-modified cationic lipid nanoparticles (PLNP).
[64] The principle of this strategy took advantage of the electrostatic interactions between a
negatively charged Cas9/sgRNA-fused plasmid DNA/Chondroitin sulfate complex and the
positively charged protamine solution at an optimized ratio, resulting in a tightly packed
core. The resulting core is encapsulated with cationic lipids composed of DOTAP, DOPE,
and cholesterol, post-modified with polyethylene glycol phospholipid (DSPE-PEG) to yield
nanoparticles with increased stability, low toxicity, and decreased clearance and
immunogenicity.

While the dense core serves to minimize the size of the CRISPR system, the cationic shell
facilitates nanoparticle-cell interactions and the subsequent internalization of the particles.
Another class of lipids, suitable for negatively charged nucleic acid delivery, are ionizable
lipids. lonizable lipids carry the added feature of pH-dependent charge changes, bearing a
positive charge in an acidic environment to enable nucleic acid encapsulation, and a neutral
charge at physiological pH. Lipid nanoparticles utilizing ionizable lipids usually have
additional standard components, such as cholesterol for particle stability, a helper
phospholipid for structural stability, and a PEG-derivative for physiological stability.[65,66]

In order to meet the demands of /n vivo gene therapy, the cationic lipid system must have the
ability to survive in circulation for extended periods of time, increasing the time and
likelihood that the carriers reach the intended target tissue. Even for neutral nanoparticles,
PEGylation is an essential strategy to minimize nonspecific interactions with serum proteins
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in the bloodstream and avoid aggregation and subsequent clearance by immune system
components.[72]

While several advances have been made for the delivery of short RNAs and plasmids by
lipid-based nanoparticles, an ideal formulation and composition has yet to be determined for
the delivery of longer RNAs characteristic of the CRISPR/Cas9 system, such as the sgRNA
or Cas9 mRNA. Miller and colleagues developed zwitterionic amino lipids (ZALS) to
uniquely co-deliver long RNAs including Cas9 mRNA and sgRNAs, reducing protein
expression by >90% in cells.[73] Traditionally, highly effective LNPs are composed of a
cationic lipid, zwitterionic phospholipid, cholesterol, and PEG. High cationic lipid densities
may minimize the stabilization interactions between phospholipids and longer RNAs, and
even hinder inclusion of long RNAs. Therefore, the group combined zwitterionic and
cationic lipids to increase molecular interactions within the LNP, thereby improving the
delivery of long RNA molecules.

The targeting specificity of nanoparticles can be improved when a ligand, such as an
antibody, protein, peptide, or aptamer are incorporated and interact with the receptors of
target cells (Figure 2b). Zhen et al. designed a flexible RNA aptamer A10-liposome-
CRISPR/Cas9 chimera that specifically binds prostate cancer cells expressing a prostate-
specific membrane antigen as the ligand. During transcription, they modified the aptamer
with a 2’- F and 3’-NH2 to improve its stability and provide a convenient linkage. Their
results showed that binding of the RNA-aptamer is more competitive when modified with
DSPE-PEG 2000, suggesting that appropriate modifications can promote aptamer function
without affecting targeting or gene knockdown.[74] Moreover, target specificity can be
enhanced by ensuring that the response of the ligand-receptor pair is particularly strong, and
that the receptor for the ligand be overexpressed on target cells rather than normal cells. For
instance, tumor cells express high levels of the albumin-binding glycoprotein (Gp60) and
secreted protein acidic and rich in cysteine (SPARC) receptors, which are albumin receptors
present on the cell surface that increase membrane permeability for receptor-mediated
uptake of circulating proteins. Therefore, albumin-based NP formulations may facilitate
cellular uptake of CRISPR/Cas9 components to preferentially edit cancer cells.[67] The
delivery of nanoparticles to tumors can also be improved through the conjugation of cancer-
targeting ligands such as internalizing RGD (iRGD).[71]

In order to create a permanent modification to the genome, NPs must enter the nucleus.
Nuclear localization of NPs has been achieved using the inclusion of nuclear localization
sequences, cell penetrating peptides, and additional nuclear membrane targeting ligands.[75]
Furthermore, effective cellular internalization is a critical process for successful clinical
application of nanoparticles for gene delivery. Liu ef a/. designed bioreducible lipid
nanoparticles containing disulfide bonds for the Cas9 mRNA/sgRNA complex.[68] They
chose the leading lipid, BAMEA-O16B, which is a general nanocarrier for mRNA delivery
to encapsulate the mRNA/sgRNA complex via electrostatic interactions and assemble into
nanoparticles. In the intracellular environment, reductive signals release the mRNA through
a disulfide bond exchange mechanism. The group found that the BAMEA-O16B/Cas9/
MRNA/sgRNA knocked out GFP expression in human embryonic kidney cells with
efficiencies as high as 90%. Moreover, the group demonstrated through intravenous injection
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that the particles could knock down mouse PCSK9, an important mediator of lipid
metabolism in the liver, by 80% /n vivo. Additionally, Wang and colleagues developed
cationic bioreducible lipid nanoparticles for the delivery of super negatively charged Cre
protein (to drive electrostatic self-assembly with cationic lipids to form a nanocomplex) and
Cas9::sgRNA, enabling gene recombination and gene editing efficiencies greater than 70%
in cultured HeLa cells.[76] The group hypothesized that the bioreduction of these lipid/
protein nanocarriers inside cells in response to the reductive intracellular environment may
facilitate endosomal escape, enabling the protein cargo to enter the nucleus.

Lipids, and in particular phospholipids, have emerged as particularly versatile building
blocks for the production of NP coatings that can improve the stability and biocompatibility
of NPs synthesized from inorganic materials, which are unstable in aqueous suspensions and
can give rise to cytotoxic effects.[77] Several inorganic materials such as calcium phosphate,
gold, carbon materials, silicon oxide, iron oxide, and layered double hydroxide (LDH), have
been studied in detail.[78] Wang et a/. developed a vehicle based on lipid/gold nanoclusters
(GNs) for the delivery of both the Cas9 protein and sgRNA plasmid to tumor cells (Figure
2c). To improve nuclear targeting of the cationic GNs, the HIV-1-transactivator of
transcription (TAT) peptide was used to modify the GNs. Positively charged TAT-GNs were
mixed with negatively charged Cas9 proteins and sgRNA, yielding a ternary complex (TAT-
GNs/Cas9 protein/sgRNA plasmid, abbreviated as “GCP”) formed via electrostatic
interactions. Furthermore, this complex was encapsulated in an anionic lipid shell (1,2-
dioleoyl-3-trimethylammoniumpropane (DOTAP)/dioleoyl-phosphatidyl ethanol-amine
(DOPE)/cholesterol, 0.8/1/0.5), followed by post-modification with polyethylene glycol-
phospholipids (DSPE-PEG) on the surface.[69]

Polymeric-based Delivery Systems

Polymers are extensively used for drug delivery applications. Several types of polymeric
drug delivery vehicles exist including polyplexes, nanoconjugates, micelles, nanocapsules,
dendrimers, and nanoparticles (Figure 3a).[79] Similar to cationic liposomes, cationic
polymeric vectors are advantageous for gene delivery applications because they often
contain ionizable amino groups that can easily be complexed with negatively charged
nucleic acids via electrostatic attractions.

The polyethylenimine (PEI) polymer family consists of a variety of linear and branched
polymers that are often used in gene and drug delivery. Branched PEI has a high charge
density, facilitating efficient plasmid packaging by compacting negatively charged nucleic
acids into polyplexes that shield nucleic acids from degradation by nucleases. The high
charge density of branched PEI also imparts pH-buffering abilities to the nanocarrier,
enabling intracellular endosomal escape. However, these benefits are offset by more
alarming characteristics of branched PEI namely, it is not biodegradable and is extremely
cytotoxic. This can therefore cause extensive damage to cellular membranes and
mitochondrial dysfunction, inhibiting ATP synthesis and activating cellular apoptosis and
necrosis. In fact, the effectiveness of PEI transfection is dependent on both architecture and
molecular weight, demonstrating a direct correlation with the positive charge of these
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carriers. While higher molecular weight PEIs demonstrate superior transfection efficiencies
in vivo, their net positive charge is unfortunately correlated with greater cytotoxicity.[80]

Zhang and colleagues explored the use of cationic polyethyleneimine-B-cyclodextrin (PC) as
a delivery vector a Cas9-sgRNA encoded plasmid.[81] Compared to polyethyleneimine
alone, PC is less cytotoxic, allowing for transfection at either high doses, or in repeated
numbers. Further modification of the polymer can impart multifunctionalities, such as
enhanced targeting capabilities to improve its delivery efficiency. The authors found that PC
encapsulation of the Cas9-sgRNA plasmid was dependent on the polymer to DNA (N/P)
ratio, with increased encapsulation efficiencies obtained at higher N/P ratios and the greatest
transfection (34%) was achieved at an optimal N/P ratio of 60. However, they did observe
that increasing the N/P ratio to 80 significantly increased the cytotoxicity of the
nanoparticles (since the zeta potential of the complexes becomes strongly positively with
increasing N/P ratios). Furthermore, they hypothesized that negatively charged
macromolecules in cells would trigger the intracellular release of pDNA from the
complexes.

The use of naturally derived, biodegradable polymers may address the inherent cytotoxicity
of synthetic polymers such as PEI, PC, and PAMAM. Several natural polymers including
chitosan, collagen derivatives, hyaluronic acid, dextran, and p-cyclodextrin (B-CD) have
been extensively characterized for nucleic acid delivery. One group developed a novel gene-
chemo synergistic treatment nanosystem composed of chitosan (CS) loaded with Paclitaxel
(an FDA approved chemical drug which has been clinically used for breast cancer, ovarian
cancer, and liver cancer) and sg-VEGFR2/Cas9 plasmid for combination cancer therapy. In
addition to excellent biocompatibility and biodegradability, CS use provides the
nanoparticles with a pH-responsive effect and the ability to obtain sustained drug release
profiles. In addition, -galactose-carrying lactobionic acid (LA) was conjugated to CS to
specifically target hepatocellular carcinoma (HCC) cells that expressed asialoglyco protein
receptors (ASGPR) on their membrane surface, increasing uptake of agents to tumor cells
preferentially. /n vivo studies in mice demonstrated that the nanocomplex suppressed >60%
VEGFR2 on HepG2 cells and inhibited HCC tumor progression by 70%.[82]

Complex Polymer Systems

Apart from polymeric nanoparticles, polymeric capsules have been leveraged for the
delivery of genetic material. Polymeric capsules are synthesized by a multilayer assembly of
oppositely charged polyelectrolytes and can be functionalized with antibodies, drugs, analyte
sensitive fluorophores, etc. at two distinct positions, their wall and cavity, allowing for the
creation of a multifunctional delivery system that possesses tunable physiochemical
properties.[83] Compared to traditional nanoparticle systems, capsules are internalized by
mammalian cells via phagocytosis and lipid-raft-mediated macropinocytosis. One general
obstacle is that upon internalization, the capsules are located in the lysosome and therefore,
the delivered cargo is not available for cytosolic targets. Biodegradable capsules provide a
solution to translocate capsule-delivered cargo from the lysosomal compartment to the
cytosol.[84,85]
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Timin and colleagues explored the use of polymeric and hybrid silicon dioxide (SiO») -
coated capsules to deliver CRISPR/Cas9 components. The carriers are composed of
biodegradable polymers, such as polysaccharides and polypeptides, modified with a
biocompatible silica shell, which endows them with enhanced mechanical strength. A layer-
by-layer assembly by alternating deposition of poly-I-arginine hydrochloride (PARG) and
dextran sulfate (DEXS) on calcium carbonate particles, followed by the removal of the
calcium carbonate cores was used to form the hollow microcapsules. The group showed that
in addition to high internalization and low toxicity profiles /n vitro, the capsules can be
degraded upon cell uptake, resulting in cargo release into the cellular microenvironment.
Direct quantitative comparison revealed that the capsules achieved a transfection efficiency
greater than 70% for eGFP-mRNA loaded capsules compared to the less than 50%
efficiency achieved using a commercial liposome-based transfection reagent (MF PRO) in
the HEK293T cell line.[70]

Complexing lipid nanoparticles with polymers such as PEI, PAMAM, and poly(lactic-co-
glycolic acid) (PLGA) can be a useful strategy to improve intracellular transfection
efficiencies while minimizing cytotoxicity. Xu et a/. developed cationic lipid-assisted
nanoparticles (CLAN), a type of PEG-b-PLGA based nanoparticle assisted by cationic lipid
N, N-bis(2-hydroxyethyl)- N-methyl- A-(2-cholesteryloxycarbonyl aminoethyl)ammonium
bromide (BHEM-Chol) for nucleic acid delivery, to deliver Cas9 mRNA and gRNA
targeting the NLRP3 inflammasome in macrophages, subsequently mitigating their
inflammatory response.[86] The group showed that optimizing the ratio between the surface
charge and PEG density of the polymeric nanoparticles could enhance their internalization in
macrophages. Another group used a cationic lipid assisted nanoparticle (CLAN ) system to
specifically disrupt the NTn1 gene (a potential therapeutic target in macrophages for the
treatment of type 2 diabetes) in macrophages and their precursor monocytes /in vivo to
reduce expression of netrin -1(protein encoded by Ntnl) and improve type 2 diabetes (T2D)
symptoms in the T2D mouse model (C57BL/6 mice on a high fat diet).[87] Furthermore, the
group found that the CD68 promoter-driven Cas9 plasmids could drive the specific
expression of Cas9 in macrophages, thereby allowing macrophage-specific gene editing
without disrupting surrounding cells. Another group optimized the CLAN formulation to
encapsulate pCas9/gBCR-ABL into chronic myeloid leukemia (CML) cells /n vitroand in
vivo.[27] CML is caused by the chromosomal translocation of the BCR gene on
chromosome 22 and its subsequent fusion with the ABL gene on chromosome 9, resulting in
a chimeric BCR-ABL protein with constitutive tyrosine kinase activity. After intravenous
injection of CLANpcaso/gBcr-ABL, the group specifically disrupted the fusion region of the
BCR-ABL gene in CML mice, selectively sparing the expression of either gene alone in
normal cells. Chen and colleagues synthesized liposome-templated hydrogel nanoparticles
(LHNPs) using 1,2-dioleoyl-3-trimethylammonium-propane chloride salt (DOTAP) lipids
for the codelivery of protein and nucleic acids (Figure 3b).[71] While the DOTAP liposome
has demonstrated high safety for clinical use, it is limited by its low encapsulation efficiency
of the Cas9 protein at 6.3%. To improve its encapsulation efficiency, the cationic DOTAP
liposome was used as a template. By crosslinking cyclodextrin (CD)-engrafted PEI with
adamantine (AD)-engrafted PEI, the authors were able to create a non-covalently
crosslinked hydrogel complexed with both the Cas9 protein and sgRNA at high
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encapsulation and delivery efficiencies without the addition of initiators and UV radiation,
conditions which are often required for hydrogel synthesis, but hinder protein stability and
activity. Furthermore, conjugation of the cell penetrating peptide, mHph3, on the surface of
the hydrogel liposomes increased the delivery efficiency of the particles to 1.3 times more
than the commercial agent Lipofectamine 2000. The group synthesized LHNPs that
encapsulated the Cas9 protein and minicircle sgRNA against polo-like kinase 1 (PLK1), a
regulator of mitosis which is overexpressed in various tumor cells, inhibiting cell growth by
79.3% and 80.2% in human brain cancer stem cell lines (specifically, U87 and GS5).[69]

Two or more polymeric materials can be used in the synthesis of a single carrier to form
hybrid nanomaterials with interesting features. Gao et a/. developed a PAMAM - poly(pB-
amino ester) (PBAE) hyperbranched copolymer for the delivery of CRISPR/Cas9 to
specifically cleave HPV E7 oncogene in HPV-positive cervical cancer cells. Cationic PBAE
can efficiently condense the plasmids in nano-sized composite particles, deliver the plasmid
into the cell, and transfer the plasmids into the cytoplasm via endosomal escape. Previous
work has reported that hyperbranched polymers (with the same molecular weight) showed
higher gene transfection efficiencies compared to linear polymers synthesized using the
same monomers. Therefore, the group chose PAMAM-GO as the branching unit. While
dendrimers, such as PAMAM, have an abundance of charged coupling sites that allow for
the efficient loading of negatively charged nucleic acid molecules, their high cation charge
density can lead to non-specific cellular uptake and systemic toxicity /n vivo.[88,89]
Moreover, PAMAM can only achieve high transfection efficiencies in high generation,
which is both difficult to synthesize and expensive. As a result, the group utilized PAMAM-
GO and PBAE to develop hyperbranched copolymers similar in structure to higher
generation PAMAM, with good biocompatibility, biodegradability, and high transfection
efficiencies.[90]

Semiconducting polymers (SPs) have attracted considerable attention in molecular imaging,
photothermal bioactivation, and phototheranostics. One group designed a semiconducting
polymer brush and demonstrated its application in fluorescence image-guided, light
triggered remote control of CRISPR/Cas9 gene editing, useful for visible genome editing /n
vivo.[91] A combination of alkyl side chains and fluorinated PEI was responsible for the
formation of a hydrophobic core that could bind the CRISPR/Cas9 cassettes via electrostatic
interactions. Furthermore, the glucocorticoid Dexamethasone (Dex), which can dilate
nuclear pores when bound to the nuclear glucocorticoid receptor, was incorporated into the
hydrophobic core. The backbone of the SP brush serves as the photothermal transducer.
After administration, NIR-I1 fluorescence imaging is used to track the /n vivo distribution of
the NPs. Once the NPs accumulate inside the target tissues and cells, laser irradiation is
applied to promote the photothermal conversion of the nanoparticles, facilitating endosomal
escape, triggering Dex release which can further promote entry of the gene payloads into the
nucleus.

Stimuli-responsive smart materials

Hydrogels are appealing drug delivery systems due to their high tunability and capability to
retain large amounts of water (70-99%).[92] Stimuli responsive hydrogels are particularly
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unique in that they can be engineered to allow the polymeric network to transition from a
collapsed to swollen state, or vice versa, in response to a wide variety of environmental cues
such as pH, temperature, electric field, pressure, as well as other stimuli (Figure 3c). Stimuli
responsive materials allow for the integration of completely different capabilities into a
single delivery system. Liu ef al., synthesized a multistage delivery nanoparticle (MDNP)
system with the goal of modulating the surface properties of the vehicle depending on the
stage of delivery from circulation in the bloodstream to entry into cancer cells.[93]

The complex has a core-shell structure, containing a cationic polyplex core consisting of
CRISPR/dCas9 plasmid DNA, phenylboronic acid (PBA)-madified low molecular weight
polyethyleneimine (PEI-PBA). The shell consists of 2,3-dimethylmaleic anhydride
(DMMA)-modified poly(ethylene glycol)-b-polylysine (MPEG113-6-PLyS100/DMMA). To
overcome the various physiological barriers in the delivery of CRISPR cargo from
bloodstream to tumor cells, MDNP exhibits corresponding surface properties suitable for
each stage in delivery. The MDNP system is designed to maintain the core-shell structure in
the blood stream, with the negatively charged polymer shell reducing the likelihood of
immune clearance. Upon entering tumor tissues, the acidic microenvironment induces
decomposition of DMMA groups in the polymer shell, thereby leading to the rapid
conversion of MPEG113-6-PLys10o/DMMA from an anionic polymer to a cationic polymer
(MPEG113-6-PLys1q0)- Due to electrostatic repulsion, the polymer shell effectively detaches
from the MDNP and exposes the cationic polyplex core, which enhances tumor
accumulation and cell internalization. Upon internalization, the PEI groups in the polyplex
triggers endosomal disruption and release of CRISPR cargo.

DNA-responsive hydrogels that can interface with synthetic DNA constructs or naturally
occurring extracellular DNA have emerged as useful biomaterials, specifically for the
delivery of CRISPR/Cas9. However, current DNA-responsive hydrogels require high
concentrations of DNA triggers for actuation. Moreover, adapting such DNA hydrogels for
the activation by new trigger sequences via modification of nucleic acid components can
hinder the structural constraints of the materials, thus limiting the programmability of these
systems. To overcome the aforementioned challenges, one group developed a
programmable, CRISPR-based hydrogel using ssDNA sequences as both key structural
elements and linkers to the cargo. Following introduction of an external DNA stimuli, a Cas
enzyme (specifically Cas12a) and a gRNA complex cleaves the sSDNA sequences in the
hydrogel, restructuring the hydrogel, releasing the bound cargo, or a combination of the two.
[94] Importantly, this hydrogel system eliminates the need to encode target-sequence
specificity into the carrier structure. Instead, replacement of the gRNA sequence can easily
modulate the specificity of the Cas enzyme. Furthermore, they demonstrated the versatility
of this nanoparticle system for the controlled release of various payloads including, but not
limited to, branched PEG hydrogels releasing DNA anchored fluorescent molecules and
active enzymes, as well as degradable polyacrylamide-DNA hydrogels encapsulating
nanoparticles and live cells at low concentrations of DNA stimuli. Furthermore, this system
can operate as a stimuli-responsive electric fuse, as well as a controllable valve in fluidic
devices.
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Cell-Specific Targeting to Improve Translation Outcomes

The formulation of delivery systems with cell specific targeting abilities is unquestionably a
critical step in the future translation of gene editing technologies. Active targeting is the
most straightforward strategy and involves conjugating ligands that specifically bind to an
overexpressed receptor on target cells on the surface of nanoparticles. The ligand-receptor
interaction induces the nanoparticles to be internalized by target cells via receptor-mediated
endocytosis, thereby minimizing nonspecific interactions with normal cells, which can be of
particular interest in anticancer drug delivery applications. The targeting efficiency of
nanocarriers is generally a function of the binding affinity of the selected ligand for the
target cell. However, it has been suggested that modulating the affinity properties of the
nanoparticle system may be counterproductive in the case of solid tumors; high affinity
interactions between antibodies and tumor antigens hinder efficient tumor penetration of the
nanoparticle systems. [95]

Naoparticles have been functionalized to a diverse range of ligands including antibodies,
aptamers, carbohydrates, enzymes, folate, peptides (lectins and transferrin), and vitamins.
[74,96] Rosenblum et al. constructed cell targeted CRISPR lipid nanoparticles
functionalized with EGFR (epidermal growth factor receptor), an antibody to an
overexpressed receptor on ovarian cancer cells, which achieved up to 80% PLK1 gene
editing /n vivo.[97] Several chemical strategies exist to conjugate antibodies to drug delivery
systems, including: (1) the modification of existing functional groups (disulfide, amine,
carboxyl, and carbohydrate groups) in antibodies with crosslinking reagents with reactive
functionalities, (2) the use of free functional groups present in the antibody molecules, and
(3) the use of functionalized PEG derivative which can act as a linking agent between the
antibody and drug delivery carrier.[98] However, the presence of targeting ligands does not
guarantee /17 vivo success,; it has been shown that the targeting ability of functionalized
nanoparticles may disappear when they are placed in a complex, biological environment in
which interactions with other proteins in the medium may shield the targeting ligands,
resulting in a loss of specificity.[99]

Biomimetic nanoparticles are an emerging class of materials based on the paradigm that
natural biomaterials, such as cell membranes, can be interfaced with synthetic nanoparticle
systems to enhance drug delivery systems for therapeutic applications. Particles can be
fabricated by fusing natural cell membranes onto synthetic cores thus, retaining biological
properties such as membrane composition, membrane fluidity, and antigenic profile of
source cells. Consequently, such systems may demonstrate superior homotypic targeting,
complex antigenic profile, and low intrinsic immunogenicity, which are cornerstones of
personalized medicine.[100]

Alyami et al. synthesized cancer cell coated zeolitic imidazolate frameworks encapsulating
CRISPR/Cas9 machinery which showed increased selectivity for and accumulation in tumor
cells with negligible uptake by healthy cells.[101] Another approach to constructing
biomimetic nanoparticles involves the construction of exosome-nanoparticle hybrids.
Exosomes are nanoscale vesicles that are secreted by almost all kinds of cells and can be
loaded with a diverse range of biomolecules, including proteins, small molecules, and
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nucleic acids, making them a particularly useful drug delivery vehicles.[102] Compared to
synthetic nanoparticles, exosomes possess a number of desirable attributes such as, excellent
biocompatibility (since exosomes are produced by cells), long-term, stable circulation from
CDA47-mediated protection of exosomes from phagocytosis, and ability to cross through
various biological barriers, such as the blood-brain barrier.[103] Additionally, they retain the
membrane surface composition of progenitor cells, containing membrane proteins and lipids
that may facilitate direct contact between exosomes and target cells.

Moreover, exosomes can be engineered to express specific surface proteins that enhance
their targeting specificity. One group modified the surface of macrophage-derived exosome-
coated poly(lactic-co-glycolic acid) nanoparticles to express a peptide to target the
mesenchymal-epithelial transition factor (c-MET), overexpressed by triple-negative breast
cancer cells.[104] However, issues such as low production and isolation yield, heterogeneity
of isolated exosomes, and complexities in drug loading make it difficult to effectively scale-
up exosome production and thus, effect the translational potential of these drug delivery
vehicles.[105] To address these issues while leveraging the smart-targeting abilities of
exosomes, several groups have developed exosome-liposome hybrid nanoparticles.[106,107]
Lin and colleagues developed hybrid nanoparticles by incubating cell-derived exosomes
with liposomes that successfully loaded large nucleic acids (such as CRISPR/Cas9
expression vectors) and transfected MSCs.[108] By including cell-targeting moieties to
nanoparticle drug delivery vehicles, the future translation of gene editing technologies can
be greatly influenced.

Conclusions and Future Outlook

CRISPR allows researchers to direct development and disease using a precise, simple
modification of the genome. The simple two-component system has been engineered to
harness the potent Cas9 nuclease and its variable sgRNA counterpart to exemplify some of
the most basic biological concepts, primarily DNA base pairing. The advent of CRISPR also
highlights the utility of understanding, characterizing, and studying the mechanisms that
govern development and normal physiology in organisms other than humans.

While CRISPR holds great promise in transforming the advent of genome editing, its entire
potential cannot be fully harnessed until we develop the appropriate vehicles to efficiently
deliver CRISPR-related cargo. This review has highlighted various nanoparticle-mediated
delivery methods that have been developed to transport CRISPR components. The variety in
approaches developed serves to demonstrate there is not one singular approach to achieve
optimal delivery. Instead, each delivery method comes with its own set of advantages and
disadvantages; each must be modified and adapted for /7 vivo delivery applications. Delivery
vehicles must be developed so that they are biocompatible, safe, and efficient in transporting
CRISPR components to target cells. Our understanding of the circulation of these particles
in the body, their pharmacokinetic profiles /n vivo, and their systemic gene editing
capabilities is limited, and must be further characterized to develop more efficient vehicles
that address potential limitations of current nano-sized carriers.
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The intensity and pace of innovation for the development of CRISPR/Cas9 as a gene editing
tool is quickly gaining momentum, bringing together some of the brightest minds to
understand and unleash the full potential of this gene-editing platform. CRISPR is still in its
initial stages and its full capacity remains unknown, but the only way to explore this
uncharted territory is through properly addressing potential limitations in the development of
this technology. CRISPR may be gaining traction for completely re-envisioning genome
engineering; however, its true authenticity lies in its ability to demonstrate the limitless
possibilities of unrestrained curiosity, scientific collaboration, and simply put, science.
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Figure 1. Physicochemical properties of carrier systems.
Size, shape, and charge of nanoparticle systems are the key determinants which impact

cellular uptake, cell toxicity, immunogenicity, and the efficacy of the delivered cargo. a.)
Carrier size plays a key role in their diffusion profile, adhesion properties, and velocity
distribution, all which contribute to the uptake efficiency of particles. b.) Carrier shape
effects transport, degradation, internalization, clearance, and even targeting. Most
nanoparticles that are designed for intravenous delivery exhibit spherical geometry 10-100
nm in diameter. Particles > 200 nm accumulate in the liver and spleen, and are subsequently
cleared by reticuloendothelial system. c.) The surface charge of delivery systems also
influences circulation stability and uptake mechanisms by having effects on the molecular
interactions between carriers and their target cells, as well as subsequent downstream
intracellular events.
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a. Lipid-based delivery approaches
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b. Surface modification of lipid-based delivery systems for cell targeting
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Figure 2. Lipid-based strategies for the delivery of CRISPR/Cas9.
a.) Liposomes are the traditional lipid-based formulations capable of encapsulating both

hydrophilic and hydrophobic molecules. b.) To promote cell targeting, the lipid surface can
be modified with a ligand, such as an antibody, peptide, or aptamer to interact with the
receptors of target cells. c.) From the literature, a schematic diagram of the synthesis of
lipid-coated gold nanoclusters (LGCP) adapted from Wang et a/.[67] Specifically, the
HIV-1-transactivator of transcription (TAT) peptide was used to modify the surface of
cationic gold nanoclusters (GNs). The positively charged TAT-GNs and the negatively
charged Cas9 proteins and sgRNA plasmids were mixed to form a ternary complex (GCP).
GCP was further encapsulated in an anionic lipid shell (1,2-dioleoyl-3-
trimethylammoniumpropane (DOTAP)/dioleoyl-phosphatidylethanol-amine (DOPE)/
cholesterol, followed by post-modification with polyethylene glycol-phospholipids (DSPE-
PEG).[67]
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Figure 3. Polymeric-based strategies for the delivery of CRISPR/Cas9.

a.) Dendrimers and polymeric nanoparticles are the most common polymeric systems used
to deliver CRISPR/Cas9. b.) An example of the fabrication of liposome-templated hydrogel
nanoparticles (LHNPs) from the literature. Reproduced with permission from Chen et a/[69]

The core of LHNPs was formed by a polyethylenimine (PEI) hydrogel crosslinked by

cyclodextrin (CD)-engrafted PEI and adamantine (AD)-engrafted PEI. The shell consisted of
cationic 1,2-dioleoyl-3-trimethylammonium-propane chloride salt (DOTAP) lipids that were
selected for the delivery of genetic materials (/.e., minicircle DNA and Cas9 protein). To

improve cell uptake, LHNPs were conjugated with internalizing RGD (iRGD) and

mHph3targeting ligands.[69] c.) Another class of polymeric systems are those which are
stimuli-responsive or “smart” which respond by either swelling or collapsing in response to

pH, temperature, electric fields, pressure, or specific analytes/compounds.
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