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ABSTRACT: Genetic diseases present formidable hurdles in maintaining a good quality of
life for those suffering from these ailments. Often, patients look to inadequate treatments to
manage symptoms, which can result in harmful effects on the body. Through genetic
engineering, scientists utilize the clustered regularly short palindromic repeat (CRISPR)-
associated protein, known as Cas9, to treat the root of the problem. The Cas9 protein is
often codelivered with guide RNAs or in ribonucleoprotein complexes (RNP) to ensure
targeted delivery of the genetic tool as well as to limit off-target effects. This paper provides
an overview of the current advances made toward the encapsulation and delivery of Cas9 to
desired locations in the body through encapsulating nanoparticles. Several factors must be
considered when employing the Cas9 system to allow gene editing to occur. Material .
selection is crucial to protect the payload of the delivery vector. Current literature indicates S
that lipid- and polymer-based nanoparticles show the most potential as delivery vessels for
Cas9. Lipid nanoparticles greatly outpace polymer-based nanoparticles in the clinic, despite
the benefits that polymers may introduce. When developing translatable systems, there are
factors that have not yet been considered that are relevant to Cas9 delivery that are highlighted in this Viewpoint. The proper
functioning of Cas9 is dependent on maintaining a proper internal environment; however, there are gaps in the literature regarding
these optimal conditions. Interactions between charges of the Cas9 protein, codelivered molecules, and delivery vehicles could
impact the effectiveness of the gene editing taking place. While the internal charges of nanoparticles and their effects on Cas9 are
presently undetermined, nanoparticles currently offer the ideal delivery method for the Cas9 protein due to their adequate size,
modifiable external charge, and ability to be modified. Overall, a cationic lipid-/polymer-based nanoparticle system was found to
have the most prospects in Cas9 delivery thus far. By understanding the successes of other systems, translatable, polymer-based
delivery vehicles may be developed.

1. INTRODUCTION joining (NHEJ) that results in frameshift mutations and
potential gene knockouts.” NHE] requires single-guide RNA
(sgRNA) developed as a fusion of CRISPR RNA (crRNA) and
trans-activating crRINA (tracrRNA),° to introduce double-
stranded breaks.” With the addition of a template or donor
DNA to Cas9 and gRNA, the Cas9 system is capable of
homology-directed repair (HDR), which could lead to gene
correction.” Through this genome-editing technology, diseases
and cancers caused by genetic irregularities have the potential
to be irradicated.® However, the function of Cas9 is dependent
on the ability to effectively deliver the protein in vivo, which is
challenging. Cas9 is a 160 kDa protein, isolated from the
CRISPR system in the Streptococcus pyogenes bacterium,
making Cas9 xenogeneic?’10 Thus, Cas9 elicits an immune
response in human application.”'? Its large size can limit in

Despite the vast bioinformatic knowledge now available on
disease pathophysiology and genetic causes with the success of
the Human Genome project, patients with genetic diseases are
still suffering from a lack of treatment options. Patients often
turn to subpar approaches that mainly treat symptoms and can
harm the patient’s body with off-target side effects. Instead of
treating symptoms, therapeutic approaches should aim to
correct the genetic defects. Unfortunately, the number of novel
gene-editing tools developed in the past decade aimed to
correct genetic defects has greatly outpaced the ability to
effectively deliver them into diseased cells.

Consequently, researchers look to the Cas9 protein, which is
a clustered regularly interspaced short palindromic repeat
(CRISPR)-associated endonuclease utilized to alter genomic
information in the human body to engineer therapeutic —
responses.l’2 It is important to note that Cas9 is not the Received: August 18, 2021 i ":L'E
only beneficial CRISPR system for gene editing, with other Accepted:  November 17, 2021 '
types of CRISPR-associated proteins being reviewed exten- Published: November 22, 2021
sively elsewhere.”* However, Cas9 has the most simplistic
development, optimization, and application for human genome
editing. CRISPR-Cas9 can participate in nonhomologous end
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vivo transport and prohibit cellular internalization.'’ Simulta-
neously, different areas of the body have various physiologies in
vivo® which are capable, in varying capacities, of degrading
Cas9.

While the body maintains a relative blood pH level of 7.4,
other body fluids have different pHs.'*~'* The blood relies on
hemoglobin and albumin to maintain a strict pH. However,
interstitial fluids depend on weak buffers, such as phosphate
and bicarbonate, so their pH is more variable than that of
blood.'"** Furthermore, strenuous exercise leads to the
production of lactic acid which in turn causes body fluid
acidosis.'"'* If the Cas9 protein interacted with fluids or
tissues other than the blood, it could cause degradation. To
function in the human body, the Cas9 protein must overcome
these biological challenges and more, including the blood and
cellular barriers, variation in pH throughout the body, and the
reticuloendothelial system (RES) which removes foreign
material. An alternative approach to modifying Cas9 to endure
conditions in vivo, which could alter performance, is to
encapsulate the protein in targeted nanoparticles (NPs) to
ensure efficient delivery to the target site. Self-assembled NPs
have already demonstrated their potential to encapsulate,
protect, and deliver high molecular weight proteins."”~"
Because of this, self-assembled NPs are a promising starting
point for the delivery of Cas9. Acknowledging the presence of
many recent review papers on CRISPR-Cas9 use in vivo,” 7
in this Viewpoint we focus on analyzing the large parameter
space available for nonviral delivery of Cas9 as a gene-editing
technology. We highlight areas where the field of encapsulating
nanoparticles needs to focus to increase the likelihood of
clinical translation. To deliver the Cas9 protein in NPs, one
must consider material, internal environment, charge—charge
interactions, and physical constraints. This Viewpoint aims to
critically analyze the current literature and provide consid-
erations for the design of systems to encapsulate Cas9.

2. TYPES OF CAS9 FOR DELIVERY

Researchers are also investigating multiple types of Cas9
delivery mechanisms, including Cas9 ribonucleoprotein
complexes (RNPs), which consist of Cas9 complexed with
sgRNA, Cas9, and sgRNA independently or plasmid-based
Cas9 to be used as a part of the CRISPR-Cas9 system to edit
DNA in vivo”" (Figure 1). Without donor DNA, all types of
Cas9 can participate in NHE]. However, HDR is possible via
Cas9 with the addition of donor DNA, which has additional
encapsulation challenges due to the large size and highly
charged nature of DNA.

Plasmids are used to deliver Cas9, by integrating the protein
into their structure.” They are cost-efficient and have higher
stability than messenger RNA (mRNA) and sgRNA. However,
the efficiency of gene editing is restricted by the vector’s ability
to reach the nucleus of the target cell, which means passing
through the cell and nuclear membranes.'”**** Plasmids can
be constructed quite easily and can be modified, which makes
them a good vector for Cas9.”* One study found that utilizing
plasmids to deliver payloads could lead to longer expression
times in vivo because plasmid DNA is relatively stable.””
However, increased expression time could also lead to harmful
immune responses because plasmids can carry bacterial
expression promoters which do not interact well with
mammalian cells.”* Another study found that a plasmid-
based system is more stable than a combined system of just
Cas9 mRNA and sgRNA, due to the poor stability of mRNA.>

1577

Non Homologous End Joining (NHEJ

+U]

SGRNA

Homology Directed Repair (HDR)

Cas9 Protein

OR

e

Cas9 RNP

OR

Donor DNA

Plasmid —

Figure 1. Types of Cas9 encapsulated in nanoparticles for delivery
and their corresponding gene repair mechanisms. All types can lead to
NHE] after double-strand breaks, but the codelivery of donor DNA
allows for HDR to occur. Figure made with Biorender.

One issue with using plasmids for in vivo studies is they begin
gene editing slower than proteins and mRNA because the Cas9
plasmid DNA must be first transcribed into mRNA to be§in
the process, which may slow down treatment time.****
Furthermore, delivery of plasmids with Cas9 DNA tends to
experience off-targeting more than other delivery methods that
directly deliver the Cas9 protein.””~** Plasmid DNA has also
been found to have a half-life of around 10 min when injected
into mice, which likely does not leave enough time for the
payload to reach the nuclei of target cells to begin editing.”*
Although plasmids have been explored as favorable vectors for
CRISPR-Cas9 delivery, the possibility of a negative immune
response and slow gene editing presents considerable
challenges for use. The benefit of delivering Cas9 in an RNP
form or using mRNA is that it only needs to be delivered to the
cytoplasm, as this is where translation will occur, instead of
DNA methods which requires nuclear delivery, which can be
extremely challenging.S All types of Cas9 (Figure 1) have
effectively been encapsulated and delivered using nanoparticles
with various materials, discussed in detail below.

3. DESIGN OF CAS9-ENCAPSULATING
NANOPARTICLES

3.1. Material Selection. A major makeup of the NP
system is the material. When selecting effective materials for
encapsulation and delivery of Cas9, it is important to analyze
the large potential parameter space (Figure 2) with the end
goal in mind: a delivery vehicle to encapsulate Cas9 and
decrease any potential detrimental interactions between the
material makeup of the NP system and the protein. Polymeric
systems are currently being outpaced by lipid-based systems
with respect to translation to the clinic, as observed with the
availability of Doxil since the late 1990s and now the COVID-
19 vaccine” (Figure 3). Despite this fact, polymers have a
greater translation potential in the encapsulation and delivery
of targeted gene-editing technology. Gene-editing tools, such
as CRISPR-Cas9, need to be precisely delivered to the target
site to minimize off-targeting effects. Lipid-based systems are
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Figure 2. Schematic of the large parameter space available when designing Cas9-encapsulating nanoparticles. Delivery of Cas9 requires special
consideration of encapsulating material, with many options available and being explored preclinically, highlighted above. Attention needs to be paid
to therapeutic payloads, where Cas9 protein and the multiple RNAs required can be delivered separately or together in an RNP. Simultaneously,
targeting ligands, peptides, or antibodies are needed to reach the intended target. Additional polymer can be incorporated to increase the stability
and circulation time, and fluorophores can be incorporated for nanoparticle tracking. Finally, material selection and therapeutic delivery aids can
dictate the delivery route into the cell, where electroporation can be used in culture and endocytosis, and ligand-based entry can be used in cell
culture and in vivo. Finally, the nanoparticle needs to be able to enter the nucleus, where gene editing can occur. Figure made with Biorender.
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Figure 3. Nanoparticle approvals by material type. Republished with
permission from Bioengineering & Translational Me(_iicine, First
published: 08 August 2021, DOI: 10.1002/btm2.10246.>° CC by 4.0.

notoriously leakier than polymer-based systems,”® which could
be detrimental to the ultimate health of the patient if payloads
are released at unintended sites. Polymer-based systems could
benefit from understanding the successful nanoparticle delivery
vehicles created for Cas9 thus far. Integrating this knowledge
with stimuli-responsive, stable polymer-based nanoparticles
could build toward translatable nanotechnology. This section
will examine the prominent nonviral vectors to transport Cas9,
highlighting the benefits and drawbacks of each, also

summarized in Table 1.
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Gold Nanoparticles (AuNPs). Although gold nanoparticles
(AuNPs) do not encapsulate Cas9 for delivery, they have been
the most used transport vector thus far and warrant
comparative discussion to encapsulation techniques. AuNPs
are inorganic, modifiable, biocompatible, and versatile.*”**
Researchers can dictate the size of the NPs, which drives the
ultimate fate of the AuNP, with small NPs being easily taken
up by the kidneys and larger NPs being processed by
macrophages and the liver.”” > AuNPs also can be easily
conjugated with molecules that allow for easy click addition of
targeting peptides to direct delivery and fluorescent molecules
to track delivery.”"*® Furthermore, AuNPs can be modified
with targeting ligands to cross the blood—brain barrier (BBB),
which makes delivering the Cas9 protein to brain tissue
possible, as shown in Table 1.33* However, naked AuNPs can
be endocytosed into cells, so additional modifications are not
required.”” Another significant benefit is that AuNPs can have
proteins and nucleic acids bound to the surface, which allows
for more diverse loads.*** Glass et al. note that AuNPs can
deliver small drug molecules like DNA and RNA, as well as
large molecules, like proteins.”” Pissuwan et al. found that
AuNPs may be capable of binding photoactivated ligands to
their surface, thus allowing for photoactivated drug release.”
Additionally, Ding et al. describe AuNPs as tunable vectors for

https://doi.org/10.1021/acsmacrolett.1c00538
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nucleic acids because they can maintain multifunctional
surfaces which allow for multiple payloads, such as targeting
agents and drugs to bind simultaneously.”

Despite their potential benefits, the modification of the
AuNPs can cause the binding of Cas9 to be unstable.”” Lee et
al. investigated the binding tendencies of Cas9 RNPs to
unmodified AuNPs and found that the adsorption was possible
but temporary as it did not survive several rounds of washing.*®
On the other hand, the group notes that binding Cas9 RNP to
AuNPs, using DNA—thiol to complementarily attach donor
DNA, led to increased binding stability. This allowed them to
delete targeted genes in Ai9 mice in which successful deletion
of a gene leads to expression of red fluorescent tdTomato
protein after intramuscular injection.35 From this, one can
deduce that different modifications made to the AuNPs can
have varying results in terms of Cas9 binding stability.

Likewise, AuNPs can also cause cell toxicity, depending on
their size and attached ligands. Sizes ranging from S to 10 nm
tend to accumulate in organs and are difficult to be
metabolized by the liver and kidney.””*® When looking at $
and 10 nm PEGylated AuNDPs, there was a decrease in white
blood cells, indicating an inflammatory response.””** Although
AuNPs are thought to be nontoxic vectors for drug delivery,
one group found that 10 and 60 nm AuNPs demonstrated
higher cell toxicity than those of sizes 5 and 30 nm.”® Other
studies note the importance of the ligands bound to the
AuNPs.*>*? Specifically, the toxicity of cationic ligands in vitro
could lead to cell death in vivo if bound to AuNPs.”” Due to
the lack of concrete toxicity classifications of different-sized
and ligand-bound AuNPs, their effect on cell death cannot be
concluded. Although AuNPs have been the most extensively
explored delivery vehicle for Cas9 RNPs thus far, the surface
binding of Cas9 RNP is not ideal and could lead to a loss of
expensive therapeutic payload. Because of this, delivery tools
that have the potential to encapsulate and protect Cas9 have
begun to be explored.

A novel system made up of AuNPs and gold nanoclusters
(AuNCs) has been used to encapsulate and deliver Cas9. Ju et
al. created a AuNC delivery vehicle with diameters of ~104 nm
made up of gold and Cas9 that cluster together in a pH 7.4
environment, mimicking physiologic pH. In an acidic environ-
ment of pH 4.5, AuNCs begin to fall apart due to partial
protonation of surface carboxylic groups, leading to release of
the Cas9. Upon incubation with AuNC—Cas9 (ratio 20:1) and
sgRNA designed to knockout E6 oncogene, 13.81 and 19.3%
of HeLa cervical cancer cells were induced with early and late-
stage apoptosis, respectively. Left unclear is information on
precisely how sgRNA was codelivered with AuNC—Cas9,
leaving open the question of potential systemic codelivery,
where free sgRNA would not have a sufficient half-life for
independent therapeutic delivery."” Another study looks at
codelivery of gRNA with Cas9 in plasmid form via AuNCs,
which facilitates nuclear delivery. Protamine-capped AuNCs (d
= 1.56 nm) exhibited a positive charge, which allowed for
complexation with negatively charged DNA and effective
delivery into U20S human osteosarcoma cells. When using
U20S.GFP cells and delivering Cas9 and gRNAgggp, an indel
rate of 29% was observed, indicating effective gene editing.41
Together, these papers show the potential of AuNCs to
combine the beneficial properties of AuNPs with the
protection provided by encapsulation. Major concerns are
still associated with the use of gold in NP formulations,
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including their potential toxicity and concerns regarding
clearance from the target tissue.

Lipid Nanoparticles. Lipid NPs (LNPs) are popularly used
vectors for drug delivery because they have many desirable
properties, such as easy production, little to no immune
response, tunable design, and large carrying capacity.*” Lipid
NPs are made of components ranging from fatty acids and
phospholipids to solid lipids, and they are easy to
manufacture.”** Furthermore, the size of LNPs can be
modified to allow for larger payloads, such as Cas9.*> Another
attractive factor to consider is that lipid-based drug delivery
systems have been well studied, so their fundamental
properties are thoroughly known.** Additionally, many studies
exploring lipid NPs delivering Cas9 RNP have been published,
as highlighted in Table 1, demonstrating potential applicability
as drug delivery vehicles after further studies in large animal
models and clinical trials.”’

In a study performed by Mullard et al., CRISPR-Cas9 was
encapsulated with an RNA construct inside of a lipid
nanoparticle, known as NTLA-2001. These NPs were
introduced to patients with ATTR amyloidosis, which causes
an abundance of the transthyretin protein (TTR) to build up
in specific tissues including the heart, nerves, and digestive
system. CRISPR-Cas9 with RNA construct was able to
introduce frameshift mutations into TTR in liver cells in
vitro to inhibit production of the mutated protein.”> In the
phase 1 clinical trial, data reported by Gillmore et al, six
patients were treated with a single infusion of either 0.1 mg or
0.3 mg per kg of NTLA-2001, and by day 28, their TTR serum
levels had fallen by 52% on the low dose and by 87% on the
higher dose with minimal side effects. This treatment study is
currently looking into mouse and monkey models and
recruiting patients for a higher dose to further study the
long-term effects and safety for human patients.* Although
this trial utilizes one type of lipid NP, there are several other
kinds that have shown promise. Also targeting TTR as an
amyloidosis treatment, Finn et al. developed a biodegradable
lipid that they integrated into a PEG-supported lipid
nanoparticle called LNP-INTO1. Co-encapsulated Cas9
mRNA and sgRNA designed for the mouse (TTR) gene in
LNP-INTO1 were injected through the tail vein of female CD-
1 mice. A single injection led to robust gene editing effects,
with >97% knockdown of serum TTR levels that remained
stable for 52 weeks. This likely resulted due to the ~72% DNA
editing observed across the liver, indicating the trafficking of
LNP-INTO1 to the liver while maintaining Cas9 mRNA and
sgRNA activity."” These initial results indicate that CRISPR-
Cas9 can edit cells to treat genetic disorders when placed in
lipid NPs.

In a study performed by Yin et al., a specific Fah mutation in
mice was able to be repaired using lipid nanoparticles to deliver
Cas9 mRNA paired with sgRNA through the mechanism of
HDR. A vector was designed using an adeno-associated virus
(AAV) and an HDR template which contained a 1.7 kb
sequence homologous to the Fah genomic region that was
being targeted. Cas9 mRNA nanoparticles (nano.cas9) were
delivered with the AAV-HDR to prove that the Fah mutation
was corrected and showed Fah splicing was restored in more
than 6% of hepatocytes in the adult mouse liver. Overall, this
treatment was well-tolerated in the mouse models and fully
rescued body weight loss and liver damage in tyrosinemia
mice. It was also noted that the efficiency of gene editing
depends on the dose of Cas9 mRNA as well as sgRNA and that
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further improvement of HDR efficacy may be seen by
optimizing the HDR template design and inhibition of the
NHE] pathway.”® This shows that LNPs are capable of
encapsulating template DNA with Cas9, allowing for
participation in gene correction. LNPs are also capable of
being specifically targeted to disease sites.

Successful HDR has also been seen in a recent study
performed by Farbiak et al. where Cas9 mRNA, single-guide
RNA, and donor DNA were encapsulated in dendrimer-based
lipid nanoparticles (dLNPs). The success of editing was
quantified and found to edit >91% of all cells with 56% HDR
efficiency in vitro and >20% HDR efficiency in xenograft
tumors in vivo. In some genetic disorders HDR is a preferred
approach, as NHE] could get rid of previously existing activity
in partially active proteins. Instead, double-strand breaks
(DSBs) induced through HDR can be repaired when it is
close to an endogenous DNA sequence which is typically
known as donor DNA. Because of this, HDR has more
requirements than NHE] systems, leading to its limited
advancement for future studies. However, Farbiak et al.
showed that RNPs can find a target sequence within DNA
where the sgRNA can bind using antiparallel complementarity
and can then cleave the DNA, inducing a DSB. The ssDNA
HDR donor template is then copied and added into the
genomic DNA. This dLNP system was able to be optimized by
using degradable, ionizable dendrimer-based lipids that can be
positively charged at low pH so that RNAs bind during self-
assembly. At neutral pH these lipids are uncharged to reduce
toxicity but able to be positively charged again at the maturing
endosome pH to facilitate endosomal release which has
contributed to its success.”’

The effect of small changes to lipid structure making up
LNPs is highlighted in a novel selective organ targeting
(SORT) approach, where the addition of permanently cationic
lipids to 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP)-based LNPs (concentrations of 5 to 100% of total
lipids) targets delivery of mRNA or Cas9. SORT LNPs were
designed to gene edit phosphatase and tensin homologue
(PTEN), as a tumor suppressor, with encapsulated Cas9
mRNA and sgRNA for PTEN. SORT LNPS with 20%
DOTAP led to 13.9% indels in the liver but not at all in the
lung or spleen, while 50% DOTAP led to 15.1% indels in the
lung exclusively.’® Another study by this research group
highlights the effectiveness of CRISPR-Cas9 delivery to
targeted organs using multicomponent lipid nanoparticles
(iPLNPs). iPLNPs are composed of multitailed ionizable
phospholipids (iPhos), N-methyldioctadecylamine, cholesterol,
and 1,2-dimyristoyl-rac-glycero-3-methoxy (PEG-2000)
(25:30:30:1 mol/mol). Cas9 mRNA and sgRNA were
codelivered using different lipid configurations of 9A1P9-
SA2-SC8 and 9A1P9-DDAB iPLNPs in Ai9 mice to activate
the tdTomato protein and investigate whether the iPLNPs
could be used for SORT. 9A1P9-5A2-SC8 iPLNPs were found
to gene edit in the liver tissue by confocal fluorescence
microscopy, while 9A1P9-DDAB iPLNPs enabled gene editing
in the lungs, demonstrating the system’s ability to gene edit via
SORT.”" This SORT approach is promising toward more
targeted delivery of Cas9, limiting off-targeting DNA editing
effects that can be detrimental to human health over time.

One type of self-assembled lipid NP is the liposome.
Liposomes are artificial vesicles formed in aqueous solution by
amphiphilic lipids spontaneously creating a lipid bilayer.”>*
They are popularly studied as delivery vectors for CRISPR-
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Cas9.”® These NPs are composed of a bilayer to allow for
hydrophilic and/or hydrophobic drug encapsulation.” Fur-
thermore, positively charged bilayers could allow for the
encapsulation of negatively charged nucleic acids, such as
mRNA.” These positively charged lig)osomes can also cross the
negatively charged cell membrane.” A potential drawback of
using liposomes is their weak stability, which could result in
lower circulation time in vivo.”>* However, this can be slightly
mediated through the addition of polyethylene glycol (PEG), a
polymer commonly added to increase circulation times of
liposomes.””>* Zhen et al. note that positively charged
liposomes with PEG can deliver CRISPR-Cas9 in vivo.”> The
location of delivery is not specified. However, injecting
PEGylated liposomes multiple times can lead to accelerated
blood clearance of the NP, which reduces the effects of the
treatment over time.> Therefore, there need to be more
studies conducted regarding PEGylated liposomes to avoid this
phenomenon.

Zwitterionic amino lipids (ZALs) can be used to make
organic-lipid-based NPs that can codeliver long RNAs with
Cas9 mRNA and sgRNA.””** ZALs are char;ed liposomes
with zwitterionic sulfobetaine head groups.”” These ZAL
nanoparticles (ZNPs) bound to PEG have properties that
allow them to evade harmful immune responses in vivo, thus
increasing possible circulation time.”*** A study done by
Miller et al. found that CRISPR-Cas9 gene editing was enabled
by codelivering Cas9 mRNA and sgRNA in vivo using
ZNPs.””***7 The team observed the expression of tdTomato
in the kidneys, lungs, and liver of their engineered mice due to
the intravenous delivery of ZNPs, although a specific target was
not mentioned.”” A drawback of utilizing ZNPs is their
inability to optimally codeliver mRNA and sgRNA, due to the
nucleic acids’ different rates of reactions which result in the
RNAs being effective at varying time intervals.”” The team
notes that mRNA takes a longer time than sgRNA to induce
change as it is longer and needs to be translated.”’”
Consequently, Miller et al. concluded that effective gene
editing would require the ZNPs to contain a ratio equal to or
higher than 3:1 of mRNA:sgRNA.”’

Researchers have also explored hybrid lipid NPs such as
exosomes—liposomes. Exosomes are small vesicles secreted by
cells and have a high enough stability to function in different
body fluids.”’~>” Furthermore, they are small enough to avoid
phagocytosis and can deliver nucleic acids, lipids, and
proteins.””*” They can also cross the BBB and placental
membrane because they contain the same membrane of the
cells they were excreted from, which means they contain native
proteins and do not require any extra modifications.’”*’
Additionally, exosomes can stay in circulation long enough to
deliver target drugs and can cross through the vascular
endothelium.’® However, as a consequence of their small size,
exosomes cannot encapsulate large molecules such as Cas9,
motivating the creation of exosomal—liposomal hybrid lipid
NPs.****” Lin et al. report that the incubation of exosomes
with liposomes for 12 h led to an effective combination based
on analysis of size distributions of the hybrid NPs and Western
blots, which showed traces of exosomal markers in the hybrid
NPs.>” These hybrid vectors were able to deliver CRISPR-
Cas9 and also be endocytosed by mesenchymal stem cells.”
However, utilizing hybrids has some drawbacks. For example,
liposomes are much larger than exosomes, causing hybrids to
have reduced trans-membrane delivery because they cannot
cross as many barriers as independent exosomes.”® Further-
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more, synthetically created liposomes have different composi-
tions than exosomes, which have the possibility of producing
cytotoxic and immunogenic responses.

There has been much progress made in developed liposomal
drugs that can be delivered in vivo. In their 2019 publication,
Mukherjee et al. note that 16 liposomal drugs have been
approved for human use.” However, none of the Food and
Drug Administration (FDA)-approved liposomal drugs have
demonstrated higher patient survival when compared to the
free drugs.” Although LNPs have their own set of advantages,
such as exosomes—liposomes being able to cross crucial
barriers, they also have setbacks, such as liposomes having low
circulation times, that need to be further studied to overcome.
Due to this, vectors that can cross essential barriers and
maintain high circulation times have been gaining interest as
potential carriers for Cas9 delivery systems. It is also important
to note that clinically successful lipid NPs typically involve the
use of polymer PEG to increase circulation half-life and in vivo
stability.

Polymer Nanopatrticles. Here, we specifically discuss self-
assembled polymeric nanoparticles that can be created through
the self-assembly of amphiphilic copolymers and allow for
encapsulation of hydrophobic and hydrophilic drugs. However,
some polymeric NPs may be synthesized using hydrophobic
polymers alone. Furthermore, these self-assembled polymer
nanoparticles can aggregate into different structures, including
polymersomes and micelles, which can serve various purposes
depending on the design.” Various targeting ligands can be
attached to the exterior using modular bioconjugation
approaches, enabling targeted delivery.””>” These NPs are
gaining popularity because they can effectively protect
payloads and stabilize DNA.>”°"** Additionally, some of
these self-assembled polymer NPs have the potential for
sustained drug release and long circulation time due to their
core—shell structure, which make them desirable vectors for
drug delivery in vivo.”” Polymeric NPs can also avoid triggering
immune responses in the body when the surface is comprised
of PEG, which is hydrophilic and has low toxicity.”®>**>**
Polymer NPs have some clear categorical benefits, and due to
the wide variety of polymeric materials available, they can also
be created to respond to specific disease conditions.

Synthetic polymers can be selected that respond to various
relevant biologic stimuli that can be associated with
pathophysiologic changes: pH-responsive, enzyme-responsive,
temperature-responsive, and redox-responsive polymers fall
into this category. Synthetic polymers can also be selected to
respond to external stimuli that can be applied to a target area,
including ultrasound and light.*”*>~%® Natural polymers such
as chitosan, fibrin, and alginate have their own attractive
qualities including being abundant, cheap to obtain, and easy
to alter.””~®° Chitosan is a derivative of chitin, which is one of
the most abundant polysaccharides.”® This polysaccharide is
nontoxic, cheap to obtain, biocompatible, and biodegrad-
able.”””” Fibrin is a monomer of fibrinogen, which plays a
prominent role in coagulation in the body during wound
healing and has been used for delivery of payloads in vivo.* It
demonstrates slightly acidic properties under specific con-
ditions for certain applications and can interact with positively
charged proteins.”’ Alginate is a negatively charged poly-
saccharide that is biodegradable and biocompatible, making it
applicable for in vivo deliveries.** Due to its preparation in
moderate conditions, alginate NPs can be loaded with proteins
that are sensitive to heat.”” Furthermore, alginate has been
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shown to be able to protect proteins and peptides in the
stomach’s acidic conditions.*’

Polymers can be used as a coating that encapsulates Cas9 in
a deliverable, effective form, providing protection. In 2019,
Chen et al. reported the development of nanocapsules (NC)
with a diameter of 25 + 6 nm made from a glutathione-
cleavable cross-linked polymer that encapsulated Cas9 RNP.
When injected in Ail4 mice using two local routes of
administration, gene editing was observed. When NCs were
bound to ATRA, a known ligand for a major protein that
traffics to the retinal pigment epithelium and injected
intraocularly, a significant increase in fluorescence expression
was observed and quantified as an increase in fluorescent area
to >4% of the tissue. Ail4 mice were also injected with NCs
intramuscularly, which had a less dramatic gene editing effect,
quantified by a >2% fluorescence expression in the injection
site. Clearly, this paper demonstrates that local administration
of encapsulated Cas9 can lead to gene editing, but the paper
was lacking in quantification of in vivo gene edits.”’ Synthetic
and natural polymers have been used to create self-assembled
polymer NPs including polymersomes and micelles.

Polymersomes are NPs created through the self-assembly of
block copolymer amphiphiles with a hydrophilic fraction
between 25 and 40%, which allows them to have hydrophobic
and hydrophilic regions for drug loading.”’~** The structure of
polymersomes consists of an aqueous interior and brush and a
polymer bilayer that can be adjusted to a desired size throug7h
adjustment of the hydrophobic block molecular weight.'*”"
The polymers utilized in polymer synthesis can be synthetic or
natural, as stated above; therefore, the biocompatibility of the
material must be considered.'#*° Although polymersomes have
been in use for less than a decade, they are still a popular
method for drug, protein, and nucleic acid delivery.'***"'~7>
They demonstrate several useful properties for use in vivo, such
as higher stability and lower fluidity than liposomes due to
their bilayer membrane, long circulation time due to minimal
nonspecific adhesion to cells, and the ability for controlled
release due to their low permeability.'***”"”> Another benefit
of utilizing polymersomes is their tunability as a result of their
synthesis using block copolymers; their structure, size, surface
properties, and function can be adjusted to fit the desired
parameters.'#*®”"7* Polymersomes can also be synthesized
with an outer shell which helps them avoid the RES and
protects their payloads.”” Despite the potential, there are
currently no studies about polymersomes delivering Cas9 in
vivo.

Abbasi et al. created polyplex micelles with PEG and
poly(N’-(N-(2-aminoethyl)-2-aminoethyl) aspartamide), in
which they were able to encapsulate Cas9 mRNA and
sgRNA. The presence of PEG was important for proper
diffusion in the brain tissues after intracranial injection;
therefore the materials used for the synthesis of micelles
must be considered for efficient gene editing to take place.”*
They found that loading the Cas9 mRNA and sgRNA together
actually improved the stability of the sgRNA when compared
to polyplex micelles loaded with sgRNA alone. The increased
stability is attributed to the presence of two RNAs taking up
more space than a single RNA.”* Furthermore, the team
injected the polymeric micelles in the frontal lobe of Ai9 mice
and found that the polyplex micelles with Cas9 mRNA and
sgRINA enabled the most gene editing as observed through the
expression of the tdTomato protein in neurons, astrocytes, and
microglia, which demonstrates the translatability of their
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micelle—Cas9 system.”* The qualitative data were collected
through microscopy and were quantified by calculating the
area of pixels fluorescing red, indicating tdTomato expres-
sion.”*

Tan et al. created three polycationic micelles composed of
poly[ethylene oxide-b-2-(dimethylamino) ethyl methacrylate-
b-n-butyl methacrylate] (PEO-b-PDMAEMA-b-PnBMA) with
increasing PEO lengths from S to 10 kDa and a fourth sample
with no PEO.” These micelles were complexed with the Cas9
protein and gRNA.” Cas9 and gRNA were successfully loaded
into the micelle polyplex NPs, demonstrated by dynamic light
scattering (DLS) and cryogenic electron microscopy.”> They
also noted that the micelles with PEO length of 10 kDa
performed the best gene editing in an engineered HEK 293T
TLR cell line (human embryonic kidney cells) when compared
to the other micelles.”> The addition of cationic charges to
polymeric NPs is beneficial in aiding cellular penetration, as
was observed by Luo et al. Cationic lipid-assisted PEG-b-
poly(lactic-co-glycolic) (CLAN) nanoparticles formed via film
rehydration effectively delivered Cas9 plasmids in vitro to
macrophages and monocytes, observed via Western blot.
CLAN encapsulated with Cas9 plasmid with an additional
sgRINA sequence targeting Ntnl was injected through the tail
vein of C57BL/6 mice. This led to an indel frequency as high
as ~30% in monocytes and macrophages specifically,
indicating the in vivo translatability of this polymer NP
technology.”

Lao et al. developed micelles made from thermoresponsive
Pluronic F127 and quaternary ammonium-terminated poly-
(propylene oxide) (F127/PPO-NMe;) micelles to deliver
Cas9 plasmids and a gene-editing enzyme Natronobacterium
gregoryi Argonaute (NgAgo) to inhibit the human papilloma-
virus (HPV) E7 oncogene in HeLa cells. They note that the
micelles effectively delivered the Cas9/NgAgo and hindered
the HPV18-E7 oncogene in vivo and in vitro, thus slowing the
progression of HPV-linked cancer.”” Although the micelles
show promise, the team mentions that there was not significant
E7 inhibition, which they attributed to the presence of
NgAgo.”” The publications above have proven micelles to be
capable of encapsulating/complexing and delivering Cas9 in
vitro and in some cases in vivo. From their versatility to
biocompatibility, micelles have great potential as Cas9 vectors.

Polymer NPs can also be used in HDR-type editing. Nguyen
et al. have discovered ways in which HDR templates can be
modified to improve their efficiency. For example, truncated
Cas9 target sequences (tCTSs) were added to the ends of the
HDR template which interacted with the RNPs to help
transport the template to the nucleus. Also, stabilizing Cas9
RNPs into nanoparticles with polyglutamic acid not only
enhances gene editing but also reduces toxicity and enables
lyophilized storage without loss of activity. A combination of
these two modifications was shown to improve gene-targeting
efficiency even at reduced HDR template doses tested in
various cell types. In the end, improvements to HDR efficiency
were found to be dependent on the use of nuclear localization
sequences in the Cas9 RNP, along with the use of gRNA and
preincubation of the Cas9—NLS RNP with the tCTS-modified
HDR template to prove enhanced genome targeting efficiency
without requiring modification of the protein or gRNA itself.”®

The papers discussed in this section demonstrate how the
use of polymeric materials to encapsulate Cas9 provides the
benefits of chemical versatility, decreased leakiness, loss of
payload, and increased circulation time.'* However, the self-
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assembled polymeric material field is plagued by a lack of high-
quality scaleup production practices, limiting the number of
particles that can be created for any given system.”’

3.2. Internal Environment. Another crucial aspect to
examine when encapsulating Cas9 is the internal environment
within the NPs (Figure 2) because the integrity and
functionality of the protein must be maintained throughout
delivery. As shown in Figure 2, different molecules can be
coencapsulated with Cas9; therefore, their interactions should
be studied to avoid degradation. Ideally, the environment
should not degrade Cas9 or any other protein/nucleic acid in
the NP to ensure safe delivery. The pH of the buffer and
solvents used for NP formation and encapsulation have a clear
effect on Cas9 stability and behavior. Wei et al. examine the
benefits of utilizing phosphate buffer saline (PBS) and ethanol
when making NPs for Cas9 delivery.”' Using dialysis against
PBS which has a neutral pH, NPs are able to self-assemble
without an extreme pH.”' The study suggests that using
neutral buffers instead of acidic buffers in the protocol for
producing NPs will prevent the breakdown of the Cas9
protein.”’ Furthermore, Wei et al. found that Cas9 RNP loses
its structure in acidic buffers, which increases the molecular
size of the complex from 10 nm to around 150 nm and makes
it difficult to encapsulate.”’

Another major factor to consider with NP preparation for
Cas9 delivery is storage temperature. A company that sells the
Cas9 protein, Integrated DNA Technologies, notes that the
molecule should be stored at —20 °C to maintain
functionality.”® They note that storing the protein at such a
low temperature slows degradation and allows it to be
functional for at least 2 years.”” A few studies determined
Cas9 proteins acquired from different bacteria would have
different thermal limits.””** The Cas9 protein from Strepto-
coccus pyogens bacteria was characterized as not being
functional at or under 42 °C.*' On the other hand, researchers
found that the Cas9 protein found in Geobacillus thermodeni-
trificans is functional between 20 and 70 °C.*" Depending on
the origin of the Cas9 protein and its modifications, the protein
could likely be functional at different temperatures and
environments. Currently, there is a literature gap regarding
the optimal conditions for Cas9.

As a result of researchers already gathering data on the Cas9
protein functionality and forging ahead to clinical applications,
they have not identified the fundamental conditions in which
Cas9 can function. This could ultimately be detrimental when
translating to clinical application, as storage and solvent
conditions are of pivotal importance as seen with the COVID-
19 vaccine.>® There is limited information about the storage of
the Cas9 protein and the buffers it can exist in. Consequently,
one may look to general protein storage conditions to apply to
Cas9. For short-term storage (2—4 weeks), proteins can be
kept at 4 °C in a simple buffer solution.**™*° For longer-term
storage (1 year), proteins can be stored at —20 °C in 25—50%
glycerol, ethylene glycol, simple phosphate, or Tris buf-
fers.**~*> All of these solutions have pH values near 7, which
indicates they are neutral.*>**~*" It is also known that proteins
should not be exposed to hypertonic salt solutions for long
periods of time, as plasmolysis could lead to damage.”® Future
studies on the environment needed to maintain Cas9 structure
and function are of pivotal interest to the field when translating
to clinical nanoparticle-based applications.

3.3. Charge—Charge Interactions. Like many proteins in
the body, Cas9 and its encapsulating NPs interact with
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different molecules that possess various charges and can vary
depending on the route of administration. The magnitude of
the charges can impact the effectiveness of the Cas9 protein
and a NP’s ability to enter the cell membrane and nucleus to
release their payload.”’~”> The Cas9 protein must remain
functional to ensure gene editin§ takes place, so analyzing its
surrounding charges is essential.”””?

Internal Interactions. Encapsulated Cas9 interacts with its
delivery mates, such as sgRNA or mRNA and the NP.
Therefore, to ensure the safe and effective delivery of the Cas9
protein, its charge—charge interactions with its codelivered
molecules and encapsulating NPs must be examined to prevent
the breakdown of the molecule or loss of functionality. Further
research must be conducted to clarify Cas9 stability when in
contact with different material charges, internal and external.

Since sgRNA or mRNA are frequently codelivered with
Cas9, ensuring the RNA does not have adverse effects on the
protein’s function is crucial.” Although the Cas9 protein is
positively charged, when complexed with negatively charged
sgRINA to make Cas9:sgRNA RNPs, the overall structure has a
negative charge.”® Cationically charged particles have an easier
time crossing the lipid membrane than anionically charged
particles.”””” Consequently, the Cas9:sgRNA RNP has a low
independent potential to cross the cellular membrane, making
an encapsulation approach more promising for therapeutic
efficacy.”” Because Cas9 and sgRNA/mRNA have opposing
charges, they complex together and can be delivered
together.”””*

Along with its codelivered payloads, Cas9 also interacts with
the internal part of NPs. Therefore, the charge interactions
between Cas9 and NPs should also be considered. As
previously mentioned, charge can affect the structure and
properties of proteins, so it is necessary to ensure that the Cas9
does not degrade. Currently, there are no studies on the
internal charge of NPs and their effect on Cas9, so there are no
conclusions on how the charge interactions affect the Cas9
complex.

External Interactions. The surface charge of the chosen NP
plays a crucial role in the delivery of Cas9 across the negatively
charged cell membrane and the effects the structure will have
on cytotoxicity.”*>7*7>7*79¢ Ag displayed in Figure 2, NPs
have different routes of entry into the cell membrane, such as
electroporation, endocytosis, and ligand-based entry. Charge
can influence endocytosis of a NP in the cell membrane.
Several studies found that cationic NPs are much more likely
than anionic NPs to pass through the cell membrane, due to
destabilizing the lipid bilayer.”"”>"””® Although cationic NPs
show higher drug delivery efficacy and better gene transfer,
they also demonstrate higher cytotoxicity levels than anionic
NPs, as positively charged NPs tend to cause more damage to
cellular structures such as mitochondria and lysosomes.”” On
the other hand, anionic NPs do not naturally cross the cell
membrane but help delay membrane destabilization at certain
conditions, allowing the membrane to survive high pH
levels.”” One study found that negatively charged NPs
cause intracellular damage that usually leads to apoptosis or
programmed cell death, which does not make them desirable
for Cas9 delivery.”

The surface charge of the NPs encapsulating Cas9 plays a
role in the internalization and release of the protein.”” Miller et
al. noted in their article that cationic lipid, zwitterionic
phospholipid, and PEG can create efficient lipid NPs because
the positively charged lipids promote the release of RNAs
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when pH levels lower.”” The cationic liposome complex
known as Lipofectamine is popularly used in vitro when
delivering CRISPR-Cas9 complexes due to its ability to bind
negatively charged molecules.”””® Furthermore, several studies
show that the positive charge of cationic liposomes and DNA
complexes improves delivery.”® As mentioned in a previous
section, there have been attempts to create exosome—liposome
NPs for in vivo deposits of Cas9 which could be useful as
exosomes contain various surface charges depending on the
cells they originated from.” Consequently, these exosomes
have specific roles in cell-signaling pathways, which could be
exploited to cross charge-responsive barriers.

While NPs can possess positive or negative surface charges,
plasmids consistently have a negative surface charge, which
creates a repulsion between the vector and the cell
membrane.'””® For example, Zhang et al. note in their article
that the negative charge of Cas9/sgRNA-fused plasmid DNA
reduced its ability to become internalized by the negatively
charged lipid membrane.'’ With further investigations, this
system could be optimized for Cas9 delivery.

3.4. Volume Constraints. Along with the internal
environment and charge, the effect of volume constraints of
encapsulating Cas9 on structure and functionality must be
studied. The functionality of a protein has a direct relationship
to its structure, with structural changes due to stress,
degradation, or space constraints contributing to the loss of
a protein’s function.'”’ As Cas9 is a long protein, measuring at
around 160 kDa, it requires a suitable environment to exist
without an altered folded structure.””> When Cas9 is
complexed with sgRNA in a plasmid, its volume is 410 000
bp, which is a large load for NPs to carry.'’ This demonstrates
that there is a certain size that NPs must be to properly
encapsulate Cas9. Similarly, a Cas9 mRNA complex is around
4,500 nt, which makes delivering it difficult for synthetic
carriers.”” To ensure the effective delivery of Cas9 and its
codelivered molecules, the size of NPs must be complementary
to the size of their payload. Currently, there is a literature gap
regarding the exact size NPs must be as to not compromise
Cas9. As aforementioned, this is likely due to researchers
prioritizing forging ahead with cutting-edge Cas9 research
rather than formalizing optimal conditions for the protein. As
the study of Cas9 continues, likely literature will emerge to
examine the specific parameters that NPs need to fall within to
effectively house Cas9, sgRNA, and mRNA.

4. CONCLUSION AND FUTURE PERSPECTIVES

NPs offer an ideal delivery method for the Cas9 protein,
allowing this gene-editing protein to be protected while
attempting targeted in vivo delivery and minimizing off-target
effects. NPs such as AuNPs, lipids, polymers, and lipid—
polymer hybrids all offer unique attributes that can be
exploited for medical use in humans. Because of this, it is
important to critically analyze the parameters required for each
specific genetic disease when selecting the most appropriate
material for application. While AuNPs and lipid-based NPs
have led to clinically translated products, these systems are not
able to be fine-tuned to the extent of polymer-based NPs.
AuNPs are limited by their available sizes and high cost,
making them suitable for certain applications like imaging but
less suitable for the delivery of high molecular weight gene-
editing protein Cas9. Lipid-based systems are limited in their
chemical versatility, with NPs comprised of natural lipids,
limiting their stimuli-responsive properties. Their leakiness can
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also be a major concern when delivering costly therapeutic
payloads, like Cas9 and sgRNA which are expensive to design
and to produce. As such, future research should aim to use
more tunable and versatile polymer-based NPs, with polymeric
materials already approved by the FDA for other biomaterials
applications.

Currently, genetic diseases affect the quality of life of many
patients, and the CRISPR-Cas9 NP system offers promising
treatments. Once the material has been selected, other
properties of NPs must be analyzed for efficient encapsulation
and delivery of Cas9. The internal environment is a necessary
component to ensure the integrity of Cas9 once it is
encapsulated. Namely, the presence of solvent during
encapsulation can lead to protein denaturation and limit the
therapeutic benefits of Cas9. Furthermore, the charge—charge
interactions that Cas9 has are important to consider because
they affect internalization, cytotoxicity, drug delivery, and
imaging efficacy.”** ™" Likewise, Cas9 must also exist in a NP
that can contain its large size to prevent denaturing.100 Overall,
a cationic—lipid/polymer-based system was the one that
several studies found to have the most potential for in vivo
Cas9 delivery. In the future, as the delivery of Cas9 through
NPs is further studied and effective methods are recorded, it is
likely that the technology can be adjusted to fit each person
and illness. Polymeric materials offer the opportunity to
introduce stimuli-responsive, stable delivery vehicles for Cas9
that can be tuned to respond to specific disease pathologies
and to more carefully reach the intended tissue.

B AUTHOR INFORMATION

Corresponding Author
Jessica Larsen — Department of Bioengineering and
Department of Chemical and Biomolecular Engineering,
Clemson University, Clemson, South Carolina 29634, United
States; ® orcid.org/0000-0003-2756-9523;
Email: larsenj@clemson.edu

Authors
Vaishnavi Kanduri — Department of Bioengineering, Clemson
University, Clemson, South Carolina 29634, United States
Danielle LaVigne — Department of Genetics and Biochemistry,
Clemson University, Clemson, South Carolina 29634, United
States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsmacrolett.1c00538

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We would like to thank Mark Pitman for working with us to
review the paper for clarity. This work was partially funded
through Clemson’s Creative Inquiry Program. This work was
also partially supported by the National Science Foundation
under Grant No. 1950557. Any opinions, findings, and
conclusions or recommendations expressed in this material
are those of the author(s) and do not necessarily reflect the
views of the National Science Foundation.

B REFERENCES

(1) Doudna, J. A.; Charpentier, E. The New Frontier of Genome
Engineering with CRISPR-Cas9. Science (Washington, DC, U. S.)
2014, DOI: 10.1126/science.1258096.

1586

(2) Hsu, P. D; Lander, E. S; Zhang, F. Development and
Applications of CRISPR-Cas9 for Genome Engineering. Cell 2014,
157 (6), 1262—1278.

(3) Liu, Z.; Dong, H.; Cui, Y.; Cong, L.; Zhang, D. Application of
Different Types of CRISPR/Cas-Based Systems in Bacteria. Microb.
Cell Fact. 2020, 19 (1), 1-14.

(4) Makarova, K. S; Wolf, Y. 1; Iranzo, J.; Shmakov, S. A;
Alkhnbashi, O. S.; Brouns, S. J. J.; Charpentier, E.; Cheng, D.; Haft, D.
H.; Horvath, P.; Moineau, S.; Mojica, F. J. M.; Scott, D.; Shah, S. A;
Siksnys, V.; Terns, M. P.; Venclovas, C.; White, M. F.; Yakunin, A. F,;
Yan, W,; Zhang, F,; Garrett, R. A.; Backofen, R.; van der Oost, J;
Barrangou, R.; Koonin, E. V. Evolutionary Classification of CRISPR—
Cas Systems: A Burst of Class 2 and Derived Variants. Nat. Rev.
Microbiol. 2020, 18 (2), 67—83.

(5) Wang, H-X; Li, M;; Lee, C. M.; Chakraborty, S.; Kim, H.-W.;
Bao, G.; Leong, K. W. CRISPR/Cas9-Based Genome Editing for
Disease Modeling and Therapy: Challenges and Opportunities for
Nonviral Delivery. Chem. Rev. 2017, 117 (15), 9874—9906.

(6) Mali, P.; Yang, L.; Esvelt, K. M.; Aach, J.; Guell, M.; DiCarlo, J.
E,; Norville, J. E,; Church, G. M. RNA-Guided Human Genome
Engineering via Cas9. Science 2013, 339 (6121), 823—826.

(7) Nambiar, T. S.; Billon, P.; Diedenhofen, G.; Hayward, S. B.;
Taglialatela, A,; Cai, K;; Huang, J. W.; Leuzzi, G.; Cuella-Martin, R;
Palacios, A.; Gupta, A.; Egli, D; Ciccia, A. Stimulation of CRISPR-
Mediated Homology-Directed Repair by an Engineered RADI8
Variant. Nat. Commun. 2019, 10 (1), 1—13.

(8) Jiang, F.; Doudna, J. A. CRISPR—Cas9 Structures and
Mechanisms. Annu. Rev. Biophys. 2017, 46 (1), S05—529.

(9) Yip, B. Recent Advances in CRISPR/Cas9 Delivery Strategies.
Biomolecules 2020, 10 (6), 839.

(10) Zhang, L.; Wang, P.; Feng, Q.; Wang, N.; Chen, Z.; Huang, Y.;
Zheng, W.; Jiang, X. Lipid Nanoparticle-Mediated Efficient Delivery
of CRISPR/Cas9 for Tumor Therapy. NPG Asia Mater. 2017, 9 (10),
e441—e441.

(11) Aoi, W,; Marunaka, Y. Importance of PH Homeostasis in
Metabolic Health and Diseases: Crucial Role of Membrane Proton
Transport. BioMed Res. Int. 2014, 2014, 1.

(12) Aoi, W,; Zou, X,; Xiao, J. B,; Marunaka, Y. Body Fluid PH
Balance in Metabolic Health and Possible Benefits of Dietary Alkaline
Foods. eFood 2020, 1 (1), 12.

(13) Kelly, J. M; Gross, A. L; Martin, D. R; Byrne, M. E.
Polyethylene Glycol-b-Poly(Lactic Acid) Polymersomes as Vehicles
for Enzyme Replacement Therapy. Nanomedicine 2017, 12 (23),
2591-2606.

(14) Igbal, S.; Blenner, M.; Alexander-Bryant, A.; Larsen, J.
Polymersomes for Therapeutic Delivery of Protein and Nucleic
Acid Macromolecules: From Design to Therapeutic Applications.
Biomacromolecules 2020, 21, 1327—1350.

(15) Habibi, N.; Kamaly, N.; Memic, A.; Shafiee, H. Self-Assembled
Peptide-Based Nanostructures: Smart Nanomaterials toward Targeted
Drug Delivery. Nano Today 2016, 11, 41.

(16) Rosenblum, D.; Gutkin, A.; Dammes, N.; Peer, D. Progress and
Challenges towards CRISPR/Cas Clinical Translation. Adv. Drug
Delivery Rev. 2020, 154—1S5S, 176—186.

(17) Behr, M.; Zhou, J.; Xu, B,; Zhang, H. In Vivo Delivery of
CRISPR-Cas9 Therapeutics: Progress and Challenges. Acta Pharm.
Sin. B 2021, 11 (8), 2150—2171.

(18) Wei, T.; Cheng, Q.; Farbiak, L.; Anderson, D. G.; Langer, R;;
Siegwart, D. J. Delivery of Tissue-Targeted Scalpels: Opportunities
and Challenges for In Vivo CRISPR/Cas-Based Genome Editing.
ACS Nano 2020, 14 (8), 9243—9262.

(19) Xu, C.-F.; Chen, G.-J,; Luo, Y.-L,; Zhang, Y.; Zhao, G.; Lu, Z.-
D.; Czarna, A.; Gu, Z.; Wang, J. Rational Designs of in Vivo CRISPR-
Cas Delivery Systems. Adv. Drug Delivery Rev. 2021, 168, 3—29.

(20) Wilbie, D.; Walther, J.; Mastrobattista, E. Delivery Aspects of
CRISPR/Cas for in Vivo Genome Editing. Acc. Chem. Res. 2019, S2
(6), 1555—1564.

(21) Wei, T.; Cheng, Q.; Min, Y.-L.; Olson, E. N.; Siegwart, D. J.
Systemic Nanoparticle Delivery of CRISPR-Cas9 Ribonucleoproteins

https://doi.org/10.1021/acsmacrolett.1c00538
ACS Macro Lett. 2021, 10, 1576—1589


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jessica+Larsen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-2756-9523
mailto:larsenj@clemson.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vaishnavi+Kanduri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Danielle+LaVigne"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.1c00538?ref=pdf
https://doi.org/10.1126/science.1258096
https://doi.org/10.1126/science.1258096
https://doi.org/10.1126/science.1258096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cell.2014.05.010
https://doi.org/10.1016/j.cell.2014.05.010
https://doi.org/10.1186/s12934-020-01431-z
https://doi.org/10.1186/s12934-020-01431-z
https://doi.org/10.1038/s41579-019-0299-x
https://doi.org/10.1038/s41579-019-0299-x
https://doi.org/10.1021/acs.chemrev.6b00799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1232033
https://doi.org/10.1126/science.1232033
https://doi.org/10.1038/s41467-019-11105-z
https://doi.org/10.1038/s41467-019-11105-z
https://doi.org/10.1038/s41467-019-11105-z
https://doi.org/10.1146/annurev-biophys-062215-010822
https://doi.org/10.1146/annurev-biophys-062215-010822
https://doi.org/10.3390/biom10060839
https://doi.org/10.1038/am.2017.185
https://doi.org/10.1038/am.2017.185
https://doi.org/10.1155/2014/598986
https://doi.org/10.1155/2014/598986
https://doi.org/10.1155/2014/598986
https://doi.org/10.2991/efood.k.190924.001
https://doi.org/10.2991/efood.k.190924.001
https://doi.org/10.2991/efood.k.190924.001
https://doi.org/10.2217/nnm-2017-0221
https://doi.org/10.2217/nnm-2017-0221
https://doi.org/10.1021/acs.biomac.9b01754?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.9b01754?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.nantod.2016.02.004
https://doi.org/10.1016/j.nantod.2016.02.004
https://doi.org/10.1016/j.nantod.2016.02.004
https://doi.org/10.1016/j.addr.2020.07.004
https://doi.org/10.1016/j.addr.2020.07.004
https://doi.org/10.1016/j.apsb.2021.05.020
https://doi.org/10.1016/j.apsb.2021.05.020
https://doi.org/10.1021/acsnano.0c04707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c04707?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.addr.2019.11.005
https://doi.org/10.1016/j.addr.2019.11.005
https://doi.org/10.1021/acs.accounts.9b00106?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.9b00106?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-020-17029-3
pubs.acs.org/macroletters?ref=pdf
https://doi.org/10.1021/acsmacrolett.1c00538?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Macro Letters

pubs.acs.org/macroletters

for Effective Tissue Specific Genome Editing. Nat. Commun. 2020, 11
(1), 3232.

(22) Glass, Z.; Lee, M,; Li, Y,; Xu, Q. Engineering the Delivery
System for CRISPR-Based Genome Editing. Trends in Biotechnology;
Elsevier Ltd.,, February 2018, pp 173—185. DOI: 10.1016/j.tib-
tech.2017.11.006.

(23) Liu, C; Zhang, L,; Liu, H.; Cheng, K. Delivery Strategies of the
CRISPR-Cas9 Gene-Editing System for Therapeutic Applications. J.
Controlled Release 2017, 266 (June), 17—26.

(24) Yin, H.; Kanasty, R. L.; Eltoukhy, A. A; Vegas, A. J.; Dorkin, J.
R.; Anderson, D. G. Non-Viral Vectors for Gene-Based Therapy. Nat.
Rev. Genet. 2014, 15 (8), 541—555.

(25) Anselmo, A. C.; Mitragotri, S. Nanoparticles in the Clinic: An
Update Post COVID-19 Vaccines. Bioeng. Transl. Med. 2021, 6 (3),
1-20.

(26) Discher, D. E.; Ahmed, F. Polymersomes. Annu. Rev. Biomed.
Eng. 2006, 8, 323—341.

(27) Miller, J. B.; Zhang, S.; Kos, P.; Xiong, H.; Zhou, K.; Perelman,
S. S.; Zhu, H,; Institute, R; Siegwart, D. J. Non-Viral CRISPR/Cas
Gene Editing in Vitro and in Vivo Enabled by Synthetic Nanoparticle
Co-Delivery of Cas9MRNA and SgRNA HHS Public Access. Angew.
Chem., Int. Ed. 2017, 56 (4), 1059—1063.

(28) Wang, H. X,; Li, M; Lee, C. M.; Chakraborty, S.; Kim, H. W,;
Bao, G.; Leong, K. W. CRISPR/Cas9-Based Genome Editing for
Disease Modeling and Therapy: Challenges and Opportunities for
Nonviral Delivery. Chem. Rev. 2017, 117 (15), 9874—9906.

(29) Tsai, C.-Y.; Ly, S.-L.; Hu, C.-W,; Yeh, C.-S,; Lee, G.-B.; Lei, H.-
Y. Size-Dependent Attenuation of TLR9 Signaling by Gold Nano-
particles in Macrophages. J. Immunol. 2012, 188 (1), 68—76.

(30) Carlander, U.; Midander, K; Hedberg, Y. S.; Johanson, G.;
Bottai, M.; Karlsson, H. L. Macrophage-Assisted Dissolution of Gold
Nanoparticles. ACS Appl. Bio Mater. 2019, 2 (3), 1006—1016.

(31) Meyers, J. D,; Cheng, Y.; Broome, A. M, Agnes, R. S;
Schluchter, M. D.; Margevicius, S.; Wang, X.; Kenney, M. E.; Burda,
C.; Basilion, J. P. Peptide-Targeted Gold Nanoparticles for Photo-
dynamic Therapy of Brain Cancer. Part. Part. Syst. Charact. 2015, 32
(4), 448—457.

(32) Arvizo, R.; Bhattacharya, R.; Mukherjee, P. Gold Nanoparticles:
Opportunities and Challenges in Nanomedicine. Expert Opin. Drug
Delivery 2010, 7 (6), 753—763.

(33) Pissuwan, D.; Valenzuela, S. M.; Cortie, M. B. Therapeutic
Possibilities of Plasmonically Heated Gold Nanoparticles. Trends
Biotechnol. 2006, 24 (2), 62—67.

(34) Cheng, Y.; Meyers, J. D.; Agnes, R. S.; Doane, T. L.; Kenney,
M. E; Broome, A. M,; Burda, C.; Basilion, J. P. Addressing Brain
Tumors with Targeted Gold Nanoparticles: A New Gold Standard for
Hydrophobic Drug Delivery? Small 2011, 7 (16), 2301—2306.

(35) Lee, K.; Conboy, M.; Park, H. M.; Jiang, F.; Kim, H. J.; Dewitt,
M. A; Mackley, V. A,; Chang, K; Rao, A; Skinner, C.; Shobha, T;
Mehdipour, M,; Liu, H.; Huang, W. C,; Lan, F,; Bray, N. L,; Li, S;
Corn, J. E; Kataoka, K; Doudna, J. A; Conboy, L; Murthy, N.
Nanoparticle Delivery of Cas9 Ribonucleoprotein and Donor DNA in
Vivo Induces Homology-Directed DNA Repair. Nat. Biomed. Eng.
2017, 1 (11), 889—901.

(36) Ding, Y.; Jiang, Z.; Saha, K; Kim, C. S.; Kim, S. T.; Landis, R.
E.; Rotello, V. M. Gold Nanoparticles for Nucleic Acid Delivery. Mol.
Ther. 2014, 22 (6), 1075—1083.

(37) Glass, Z; Li, Y; Xu, Q. Nanoparticles for CRISPR-Cas9
Delivery. Nature Biomedical Engineering; Nature Publishing Group;
November 2017; pp 854—85S. DOI: 10.1038/s41551-017-0158-x.

(38) Zhang, X. D.; Wu, D.; Shen, X; Liu, P. X;; Yang, N.; Zhao, B,;
Zhang, H.; Sun, Y. M,; Zhang, L. A,; Fan, F. Y. Size-Dependent in
Vivo Toxicity of PEG-Coated Gold Nanoparticles. Int. J. Nanomed.
2011, 6, 2071—2081.

(39) Ghosh, P.; Han, G.; De, M.; Kim, C. K;; Rotello, V. M. Gold
Nanoparticles in Delivery Applications. Adv. Drug Delivery Rev. 2008,
60 (11), 1307—1315.

(40) Ju, E.; Li, T.; Ramos Da Silva, S.; Gao, S. J. Gold Nanocluster-
Mediated Efficient Delivery of Cas9 Protein through PH-Induced

1587

Assembly-Disassembly for Inactivation of Virus Oncogenes. ACS
Appl. Mater. Interfaces 2019, 11 (38), 34717—34724.

(41) Tao, Y; Yi, K; Hu, H; Shao, D.; Li, M. Coassembly of
Nucleus-Targeting Gold Nanoclusters with CRISPR/Cas9 for
Simultaneous Bioimaging and Therapeutic Genome Editing. J.
Mater. Chem. B 2021, 9 (1), 94—100.

(42) Kulkarni, J. A; Cullis, P. R; Van Der Meel, R. Lipid
Nanoparticles Enabling Gene Therapies: From Concepts to Clinical
Utility. Nucleic Acid Ther. 2018, 28 (3), 146—157.

(43) Mukherjee, S.; Ray, S.; Thakur, R. Solid Lipid Nanoparticles: A
Modern Formulation Approach in Drug Delivery System. Indian J.
Pharm. Sci. 2009, 71 (4), 349.

(44) Givens, B. E.; Naguib, Y. W.; Geary, S. M.; Devor, E. J.; Salem,
A. K. Nanoparticle-Based Delivery of CRISPR/Cas9 Genome-Editing
Therapeutics. AAPS J. 2018, 20 (6), 108.

(45) Mullard, A. News and Analysis News in Brief; 2001.

(46) Gillmore, J. D.; Gane, E.; Taubel, J.; Kao, J.; Fontana, M,;
Maitland, M. L.; Seitzer, J.; O’Connell, D.; Walsh, K. R,; Wood, K;
Phillips, J.; Xu, Y.; Amaral, A.; Boyd, A. P.; Cehelsky, J. E.; McKee, M.
D.; Schiermeier, A.; Harari, O.; Murphy, A; Kyratsous, C. A;
Zambrowicz, B.; Soltys, R; Gutstein, D. E.; Leonard, J; Sepp-
Lorenzino, L.; Lebwohl, D. CRISPR-Cas9 In Vivo Gene Editing for
Transthyretin Amyloidosis. N. Engl. ]. Med. 2021, 385 (6), 493—502.

(47) Finn, J. D.; Smith, A. R.; Patel, M. C.; Shaw, L.; Youniss, M. R;;
van Heteren, J; Dirstine, T.; Ciullo, C.; Lescarbeau, R.; Seitzer, J.;
Shah, R. R;; Shah, A,; Ling, D.; Growe, J.; Pink, M.; Rohde, E.; Wood,
K. M.; Salomon, W. E.; Harrington, W. F.; Dombrowski, C.; Strapps,
W. R; Chang, Y,; Morrissey, D. V. A Single Administration of
CRISPR/Cas9 Lipid Nanoparticles Achieves Robust and Persistent In
Vivo Genome Editing. Cell Rep. 2018, 22 (9), 2227—-223S.

(48) Yin, H.; Song, C. Q; Dorkin, J. R;; Zhy, L. J; Li, Y.; Wy, Q.;
Park, A.; Yang, J.; Suresh, S.; Bizhanova, A.; Gupta, A.; Bolukbasi, M.
F; Walsh, S; Bogorad, R. L; Gao, G.; Weng, Z; Dong, Y,;
Koteliansky, V.; Wolfe, S. A.; Langer, R,; Xue, W.; Anderson, D. G.
Therapeutic Genome Editing by Combined Viral and Non-Viral
Delivery of CRISPR System Components in Vivo. Nat. Biotechnol.
2016, 34 (3), 328—333. .

(49) Farbiak, L.; Cheng, Q. Wei, T. Alvarez-Benedicto, E.;
Johnson, L. T.; Lee, S.; Siegwart, D. J. All-In-One Dendrimer-Based
Lipid Nanoparticles Enable Precise HDR-Mediated Gene Editing In
Vivo. Adv. Mater. 2021, 33 (30), 2006619.

(50) Cheng, Q.; Wei, T.; Farbiak, L.; Johnson, L. T.; Dilliard, S. A;
Siegwart, D. J. Selective Organ Targeting (SORT) Nanoparticles for
Tissue-Specific MRNA Delivery and CRISPR—Cas Gene Editing.
Nat. Nanotechnol. 2020, 15 (4), 313—320.

(51) Liu, S.; Cheng, Q.; Wei, T.; Yu, X; Johnson, L. T.; Farbiak, L;
Siegwart, D. J. Membrane-Destabilizing Ionizable Phospholipids for
Organ-Selective. MRNA Delivery and CRISPR—Cas Gene Editing.
Nat. Mater. 2021, 20 (5), 701-710.

(52) Mukherjee, A.; Waters, A. K; Kalyan, P.; Achrol, A. S.; Kesari,
S.; Yenugonda, V. M. Lipid-Polymer Hybrid Nanoparticles as a
Nextgeneration Drug Delivery Platform: State of the Art, Emerging
Technologies, and Perspectives. International Journal of Nanomedicine;
Dove Medical Press Ltd,; 2019; pp 1937—1952. DOI: 10.2147/
IJN.S198353.

(53) Zhen, S.; Li, X. Liposomal Delivery of CRISPR/Cas9. Cancer
Gene Ther. 2020, 27 (7—8), 515—527.

(54) Mohamed, M.; Abu Lila, A. S.; Shimizu, T.; Alaaeldin, E.;
Hussein, A.; Sarhan, H. A, Szebeni, J; Ishida, T. PEGylated
Liposomes: Immunological Responses. Sci. Technol. Adv. Mater.
2019, 20 (1), 710—724.

(55) Guo, X.; Huang, L. Recent Advances in Nonviral Vectors for
Gene Delivery. Acc. Chem. Res. 2012, 45 (7), 971-979.

(56) Verma, R; Sahu, R.; Singh, D. D.; Egbo, T. E. A CRISPR/Cas9
Based Polymeric Nanoparticles to Treat/Inhibit Microbial Infections.
Seminars in Cell and Developmental Biology; Elsevier Ltd.; December
2019; pp 44—52. DOI: 10.1016/j.semcdb.2019.04.007.

(57) Aghamiri, S.; Talaei, S.; Ghavidel, A. A; Zandsalimi, F.;
Masoumi, S.; Hafshejani, N. H.; Jajarmi, V. Nanoparticles-Mediated

https://doi.org/10.1021/acsmacrolett.1c00538
ACS Macro Lett. 2021, 10, 1576—1589


https://doi.org/10.1038/s41467-020-17029-3
https://doi.org/10.1016/j.tibtech.2017.11.006
https://doi.org/10.1016/j.tibtech.2017.11.006
https://doi.org/10.1016/j.tibtech.2017.11.006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tibtech.2017.11.006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jconrel.2017.09.012
https://doi.org/10.1016/j.jconrel.2017.09.012
https://doi.org/10.1038/nrg3763
https://doi.org/10.1002/btm2.10246
https://doi.org/10.1002/btm2.10246
https://doi.org/10.1146/annurev.bioeng.8.061505.095838
https://doi.org/10.1002/anie.201610209
https://doi.org/10.1002/anie.201610209
https://doi.org/10.1002/anie.201610209
https://doi.org/10.1021/acs.chemrev.6b00799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00799?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.4049/jimmunol.1100344
https://doi.org/10.4049/jimmunol.1100344
https://doi.org/10.1021/acsabm.8b00537?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsabm.8b00537?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ppsc.201400119
https://doi.org/10.1002/ppsc.201400119
https://doi.org/10.1517/17425241003777010
https://doi.org/10.1517/17425241003777010
https://doi.org/10.1016/j.tibtech.2005.12.004
https://doi.org/10.1016/j.tibtech.2005.12.004
https://doi.org/10.1002/smll.201100628
https://doi.org/10.1002/smll.201100628
https://doi.org/10.1002/smll.201100628
https://doi.org/10.1038/s41551-017-0137-2
https://doi.org/10.1038/s41551-017-0137-2
https://doi.org/10.1038/mt.2014.30
https://doi.org/10.1038/s41551-017-0158-x
https://doi.org/10.1038/s41551-017-0158-x
https://doi.org/10.1038/s41551-017-0158-x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2147/IJN.S21657
https://doi.org/10.2147/IJN.S21657
https://doi.org/10.1016/j.addr.2008.03.016
https://doi.org/10.1016/j.addr.2008.03.016
https://doi.org/10.1021/acsami.9b12335?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b12335?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.9b12335?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0TB01925A
https://doi.org/10.1039/D0TB01925A
https://doi.org/10.1039/D0TB01925A
https://doi.org/10.1089/nat.2018.0721
https://doi.org/10.1089/nat.2018.0721
https://doi.org/10.1089/nat.2018.0721
https://doi.org/10.4103/0250-474X.57282
https://doi.org/10.4103/0250-474X.57282
https://doi.org/10.1208/s12248-018-0267-9
https://doi.org/10.1208/s12248-018-0267-9
https://doi.org/10.1056/NEJMoa2107454
https://doi.org/10.1056/NEJMoa2107454
https://doi.org/10.1016/j.celrep.2018.02.014
https://doi.org/10.1016/j.celrep.2018.02.014
https://doi.org/10.1016/j.celrep.2018.02.014
https://doi.org/10.1038/nbt.3471
https://doi.org/10.1038/nbt.3471
https://doi.org/10.1002/adma.202006619
https://doi.org/10.1002/adma.202006619
https://doi.org/10.1002/adma.202006619
https://doi.org/10.1038/s41565-020-0669-6
https://doi.org/10.1038/s41565-020-0669-6
https://doi.org/10.1038/s41563-020-00886-0
https://doi.org/10.1038/s41563-020-00886-0
https://doi.org/10.2147/IJN.S198353
https://doi.org/10.2147/IJN.S198353
https://doi.org/10.2147/IJN.S198353
https://doi.org/10.2147/IJN.S198353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2147/IJN.S198353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41417-019-0141-7
https://doi.org/10.1080/14686996.2019.1627174
https://doi.org/10.1080/14686996.2019.1627174
https://doi.org/10.1021/ar200151m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar200151m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.semcdb.2019.04.007
https://doi.org/10.1016/j.semcdb.2019.04.007
https://doi.org/10.1016/j.semcdb.2019.04.007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jddst.2020.101533
pubs.acs.org/macroletters?ref=pdf
https://doi.org/10.1021/acsmacrolett.1c00538?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Macro Letters

pubs.acs.org/macroletters

CRISPR/Cas9 Delivery: Recent Advances in Cancer Treatment.
Journal of Drug Delivery Science and Technology; Editions de Sante,
April 2020. DOI: 10.1016/j.jddst.2020.101533.

(58) Yi, N.; Kim, J.; Jeong, D.; Lee, M.; Jang, S. C.; Kim, J. H.; Gho,
Y. S.; Park, J. Exosome like Liposome Generation by Cell Extrusion
through a Micro Channel. In Proceedings of the 16th International
Conference on Miniaturized Systems for Chemistry and Life Sciences,
MicroTAS 2012; 2012.

(59) Lin, Y.; Wy, J.; Gu, W,; Huang, Y.; Tong, Z.; Huang, L.; Tan, J.
Exosome—Liposome Hybrid Nanoparticles Deliver CRISPR/Cas9
System in MSCs. Adv. Sci. 2018, S (4), 1700611.

(60) Zhao, H.; Lin, Z. Y.; Yildirimer, L.; Dhinakar, A.; Zhao, X.; W,
J. Polymer-Based Nanoparticles for Protein Delivery: Design,
Strategies and Applications. J. Mater. Chem. B 2016, 4, 4060—4071.

(61) Zielihska, A.; Carreird, F.; Oliveira, A. M.; Neves, A.; Pires, B.;
Venkatesh, D. N.; Durazzo, A.; Lucarini, M.; Eder, P.; Silva, A. M,;
Santini, A.; Souto, E. B. Polymeric Nanoparticles: Production,
Characterization, Toxicology and Ecotoxicology. Molecules 2020, 25
(16), 3731.

(62) Yan, M.; Wen, J.; Liang, M.; Lu, Y.; Kamata, M.; Chen, L. S. Y.
Modulation of Gene Expression by Polymer Nanocapsule Delivery of
DNA Cassettes Encoding Small RNAs. PLoS One 2015, 10 (6),
e0127986.

(63) Zhao, H.; Lin, Z. Y.; Yildirimer, L.; Dhinakar, A.; Zhao, X.; W,
J. Polymer-Based Nanoparticles for Protein Delivery: Design,
Strategies and Applications. J. Mater. Chem. B 2016, 4 (23), 4060—
4071.

(64) Wilbie, D.; Walther, J.; Mastrobattista, E. Delivery Aspects of
CRISPR/Cas for in Vivo Genome Editing. Acc. Chem. Res. 2019, 52
(6), 1555—1564.

(6S) Pfister, D.; Morbidelli, M. Process for Protein PEGylation. J.
Controlled Release 2014, 180 (1), 134—149.

(66) Guo, X.; Huang, L. Recent Advances in Nonviral Vectors for
Gene Delivery. Acc. Chem. Res. 2012, 45 (7), 971-979.

(67) Ahmad Raus, R.;; Wan Nawawi, W. M. F.; Nasaruddin, R. R.
Alginate and Alginate Composites for Biomedical Applications. Asian
J. Pharm. Sci. 2021, 16 (3), 280.

(68) Elieh-Ali-Komi, D.; Hamblin, M. R. Chitin and Chitosan:
Production and Application of Versatile Biomedical Nanomaterials.
Int. ]. Adv. Res. 2016, 4 (3), 411—427.

(69) Rajangam, T.; An, S. S. A. Fibrinogen and Fibrin Based Micro
and Nano Scaffolds Incorporated with Drugs, Proteins, Cells and
Genes for Therapeutic Biomedical Applications. Int. . Nanomed.
2013, 8, 3641—-3662.

(70) Chen, G.; Abdeen, A. A,; Wang, Y.; Shahi, P. K.; Robertson, S.;
Xie, R,; Suzuki, M.; Pattnaik, B. R,; Saha, K; Gong, S. A
Biodegradable Nanocapsule Delivers a Cas9 Ribonucleoprotein
Complex for in Vivo Genome Editing. Nat. Nanotechnol. 2019, 14
(10), 974—980.

(71) Onaca, O.; Enea, R; Hughes, D. W.,; Meier, W. Stimuli-
Responsive Polymersomes as Nanocarriers for Drug and Gene
Delivery. Macromol. Biosci. 2009, 9 (2), 129—139.

(72) Liu, H; Gong, L,; Ly, S.; Wang, H.; Fan, W.; Yang, C. Three
Core-Shell Polymersomes for Targeted Doxorubicin Delivery:
Sustained and Acidic Release. J. Drug Delivery Sci. Technol. 2021,
61, 102293.

(73) Ge, X; Zhang, Q.; Cai, Y.; Duan, S.; Chen, S,; Lv, N,; Jin, T;
Chen, Y.; Yuan, W. PEG-PCL-DEX Polymersome—Protamine
Vector as an Efficient Gene Delivery System via PEG-Guided Self-
Assembly. Nanomedicine 2014, 9 (8), 1193—1207.

(74) Abbasi, S.; Uchida, S.; Toh, K;; Tockary, T. A; Dirisala, A,;
Hayashi, K.; Fukushima, S.; Kataoka, K. Co-Encapsulation of
Cas9MRNA and Guide RNA in Polyplex Micelles Enables Genome
Editing in Mouse Brain. J. Controlled Release 2021, 332, 260—268.

(75) Tan, Z; Jiang, Y,; Ganewatta, M. S.; Kumar, R; Keith, A,;
Twaroski, K.; Pengo, T.; Tolar, J.; Lodge, T. P.; Reineke, T. M. Block
Polymer Micelles Enable CRISPR/Cas9 Ribonucleoprotein Delivery:
Physicochemical Properties Affect Packaging Mechanisms and Gene
Editing Efficiency. Macromolecules 2019, 52 (21), 8197—8206.

1588

(76) Luo, Y. L; Xu, C. F; Li, H. J.; Cao, Z. T; Liy, J; Wang, J. L,;
Du, X. J.; Yang, X. Z; Gu, Z.; Wang, J. Macrophage-Specific in Vivo
Gene Editing Using Cationic Lipid-Assisted Polymeric Nanoparticles.
ACS Nano 2018, 12 (2), 994—1005.

(77) Lao, Y. H; Li, M;; Gao, M. A,; Shao, D.; Chi, C. W.; Huang,
D.; Chakraborty, S.; Ho, T. C.; Jiang, W.; Wang, H. X.; Wang, S,;
Leong, K. W. HPV Oncogene Manipulation Using Nonvirally
Delivered CRISPR/Cas9 or Natronobacterium Gregoryi Argonaute.
Adv. Sci. 2018, S (7), 1700540.

(78) Nguyen, D. N,; Roth, T. L.; L, P. J.; Chen, P. A;; Apathy, R;
Mamedov, M. R,; Vo, L. T.; Tobin, V. R,; Goodman, D.; Shifrut, E,;
Bluestone, J. A; Puck, J. M,; Szoka, F. C.; Marson, A. Polymer-
Stabilized Cas9 Nanoparticles and Modified Repair Templates
Increase Genome Editing Efficiency. Nat. Biotechnol. 2020, 38 (1),
44—49.

(79) Poschenrieder, S. T.; Schiebel, S. K. Castiglione, K.
Polymersomes for Biotechnological Applications: Large-Scale Pro-
duction of Nano-Scale Vesicles. Eng. Life Sci. 2017, 17 (1), $8—70.

(80) Integrated DNA Technlologies. How should I store Cas9
protein? https://www.idtdna.com/pages/support/fags/how-should-i-
store-the-cas9-protein (accessed Jun 11, 2021).

(81) Mougiakos, I.; Mohanraju, P.; Bosma, E. F.; Vrouwe, V.; Finger
Bou, M,; Naduthodi, M. L. S.; Gussak, A.; Brinkman, R. B. L.; van
Kranenburg, R.; van der Oost, J. Characterizing a Thermostable Cas9
for Bacterial Genome Editing and Silencing. Nat. Commun. 2017, 8
(1), 1647.

(82) Ribeiro, L. F. C.; Ribeiro, L. F. C.; Barreto, M. Q.; Ward, R. J.
Protein Engineering Strategies to Expand CRISPR-Cas9 Applications.
Int. J. Genomics 2018, 2018, 1—12.

(83) Nakamura, H.; Vaage, J.; Valen, G.; Padilla, C. A.; Bjdrnstedt,
M.; Holmgren, A. Measurements of Plasma Glutaredoxin and
Thioredoxin in Healthy Volunteers and during Open-Heart Surgery.
Free Radical Biol. Med. 1998, 24 (7—-8), 1176—1186.

(84) The Protein Man. Protein Storage For Protein Stability And
Less Protein Degradation. https://info.gbiosciences.com/blog/
protein-storage-and-stability (accessed 2021-11-16).

(85) The European Molecular Biology Laboratory. Protein
Purification Storage of Purified Proteins. https://www.embl.org/
groups/protein-expression-purification/services/protein-purification/
(accessed 2021-11-16).

(86) Bio-Rad. Tris Buffer. https://www.bio-rad.com/featured/en/
tris-buffer.html (accessed 2021-11-16).

(87) AAT Bioquest. Phosphate Buffer (pH 5.8 to 7.4) Preparation
and Recipe. https://www.aatbio.com/resources/buffer-preparations-
and-recipes/phosphate-buffer-ph-5-8-to-7-4 (accessed 2021-11-16).

(88) Wheeler, K. Technical Insights Into Uninhibited Ethylene
Glycol. https://www.process-cooling.com/articles/85157-technical-
insights-into-uninhibited-ethylene-glycol (accessed 2021-11-16).

(89) Chuy, S.; Bell, L. N. Buffer PH and PKa Values as Affected by
Added Glycerol and Sucrose. Food Res. Int. 2006, 39 (3), 342—348.

(90) Engelmann, F.; Dussert, S. Cryopreservation. In Conservation of
Tropical Plant Species; Springer New York: New York, NY, 2013; pp
107—119. DOI: 10.1007/978-1-4614-3776-5_6.

(91) Dume, 1. Positive or negative? Nanoparticle surface charge
affects cell-membrane interactions. https://physicsworld.com/a/
positive-or-negative-nanoparticle-surface-charge-affects-cell-
membrane-interactions/.

(92) Fréhlich, E. The Role of Surface Charge in Cellular Uptake and
Cytotoxicity of Medical Nanoparticles. Int. ]. Nanomed. 2012, 7,
5577-5591.

(93) Lino, C. A.; Harper, J. C.; Carney, J. P.; Timlin, J. A. Delivering
Crispr: A Review of the Challenges and Approaches. Drug Delivery
2018, 25 (1), 1234—1257.

(94) Manne, S.; Patterson, L. K. Micelles. In Encyclopedia of Physical
Science and Technology; Elsevier, 2003; pp 661—677. DOI: 10.1016/
B0-12-227410-5/00437-3.

(95) Nadig, S. N.; Dixit, S. K; Levey, N.; Esckilsen, S.; Miller, K.;
Dennis, W.; Atkinson, C.; Broome, A. M. Immunosuppressive Nano-

https://doi.org/10.1021/acsmacrolett.1c00538
ACS Macro Lett. 2021, 10, 1576—1589


https://doi.org/10.1016/j.jddst.2020.101533
https://doi.org/10.1016/j.jddst.2020.101533?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/advs.201700611
https://doi.org/10.1002/advs.201700611
https://doi.org/10.1039/C6TB00308G
https://doi.org/10.1039/C6TB00308G
https://doi.org/10.3390/molecules25163731
https://doi.org/10.3390/molecules25163731
https://doi.org/10.1371/journal.pone.0127986
https://doi.org/10.1371/journal.pone.0127986
https://doi.org/10.1039/C6TB00308G
https://doi.org/10.1039/C6TB00308G
https://doi.org/10.1021/acs.accounts.9b00106?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.9b00106?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jconrel.2014.02.002
https://doi.org/10.1021/ar200151m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ar200151m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ajps.2020.10.001
https://doi.org/10.2147/IJN.S43945
https://doi.org/10.2147/IJN.S43945
https://doi.org/10.2147/IJN.S43945
https://doi.org/10.1038/s41565-019-0539-2
https://doi.org/10.1038/s41565-019-0539-2
https://doi.org/10.1038/s41565-019-0539-2
https://doi.org/10.1002/mabi.200800248
https://doi.org/10.1002/mabi.200800248
https://doi.org/10.1002/mabi.200800248
https://doi.org/10.1016/j.jddst.2020.102293
https://doi.org/10.1016/j.jddst.2020.102293
https://doi.org/10.1016/j.jddst.2020.102293
https://doi.org/10.2217/nnm.13.83
https://doi.org/10.2217/nnm.13.83
https://doi.org/10.2217/nnm.13.83
https://doi.org/10.1016/j.jconrel.2021.02.026
https://doi.org/10.1016/j.jconrel.2021.02.026
https://doi.org/10.1016/j.jconrel.2021.02.026
https://doi.org/10.1021/acs.macromol.9b01645?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b01645?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b01645?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.9b01645?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b07874?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.7b07874?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/advs.201700540
https://doi.org/10.1002/advs.201700540
https://doi.org/10.1038/s41587-019-0325-6
https://doi.org/10.1038/s41587-019-0325-6
https://doi.org/10.1038/s41587-019-0325-6
https://doi.org/10.1002/elsc.201600100
https://doi.org/10.1002/elsc.201600100
https://www.idtdna.com/pages/support/faqs/how-should-i-store-the-cas9-protein
https://www.idtdna.com/pages/support/faqs/how-should-i-store-the-cas9-protein
https://doi.org/10.1038/s41467-017-01591-4
https://doi.org/10.1038/s41467-017-01591-4
https://doi.org/10.1155/2018/1652567
https://doi.org/10.1016/S0891-5849(97)00429-2
https://doi.org/10.1016/S0891-5849(97)00429-2
https://info.gbiosciences.com/blog/protein-storage-and-stability
https://info.gbiosciences.com/blog/protein-storage-and-stability
https://www.embl.org/groups/protein-expression-purification/services/protein-purification/
https://www.embl.org/groups/protein-expression-purification/services/protein-purification/
https://www.bio-rad.com/featured/en/tris-buffer.html
https://www.bio-rad.com/featured/en/tris-buffer.html
https://www.aatbio.com/resources/buffer-preparations-and-recipes/phosphate-buffer-ph-5-8-to-7-4
https://www.aatbio.com/resources/buffer-preparations-and-recipes/phosphate-buffer-ph-5-8-to-7-4
https://www.process-cooling.com/articles/85157-technical-insights-into-uninhibited-ethylene-glycol
https://www.process-cooling.com/articles/85157-technical-insights-into-uninhibited-ethylene-glycol
https://doi.org/10.1016/j.foodres.2005.08.006
https://doi.org/10.1016/j.foodres.2005.08.006
https://doi.org/10.1007/978-1-4614-3776-5_6
https://doi.org/10.1007/978-1-4614-3776-5_6?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://physicsworld.com/a/positive-or-negative-nanoparticle-surface-charge-affects-cell-membrane-interactions/
https://physicsworld.com/a/positive-or-negative-nanoparticle-surface-charge-affects-cell-membrane-interactions/
https://physicsworld.com/a/positive-or-negative-nanoparticle-surface-charge-affects-cell-membrane-interactions/
https://doi.org/10.2147/IJN.S36111
https://doi.org/10.2147/IJN.S36111
https://doi.org/10.1080/10717544.2018.1474964
https://doi.org/10.1080/10717544.2018.1474964
https://doi.org/10.1016/B0-12-227410-5/00437-3
https://doi.org/10.1016/B0-12-227410-5/00437-3?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/B0-12-227410-5/00437-3?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5RA04057D
pubs.acs.org/macroletters?ref=pdf
https://doi.org/10.1021/acsmacrolett.1c00538?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Macro Letters pubs.acs.org/macroletters

Therapeutic Micelles Downregulate Endothelial Cell Inflammation
and Immunogenicity. RSC Adv. 2018, S (54), 43552—43562.

(96) Son, K. K;; Patel, D. H.; Tkach, D.; Park, A. Cationic Liposome
and Plasmid DNA Complexes Formed in Serum-Free Medium under
Optimum Transfection Condition Are Negatively Charged. Biochim.
Biophys. Acta, Biomembr. 2000, 1466 (1-2), 11-15.

(97) Tatur, S.; MacCarini, M.; Barker, R.; Nelson, A.; Fragneto, G.
Effect of Functionalized Gold Nanoparticles on Floating Lipid
Bilayers. Langmuir 2013, 29 (22), 6606—6614.

(98) Arvizo, R. R;; Miranda, O. R;; Thompson, M. A.; Pabelick, C.
M.; Bhattacharya, R.; David Robertson, J.; Rotello, V. M.; Prakash, Y.
S.; Mukherjee, P. Effect of Nanoparticle Surface Charge at the Plasma
Membrane and Beyond. Nano Lett. 2010, 10 (7), 2543—2548.

(99) Rasmussen, M. K.; Pedersen, J. N.; Marie, R. Size and Surface
Charge Characterization of Nanoparticles with a Salt Gradient. Nat.
Commun. 2020, 11 (1), 1-8.

(100) Widlak, W. Protein Structure and Function. In Biochemistry;
W H Freeman: New York, 2013; pp 15—29. DOI: 10.1007/978-3-
642-45361-8 2.

(101) Shirodkar, R. K.; Kumar, L.; Mutalik, S.; Lewis, S. Solid Lipid
Nanoparticles and Nanostructured Lipid Carriers: Emerging Lipid
Based Drug Delivery Systems. Pharm. Chem. J. 2019, $3 (S), 440—
453.

(102) Discher, D. E.; Eisenberg, A. Polymer Vesicles. Science 2002,
297 (5583), 967—973.

(103) Yousefpour Marzbali, M.; Yari Khosroushahi, A. Polymeric
Micelles as Mighty Nanocarriers for Cancer Gene Therapy: A Review.
Cancer Chemother. Pharmacol. 2017, 79 (4), 637—649.

1589

https://doi.org/10.1021/acsmacrolett.1c00538
ACS Macro Lett. 2021, 10, 1576—1589


https://doi.org/10.1039/C5RA04057D
https://doi.org/10.1039/C5RA04057D
https://doi.org/10.1016/S0005-2736(00)00176-0
https://doi.org/10.1016/S0005-2736(00)00176-0
https://doi.org/10.1016/S0005-2736(00)00176-0
https://doi.org/10.1021/la401074y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la401074y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl101140t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl101140t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-020-15889-3
https://doi.org/10.1038/s41467-020-15889-3
https://doi.org/10.1007/978-3-642-45361-8_2
https://doi.org/10.1007/978-3-642-45361-8_2?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/978-3-642-45361-8_2?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11094-019-02017-9
https://doi.org/10.1007/s11094-019-02017-9
https://doi.org/10.1007/s11094-019-02017-9
https://doi.org/10.1126/science.1074972
https://doi.org/10.1007/s00280-017-3273-1
https://doi.org/10.1007/s00280-017-3273-1
pubs.acs.org/macroletters?ref=pdf
https://doi.org/10.1021/acsmacrolett.1c00538?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

