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Abstract

Gene regulation using RNA interference therapy has been developed as one of the frontiers in
cancer treatment. The ability to tailor the expression of genes by delivering synthetic
oligonucleotides to tumor cells has transformed the way scientists think about treating cancer.
However, its clinical application has been limited due to the need to deliver synthetic RNAI
oligonucleotides efficiently and effectively to target cells. Advances in nanotechnology and
biomaterials have begun to address the limitations to RNAI therapeutic delivery, increasing the
likelihood of RNAI therapeutics for cancer treatment in clinical settings. Herein, we discuss
innovations in the design of nanocarriers for the delivery of oligonucleotides for successful RNAI
therapy.
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Gene regulation using RNA interference therapy has been developed as one of the frontiers in
cancer treatment. However, its clinical application has been limited due to the need to deliver
synthetic RNAI oligonucleotides efficiently and effectively to target cells. Herein, we discuss
innovations in the design of nanocarriers for the delivery of oligonucleotides for successful RNAI

therapy.
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1.

Introduction

Cancer is a global health concern, with it being the second leading cause of death
worldwide. According to the World Cancer Report, cancer accounted for an estimated 9.6
million deaths in 2018.[1] Traditional treatment options for cancer, including surgery,
radiotherapy, and chemotherapy, have the goal of prolonging and improving patient quality
of life. However, as early as 1993, multidrug resistance of cancer cells to chemotherapeutics
and anti-cancer drugs has been a clinical concern.[?] In response to this concern, new
research thrusts toward investigating new chemotherapeutic carrier systems and alternative
treatment strategies that can overcome this multidrug resistance have been launched.

One such strategy, touted as one of the frontiers in cancer therapeutics, is RNA interference
(RNAI). RNAI is a mechanism that is present in all mammalian cells. First, a double-
stranded RNA (dsRNA) or hairpin microRNA precursor is cleaved by the Dicer enzyme.
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The resulting oligonucleotides are incorporated into the RNA-induced silencing complex
(RISC), where the oligonucleotide is activated and pairs with target MRNA strands to trigger
gene silencing.

In RNAI therapy, synthetic oligonucleotides are introduced to the cell, where they are then
incorporated into the RISC to promote specific gene regulation (Figure 1). The most
commonly used oligonucleotides for this purpose are short interfering RNAs (siRNAs) and
microRNAs (miRNAs). Formed from the cleavage of dsRNA into 21-base pair units,
siRNAs are a powerful tool for mediated gene silencing through perfect pairing with target
mMRNA strands. The endogenously expressed miRNAs are small, non-coding RNAs, ~21-25
nucleotides in length, that base pair with specific miRNAS to either inhibit translation or
promote mRNA degradation. These endogenous RNAs play a vital gene-regulatory role in
animals and plants. By pairing with target mMRNAs to specify post-transcriptional repression
of messages, miRNAs can regulate temporal and tissue-specific gene function. Unlike
siRNA, miRNA triggers gene silencing through imperfect pairing with the target mRNA
strand. Due to its need to only partially pair with its mMRNA target, an individual miRNA can
repress hundreds of genes. As regulators of gene expression, miRNAs can control several
functions and roles within the cell cycle, including fat metabolism, hematopoietic
differentiation, cell proliferation, and apoptosis. Because of their role as regulators,
dysregulation of miRNAs has been associated with the onset and progression of several
diseases.

RNAI therapy has been proposed as a cancer treatment, in particular, due to the discovery
that dysregulations of miRNA biogenesis enzymes and tumor suppressive miRNA are both
correlated with increases in tumorigenesis.[3] Further, miRNAs have a distinct role in cancer
onset and progression that is emphasized by their nonrandom distribution in the human
genome and its frequent location at fragile sites and genomic regions involved in cancers.l4]
Several studies have shown specific miRNA signatures that allow miRNAS to be used as
prognostic and diagnostic markers for varying cancer types, including lung cancer, breast
cancer, bladder cancer, oral cancer, colorectal cancer, and glioblastoma multiforme.[5-11]
Similarly, siRNA, due to its gene degradation ability, has been identified as a strong
candidate for RNAI cancer therapy. In these therapeutic applications, a specifically designed
SiRNA is used to silence oncogenes and other genes involved with cancer proliferation.[12]

In these RNAI systems, synthetic miRNA or siRNA are uptaken by cells before being
incorporated into the RISC to impact target mRNA strands to trigger gene silencing. While
RNA.i is an intriguing strategy for cancer therapy, there are several biological barriers that
must be overcome before it can be considered a viable gene regulation therapy. Specifically,
RNAI molecules must avoid degradation, fast renal clearance after systemic administration,
and innate immune system activation. These challenges associated with RNAI delivery have
severely inhibited its clinical application. The clear option, then, is to develop a drug
delivery system that allows one to harness the full therapeutic potential of RNAI therapy.
Here, we intend to discuss the various liposomal, polymeric, and peptide-based delivery
systems developed for RNAI delivery as well as recent advances toward their clinical
application (Figure 2). Other systems that have been developed for RNAI delivery including

Adv Healthc Mater. Author manuscript; available in PMC 2022 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ward et al.

2.
2.1

Page 4

protein-based therapeutics, spherical nucleic acids, and DNA nanostructures are beyond the
scope of this review.

RNAI Therapeutic Delivery Systems
Lipid-Based Delivery Systems

2.1.1. Liposomes—Several lipid-based systems have been investigated in recent years
for RNAI delivery. The most commonly studied lipid-based systems are those using
liposomes. Initial formulations were mostly cationic liposomes, however, due to adverse
effects associated with the use of cationic formulations /7 vivo, alternative approaches using
anionic and neutral liposomal delivery have been developed.

The trend in the development of drug delivery systems, including liposomal delivery
systems, is the “smart” carrier. These carriers are stimuli-responsive with targeting abilities
that enhance specificity and cellular uptake. Figure 3 outlines the design of an intelligent
liposomal delivery system. In this system, a photo-responsive liposome decorated with
VEGFR2 monoclonal antibodies (mADb) is used to encapsulate DNA. The light sensitivity
allows for degradation of the liposomal carrier upon illumination. The presence of VEGFR2
monoclonal antibodies allows for specific VEGFR2 receptor targeting. This specific,
controlled release allows for more effective cancer therapy, while maximizing tumor
targeting capabilities.[13]

Cationic Liposomal Systemsfor RNAi Delivery: Cationic liposomes are appealing for
RNA.I delivery for both its vascular targeting and, more importantly, their simple RNAI
complexation. In our experience, cationic liposomes can be prepared by a variety of
techniques. We discuss here steps that may be important. Cationic liposomes are prepared
using the lipid film method, where cationic lipids, dissolved in an organic solvent mixture,
are evaporated to a thin film layer using a rotary evaporator. After removing any trace
solvent, the lipid film is rehydrated in a buffer to allow for liposome assembly. Once this
liposome suspension is passed through an extruder, RNAi complexation can occur.[1415] The
ease in complexation of RNAi molecules with cationic liposomes makes it very appealing
for RNAI delivery systems. To form RNAi-cationic liposome complexes, oligonucleotides
are simply incubated with the cationic liposomes. Complexation occurs as a result of
electrostatic interactions between the cationic liposomes and the anionic RNAi oligonucleic
acids.

Common cationic lipids used for lipoplex formation include 1,2-diolyoxypropyl-3-
trimethylammonium chloride (DOTMA), 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP), 2-{3-[Bis-(3-amino-propyl)-amino]-propylaminopropylamine}-N- ditetradecyl
carbamoyl methyl-acetamide (DMAPAP), Staramine, and Stearylamine (Figure 4).
However, cationic liposomes do not allow for the most efficient transfection of
oligonucleotides into cells. Because of this inefficiency, cationic lipids are often mixed with
helper lipids, like 1,2-dioleoyl-sn-glycerol-3-phosphoethanolamine (DOPE) and cholesterol
(Chol), to improve cellular transfection.[16]
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In their 2010 study, Kim et al. showcased the strengths of a cationic liposomal siRNA
delivery system when they investigated the effect of cationic liposome/siRNA complexes on
GFP expression (Figure 5).124] In their study, they compared the transfection efficacy and
cell viability of DOTAP-based liposome/siRNA complexes to the commercially available
Lipofectamine™ standard. Results indicated that cytotoxicity was a function of cationic
liposome composition. Naked siRNA delivery was the most cytotoxic, followed by non-
PEGylated cationic liposome/siRNA complexes. Model cells treated with PEGylated
liposome/siRNA complexes maintained the highest cell viability. Further, results showed
that complexation of siRNA allows for an enhanced gene silencing effect compared to
delivery of siRNA alone. It is this behavioral response that has made cationic liposomal
delivery systems appealing for RNAI therapeutics.

While cationic lipid-based delivery systems show great promise for RNAI delivery, there are
several issues associated with their use when applied intravenously or by inhalation. In these
scenarios, it has been shown that cationic lipid complexes can induce immune activation /n
vivo, resulting in an inflammatory response. This toxicity, in turn, diminishes the
transfection efficacy of the lipoplex and hinders transgene expression.[17-19] However,
several approaches have been taken to overcome these limitations of cationic liposomal
delivery.

One approach has been the incorporation of an anionic component into the liposomal
formulation, in many cases an anionic polymer, to reduce the toxicities associated with the
cationic lipoplexes. In their investigation into 2-{3-[Bis-(3-amino-propyl)-amino]-
propylamine}-N- ditetradecyl carbamoyl methyl-acetamide (DMAPAP) liposomes as siRNA
carriers for melanoma treatment, Schlegel et al found that lipoplexes formed using the FDA-
approved anionic polymer, polyglutamate, led to a more efficient lipoplex formation as well
as a reduction in cellular toxicity as the dose of siRNA increased.[21-24] Other anionic
polymers are definitely suitable for this application, but due to the wide usage of
polyglutamate in biomedical applications, this choice made clinical sense. A similar
approach was taken by Hattori et al in which they developed poly-L-glutamic acid (PGA)-
coated DOTAP/Chol lipoplexes and found that PGA-coated siRNA lipoplexes could deliver
SiRNA and suppress ApoB expression with a fraction of the dose necessary of naked siRNA
without hepatotoxicity.[25-27] Ultimately, this modification of cationic liposomes is a great
leap toward intravenous delivery of cationic SiRNA lipoplexes in vivo.

A route of administration that is still being investigated for RNAI delivery using cationic
liposomes is the topical route of administration. Generally, the delivery of siRNAs topically
has been challenging because of its low permeability through the stratum corneum.
However, through the use of deformable, flexible vesicles, like cationic liposomes,
transdermal delivery potential is enhanced. In their 2009 study, Geusens et al. investigated
DOTAP-based liposome/siRNA complexes for transdermal melanoma treatment.
Ultradeformable complexes were synthesized by incorporating the edge activator, sodium
cholate, to increase lipid bilayer flexibility and permeability. Cytotoxicity experiments with
these liposomes showed that blank liposomes in a 6:1 ratio of DOTAP to sodium cholate had
a very minimal impact on cell viability.[28] In their 2016 study, Dorrani et al. expanded on
this work when they investigated the skin permeability and internalization of edge-activated
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DOTAP liposome/siRNA complexes. In their studies, they investigated DOTAP to sodium
cholate ratios of 6:1, 8:1, and 10:1. These liposomes were then complexed with siRNA at
ratios of 4:1 to 16:1. Results indicated that penetration through the stratum corneum and into
the epidermis is a function of edge-activator content, with increased penetration as sodium
cholate concentration increased. Lower edge-activator content may be unable to penetrate as
deeply due to reduced flexibility of the resulting liposome, preventing diffusion. Further,
Dorrani et al. found that as the ratio of sSiRNA complexed with the liposomes increased,
deposition into the basal epidermis and upper dermis increased. This deposition has positive
implications for cellular internalization of the DOTAP liposome/siRNA complexes.[1°]

In their 2016 study, Ghatek et al developed antihypoxamiR functionalized gramicidin lipid
nanoparticles for cutaneous wound healing.[3% In this approach, cationic lipoplexes are used
to deliver siRNAs. While it was observed that these lipid-based approaches were effective
for wound healing, the efficiency of RNAI delivery following topical application is
questionable and further research into the transport mechanisms of RNA. topical delivery is
needed.

To reduce the systemic toxicity and innate immune response associated with the delivery of
oligonucleotides using cationic lipoplexes, researchers have modified the lipids in a manner
that would alter its behavior /n vivo. One promising means by which researchers have
modified lipids to enable intravenous administration is by functionalizing the lipopolyamine,
Staramine, with methoxy polyethylene glycol (mPEG). In this system, administration of
mPEG-modified Staramine complexes resulted in no significant change in expression of the
cytokines typically induced via the innate immune response, suggesting that this
functionalization of the Staramine results in improved safety of the formulation for in vivo
RNA. delivery.[31 This conclusion is further supported by McClendon et al where mPEG-
modified Staramine was used to deliver antimiR-145 to mice to treat pulmonary
hypertension. In this study, McClendon et al observed no toxicity following antimiR-145
treatment.[32] These results are encouraging for the development of cationic lipid-based
RNAI delivery systems that do not invoke an innate immune response /1 vivo.

Anionic Liposomal Systemsfor RNAi Delivery: In response to the systemic toxicity
associated with positively charged lipid nanoparticles, many alternative approaches to
cationic lipid-based formulations have been developed. One such method has been the
development of anionic liposomal RNAI delivery systems. Anionic liposomal delivery
systems are compelling because of the improved biodistribution, efficacy, and reduced
toxicity compared to their cationic counterparts.

In these systems, oligonucleotides are generally encapsulated by the liposome formulation,
not complexed as is done in cationic liposomal delivery systems. The degree of
encapsulation is dependent on the molar charge ratio between the anionic lipid and the
siRNA (Figure 6). At low anionic lipid/siRNA molar charge ratios, SiIRNA incorporation is
dependent on complexation with cationic formulation components, particularly Ca2*. This
complexation differs from that seen in the cationic liposome systems since it does not
directly involve the anionic liposome. This complexation is dependent on the presence of the
cationic component, calcium. However, as the molar charge ratio increases, the amount of
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encapsulated siRNA increases.[69 Additionally, by coating the surface of sSiRNA complexes
with anionic lipids, it is possible to partially decomplex the siRNA to tune siRNA release
and, thus, have a more efficient uptake and endosomal escape of the carrier system [33],
Compared to the dose-dependent toxicity associated with the use of cationic liposomal
formulations, anionic liposomes generally do not have cellular toxicities associated with
their administration. [34]

In anionic liposomal systems, there is a loss in the electrostatic binding ability, and thus, the
self-assembling ability of the sSiRNA complexes. This limitation is often overcome by
incorporating a cationic moiety to the complexes. In their 2014 study, Tagalakis et al did just
that when they developed a self-assembling anionic peptide-lipid nanocomplex using the
anionic lipid, 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DOPG), and a cationic,
sixteen-lysine peptide for siRNA delivery (Figure 7).135] Similarly, in their 2018 study, Yu et
al developed an anionic liposome-encapsulated siRNA-polyethylenimine (PEI) complex.[3¢]
Their lipopolyplexes were significantly less cytotoxic than the siRNA-PEI complex
delivered alone. This highlights the improved therapeutic potential associated with the
incorporation of anionic liposomes to cationic sSiRNA complexes for RNAI therapy.

Neutral Liposomal Systemsfor RNAi Delivery: Another promising method to overcome
the limitations of cationic liposomal systems is the development of neutral liposomal RNAI
delivery systems. One such system is carriers from hyaluronan-grafted lipid-based
nanoparticles. In this structure, small, uni-lamellar liposomes are coated with hyaluronan for
particle stabilization and selective targeting to tumors expressing hyaluronan receptors.
Because of the inclusion of this targeting ligand, hyaluronan-grafted nanoparticles are
specifically uptaken by cancer cells. Also, unlike the cationic lipid-based nanoparticles, the
hyaluronan-grafted lipid nanoparticles do not induce a pro-inflammatory response in the
human peripheral blood mononuclear cells they were cultured with. [37]

pH-Sensitive L iposomal Systemsfor RNAI Delivery: Recently, pH-responsive liposomal
systems have been developed for tumor-targeted drug delivery. The most common pH-
sensitive liposomal systems are based on cholesteryl hemisuccinate (CHEMS) liposomes,
which facilitate drug release in the acidic tumor microenvironment (pH: 6.4-7.4). [38] The
systems developed thus far have been used to deliver traditional chemotherapeutics like
doxorubicin. [3%1 However, due to the translatable nature of these systems, there is great
promise for these pH-sensitive systems toward the development of RNAI therapeutics.

2.1.2. Solid Lipid Nanoparticles—Solid Lipid Nanoparticles (SLN) have gained
recent interest as a potential RNAI carrier for cancer therapeutics. These particles are
attractive due to their small size, their drug protection capabilities, and their increased and
efficient cellular uptake compared to the free counterpart. [67] Several studies have been
conducted in recent years toward the development of SLNs for cancer therapy. Initial
investigations looked into their utility in delivering chemotherapeutics such as paclitaxel and
tamoxifen.[67-70] Investigations into the efficacy of co-delivery of RNAI oligonucleotides
with these chemotherapeutics were launched, and it was generally found that
coadministration led to enhanced cancer therapy with more potent inhibition of tumor
growth and elimination of cancer cell populations compared to delivery of the
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chemotherapeutic, alone.[87] In their 2013 study, Bae et al. investigated siRNA and
paclitaxel-loaded SLNs for synergistic chemotherapy and in situ imaging. SLNs were of
particular interest for this application as it allowed for complexation of the siRNA, as well as
encapsulation of both paclitaxel and quantum dots for cancer therapy and imaging (Figure
8).168] The promising results of these initial SLN-RNAi formulations highlight the great
potential for these lipid-based carriers for RNAI cancer therapy.

2.1.3. Nanostructured Lipid Carriers—Nanostructured lipid carriers (NLCs) refer to
the next generation of SLNs — a structure in which there is a solid lipid matrix with a certain
liquid lipid content. These systems are beneficial for their improved drug loading and
controlled drug release, similar to SLNs and unlike the other lipid-based systems. Thus far,
these systems have only been explored using traditional chemotherapeutics with success.
[71-73] Because of the promise that NLC-based systems have for the delivery of
chemotherapeutics with higher encapsulation and drug loading efficiencies compared to
traditional liposomal systems, further investigation into their potential as RNAI carriers for
cancer therapy would be ideal.

2.2. Peptide-Based Delivery Systems

Cell penetrating peptides (CPPs) have been the main base for peptide-based RNAI delivery
systems. CPPs, such as oligoarginines, are compounds that can enhance permeation for
delivery of therapeutic macromolecules. For example, recently we showed that the co-
administration of therapeutic proteins with oligoarginines, such as hexa-arginine, a peptide
comprising six residues of arginine, significantly contributed to the intestinal absorption of
therapeutic peptides and proteins, which are generally poorly absorbed in the gastrointestinal
tract. [74.75] This process did not affect the epithelial cellular integrity.

Two general methods for CPP-RNAIi complexation have been investigated — covalent
conjugation to siRNA and noncovalent complexation based on electrostatic and hydrophobic
interactions with the amino acids present in the peptide structures.

CPPs can be covalently complexed to RNAI through disulfide bond formation between the
amino acids and the oligonucleotides. However, several issues have been associated with the
covalent complexation methods. This covalent linkage between the CPP and oligonucleotide
inhibits the incorporation of the oligonucleotide into the RNA-induced silencing complex
(RISC), leading to ineffective gene silencing. [76.77] Further, covalent complexation methods
are associated with a loss in siRNA activity due to charge neutralization during disulfide
bond formation. Additionally, CPP-RNAi complexes formed via covalent conjugation have
activated innate immunity /77 vivo, limiting their potential therapeutic efficacy. [78]

Because of the limitations associated with covalent CPP-RNAI conjugation, the development
of CPP-RNAI delivery systems based on noncovalent complexation methods are the main
focus. In these systems, electrostatic and hydrophobic interactions mask, not neutralize, the
negative charge of the oligonucleotides, allowing for protection from degradation and
increased cellular uptake. Because of the polyanionic nature of siRNA, cellular uptake of
siRNAs is normally restrained, limiting their gene regulation potential. However, due to this
charge masking, noncovalent CPP-siRNA complexes allow for cell transduction,
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internalization, and activity retention greater than that observed with naked siRNAs or
covalently conjugated complexes. [79]

CPP-RNAI complexes have been created using various peptides. Some of the most
commonly investigated peptides for this application include MPG, TAT, and low molecular
weight protamine (LMWP).

2.2.1. MPG Peptide—Named after May, Pierre, and Gilles — the scientists who
discovered the peptide, MPG is one of the initial peptides investigated for RNAI
complexation. In 2003, Simeoni et al investigated the mechanism through which MPG
promotes gene delivery and found that the nuclear localization sequence (NLS) of the MPG
peptide is involved with the electrostatic interactions between the peptide and nucleic acids,
along with being involved with nuclear targeting. When there is a mutation involving the
NLS, rapid release of the siRNA into the cytoplasm of cells is enabled, promoting
downregulation of target mRNAs. [89] The findings in this study prompted further
investigation into CPP-RNAI complexes based on MPG and MPG-derivatives. In their 2016
study, Liu et al developed luteinizing hormone-releasing hormone (LHRH)-targeted MPG-
siRNA polyplexes for hepatocellular carcinoma treatment. [811 These polyplexes were
prepared by mixing the siRNA targeting gene siRNA-GAPDH with LHRH-MPGANLS and
vortexing. The LHRH analogue was chosen due to previous reports showing that LHRH-
targeted drug carriers reduce tumor size at a significantly greater rate compared to non-
targeted drug carriers. This functionalization was chosen because the LHRH receptor is
often overexpressed in hepatic cancer cells. Because of the incorporation of both an LHRH
analogue and MPG to the carrier system, both selective targeting and efficient SiIRNA
delivery into the cytoplasm was achieved. [81]

In their 2019 study, Schachner-Nedherer et al developed an MPG-based drug delivery
system for miR-27a delivery. Similar to other studies, it was observed that incorporation of
an amphipathic peptide like MPG to the drug delivery system promotes RNAI uptake across
cellular membranes. Additionally, Schachner-Nedherer et al gained some insight into the
RNAI release mechanism and found that after bypassing the cellular membrane, there was
an intracellular miRNA release triggered by interactions between the hydrophobic regions in
the MPG-miRNA complexes and cell membrane phospholipids.[82] While their system was
looking at the impact of miR-27a on adipocyte development to prevent or treat obesity, the
gene regulation insights gained in this study are still promising for its potential applications
to the development of anti-cancer MPG-RNAIi complexes based on the same mechanisms of
action.

2.2.2. TAT peptide—The HIV-derived CPP, TAT, is widely studied for drug delivery due
to its ability to aid in intracellular uptake of small molecules. This internalization is a result
of electrostatic interactions with heparan sulfate proteoglycans found in cell membranes.[8]
As aides to drug delivery, TAT peptides can be conjugated with multifunctional biopolymers
to create efficient cellular delivery vehicles for antisense and siRNA and miRNA
oligonucleotides. In many of the systems developed for /in vivo delivery of anti-cancer
siRNAs, the TAT-conjugated systems are PEGylated to enhance blood circulation times.
However, PEGylation often compromises targeted cellular uptake. In their 2018 study,
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Majumdar et al attempted to overcome this limitation by developing a PEG-free system
involving the TAT-derivative, Tissue Infiltrating Peptide Amphiphile (TIPA), for sSiRNA
delivery. TIPA, an amphiphilic peptide containing the TAT motif, was used to decorate the
surface of a nanosized liposome system. When the efficacy of this system was investigated,
it was found that TIPA incorporation replaced the need for PEGylated agents, allowing for

efficient VEGF siRNA delivery to tumors and its vasculature and efficient tumor reduction.
[84]

2.2.3. Low molecular weight protamine—Low molecular weight protamine
(LMWP) has also been investigated for RNAI delivery. This non-toxic, arginine-rich peptide
promotes the condensation of RNAi complexes due to interactions between the positively
charged arginine structures and the negatively charged oligonucleotides being delivered. [8°]
The resulting masking of the polyanionic charges carried by the oligonucleotides allows for
increased cellular uptake of the RNAI complexes and a suppression of tumor growth /n vivo.
The discovery that polyarginine peptides possessed cell translocation activity and
internalization pathways similar to TAT prompted further investigation into its potential
efficacy for miRNA and siRNA delivery. [8¢] In their 2010 study, Choi et al found that
LMWP was able to achieve transduction into cells with an efficiency equivalent to TAT
peptides. Additionally, the gene regulation ability of the siRNA was preserved during
LMWP-mediated delivery as they observed significant downregulation of the model protein
luciferase when delivering vascular endothelial growth factor siRNA (VEGF siRNA) using
LMWP.[87] This finding is further supported in a similar study where suppression of
osteogenic marker levels was observed after LMWP-mediated delivery of miR-29b.[17]
Ultimately, because of its non-toxic nature and its ability to retain oligonucleotide activity,
LMWP shows great potential as a RNAI delivery system.

2.3. Polymer-Based Delivery System

Polymers are attractive for use in biopharmaceuticals due to their tunability,
biocompatibility, and ability to serve as protective carriers for the delivery of active agents
into the body.[88] Various kinds of polymers have been utilized due to specific properties.
They may arise from natural or synthetic origins, be charged or neutral, or hydrophobic or
hydrophilic. [89] There is a wide array of materials to select from and herein we highlight the
most commonly used polymeric carriers used for the delivery of anti-cancer RNA based
medicines in recent years (Table 2).

Cationic polymers possess positively charged functional groups and are able to complex
with negatively charged RNA molecules through electrostatic interactions. Of all the
materials utilized for gene silencing applications, cationic materials have shown the most
promise. This is due to their ability to “condense” multiple RNA molecules. These materials
can also permeate the lipid bilayer of cells and localize within the cellular cytosol for
improved transfection efficacies in RNA interference. [104]

2.3.1. Polyethylenimine—Numerous cationic polymers have been explored for their
utility as non-viral gene transfection agents and one of the most successful candidates is
polyethylenimine (PEI). This positively charged material comprises multiple repeating

Adv Healthc Mater. Author manuscript; available in PMC 2022 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ward et al.

Page 11

ethylene amine units (Figure 9). The amine groups within its structure are readily ionizable,
imparting good aqueous solubility and buffering capacity within the physiological pH range.
[105] This polymer can be synthesized in a linear or branched conformation as well as with
varying molecular weights (MW). It is widely reported that higher MWs of PEI elicit better
gene transfection efficacies, however, there are accompanying cellular toxicities due to its
strong cationic charge density. [106:107]

Conversely, lower MW PEI is less toxic and less effective at gene transfection. An approach
that has been explored to overcome this limitation is to merge lower MW fragments of the
material via degradable linkages to produce higher MW PEL. In doing so, the improved
transfection efficacies of the higher MW polymer are harnessed. Upon internalization and
degradation in the cells, the lower MW degradation products can then be excreted without
eliciting significant cytotoxicity. [105] A recent study that exploited this approach was
exploring the efficacy of what the authors referred to as GLUT-1 targeted “nanopompons”
delivering anti-miR21 in the treatment of breast cancer. [%0] About half a million tandem
copies of anti-miR21 were constructed into a nanoball using rolling circle transcription
technology. [108]

This “nanoball” is easily cleaved by dicer to generate therapeutic RNA strands upon cellular
uptake. To protect this nanoball, ethylenediamine branched polyethylenimine (OEI) was
imparted with degradable disulfide linkages to generate glutathione reducible pOEI.
Glutathione is present at high concentrations within the tumor microenvironment and readily
reduces disulfide bonds.[199] This reaction facilitates the release of the anti-miR payload and
the clearance of the polymeric degradation products. Furthermore, an active targeting agent
dehydroascorbic acid (DHA) was conjugated to pOEI via a PEG surface linker to promote
localization in tumor cells through interactions with the glucose transporter 1 (GLUT1). The
targeted nanopompons were generated by mixing pOEI-PEG-DHA with the anti-miR21
nanospheres at room temperature (Figure 10).

Complexation of the anti-miR21 nanospheres led to a significant improvement in their
stability from only 8 hours to 3 days. In vitro experiments were conducted using the MDA-
MB-231 model cell line derived from triple negative breast cancer (TNBC), an aggressive,
metastatic and chemo-resistant form of the disease. The cytotoxicity of the material was
appraised to be minimal and the endocytosis of DHA functionalized anti-miR21 carrying
nanopompons elicited knockdown in the expression levels of the miR-21 target. This was
accompanied by an inversely correlated increase in the expression of tumor suppressors
PTEN and PCD4 at both the mRNA and protein levels in vitro and in vivo. [110.111]
Moreover, in vitro cellular uptake was effectively hindered by the presence of glucose, a
competing ligand for the GLUT receptor and the targeted nanopompons displayed
improved sequestration within the tumors of TNBC-bearing nude mice. These findings
indicate that the nanopompons preferentially associate with GLUT1 overexpressing cells
and the efficacy of DHA as a targeting agent is not attenuated in vivo.

Anti-tumor efficacy of these delivery vectors was assessed based on ability to diminish
tumor growth and disease progression. Orthotopic tumors from mice were treated with
nanopompons These tumors exhibited the smallest volumes after treatment with the
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nanopompons relative to the control groups but targeting with DHA further heightened anti-
tumor effects. Also, there was decreased cell proliferation and increased apoptosis as seen
with the increased levels of cleaved Caspase-3. [112]

Using similar principles to overcome barriers to successful RNAI in hepatocellular
carcinoma (HCC), Cheng et al synthesized bioreducible, disulfide linked PEI polymers
(SSBPEI) conjugated to tumor targeting CC9 (CRGDKGPDC) peptide via PEG.[1 The
CC9 peptide binds to integrins in the tumor endothelium and also the neuropilin-1 (NRP-1)
receptor which promotes penetration into tumor tissue and cells.[113-115] CC9-SS-BPEI
polymers were applied for the delivery of miR-148b which is downregulated in HCC cell
lines such as HuH-7 and involved in the regulation of characteristics such as tumor drug
resistance, metastasis and tumorigenesis.[116]

It must be noted that, there is a direct association between miR-148b and the NRP-1 receptor
such that the downregulation of the former leads to an upregulation of the latter.[116] This
correlating behavior was harnessed in the study such that cells under-expressing miR-148b
were recognized by the CC9 targeted polymers due to their heightened expression of NRP-1
on the tumor cell surface. Cell studies evaluated the toxicity, uptake, gene silencing and
antimetastatic properties of the CC9-SS-BPEI/miR-148b nanocomplexes relative to control
groups. Overall, the CC9-SS-BPEI/miR-148b nanocomplexes exhibited minimal toxicity
and excellent cellular uptake.

They also exhibited the ability to maintain the functionality of the payload as the tumor
targeted nanocomplexes aided the rehabilitation of miR-148b expression intracellularly.
Consequently, there was a decrease in the expression levels of NRP-1. The researchers also
explored the effects of the CC9-SS-BPEI/miR-148b nanocomplexes on tumor cell migration
using Transwell and cell scratch assays. The results showed that in both studies, groups
treated with the targeted CC9-SS-BPEI/miR-148b nanocomplexes showed the least amount
of cell migration and matility. This was evident with the least number of longitudinally
migrating cells observed in the Transwell assay and maintenance of the largest scratch area
in the cell scratch assay relative to other study groups.

These studies emphasize a number of key innovations that have improved the utility of PEI
as a gene transfection agent. First, reducible analogues of PEI were implemented in the
studies in order to obtain both the desirable transfection properties of the higher MW PEI
but the diminished toxicities of lower MW PEI degradation products. Also, this
degradability of the PEI carrier facilitates the decomplexation and release of the RNA
payload for incorporation into the gene silencing machinery. Next, PEG was commonly used
as a linker to conjugate active targeting agents, however, it also served the purpose of
shielding the strong cationic charges of PEI to diminish its associated toxicities. Finally,
active targeting moieties were imparted onto the surface of the nanocomplexes to promote
internalization at the target sites and minimize off target toxicities and localization.

2.3.2. Chitosan—Another cationic material that has been studied for RNAI applications
is chitosan, a naturally occurring polysaccharide of D-glucosamine and A-acetyl-D-
glucosamine. [1171 Its precursor, chitin, is derived from the exoskeleton of crustaceans and
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can be economically sourced. [118] Chitosan has gained attention for use in drug and gene
delivery applications due to its numerous beneficial properties. To list a few, chitosan is non-
toxic, does not elicit immunogenic responses upon introduction into the body, is easily
biodegradable to form harmless waste products, and possesses charged groups that facilitate
the loading and delivery of RNAI therapeutics. [117]

These qualities were harnessed for cancer therapy using a combinatorial approach for the
delivery of chemotherapeutic agent and miRNA. A macromolecular prodrug/gene codelivery
system of galactosylated-chitosan-5-fluorouracil (GC-FU) and liver-specific expression
gene, miR-122 was developed to target HCC. [93] The approach of using a pro-drug versus
encapsulating the active chemotherapeutic compound was adopted to prevent premature
drug leakage prior to arrival at the desired site of delivery. The liver targeting efficacy of this
delivery system was improved by incorporating galactose as a targeting a ligand due to its
association with the asialoglycoprotein receptor (ASGP-R), a lectin receptor abundant in
hepatocytes and hepatic cancers. [119.120] miR-122 was chosen as the therapeutic agent due
to its significant expression in hepatocytes but minimal expression in other tissues. [121]

Furthermore, it mediates the regulation of hepatocyte development and could inhibit
hepatocarcinogenesis through target genes such as Bcl-2, Wntl, ADAM17, AKT3 among
others.[93] Nanosized polyplexes of GC-FU/miR-122 were produced through electrostatic
complexation and results indicated low loading densities.[9%] The ratio of polymer to miRNA
by mass that provided effective miRNA condensation and protection was 256:1. Even higher
relative ratios of polymer to miRNA by mass were required to elicit gene transfection. At a
ratio of 768:1, only 40% transfection was reported, and 95% transfection efficacy was
achieved at 1024:1 in HepG2 cells. These findings indicate that although chitosan poses
numerous benefits for intracellular drug delivery, its inability to load greater amounts of
miRNA hinders its performance as a RNAI therapeutic. Nonetheless, the GC-FU/miR-122
nanoparticles were able to elicit the knockdown of oncogenes Bcl-2 and ADAM17 which
regulate apoptosis and cell adhesion respectively. [122-124]

In another study utilizing carbohydrate-based polymers for miRNA delivery, thiolated
dextran complexed with miR-145 (TD-miR) was mixed with chitosan to form nanoparticle
polyelectrolyte complexes (PECs).[92] The PECs were conjugated to aptamer AS1411 which
is known to specifically bind to the nucleolin receptors overexpressed in cancer cells such as
the human breast cancer cell line, MCF-7.125] The outcome of this study emphasized that
the delivery of miR-145 was mainly dependent on the MW of chitosan used and the ratio of
thiolated dextran to chitosan (D/Ch ratio) in the PECs. Higher MWs of chitosan impeded the
delivery of miR-145 in vitro due to the slow rate of dissociation of the PECs. To overcome
this issue, the D/Ch ratio was increased such that electrostatic repulsion between the
condensed miRNA and thiolated dextran promoted decomplexation. The PECs were able to
hinder the expression of MUC-1, a membrane bound protein overexpressed in breast cancer,
in MCF-7 cells but did not elicit significant apoptotic or anti-proliferative effects. [126.127]

The RNA loading efficacy of chitosan may be improved by varying the degree of
deacetylation (DD) to increase its charge density. [117] It is important to keep in mind
however that the DD must not be exceedingly high that the complexes formed are overly
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stable and unable to release their payload. Also, the use of lower MW chitosan may hasten

the dissociation of nanocomplexes and enhance delivery of miRNA to the cells of interest.
[117]

2.3.3. Poly (amidoamine)—Polymers of varying architectures have been explored for
their promise in gene delivery applications. One of such materials that has garnered much
interest are poly (amidoamine) (PAMAM) dendrimers due to their controllable size and
structure, abundance of reactive groups for functionalization and ionizable amine groups for
RNA complexation.[128] They possess hyperbranched structures emanating from a central
core and the generation of the dendrimer is determined based on the degree of couplings of
the branched units (Figure 9).[128] PAMAMs of higher generations are effective at
transfection agents however they pose significant toxicities. Moreover, they are extremely
time, labor and cost intensive to generate. [129]

Therefore, researchers have explored alternative avenues to take advantage of the
transfection capabilities of higher generation PAMAMs without the accompanying
toxicities. One approach was to couple 39 and 5% generation (G3 and G5) dendrimers using
a molecular recognition system based on -cyclodextrin (CD) and adamantane (Ad).[95:130]
The core-shell tecto dendrimers (CSTDs) that were derived possessed similar properties as
higher generation PAMAMSs, and were capable of doxorubicin (DOX)/anti-miR21 co-
delivery to cancer cells.%%] In a separate study, 2"d generation (G2) megamers were
covalently linked using disulfide bonds to form a degradable megamer core and conjugated
to PEG using an acid labile linker (Figure 11).[9€]

This biodegradable, oncosensitive, megamer-based (BOMB) nanoparticle system was
utilized in the delivery of miR-122, a downregulated miRNA in liver cancer. The slightly
acidic tumor microenvironment will aid the removal of the PEG surface grafts and de-shield
the charged groups of the PAMAM dendrimer core for heightened cellular interactions.[131]
In Huh-7 xenograft tumors, the BOMB/miR-122 nanoparticles showed localization and
prolonged retention for over 16 hours. BOMB/miR-122 nanoparticles also exhibited anti-
tumorigenic effects with the least mean tumor volume of all the tested groups. Furthermore,
intratumoral expression of miR-122 was significantly increased with a correlating decrease
in the expression of Bcl-9. The reactivity of PAMAM dendrimers has also been utilized to
impart targeting moieties.

Phenylboronic acid (PBA) has been reported to specifically bind to sialic acid residues on
the carbohydrate antigens frequently expressed in various cancer cells.[132133] This binding
activity was harnessed in a study that successfully conjugated PAMAM to PBA through a
PEG linker to obtain a PAMAM derivative named PPP.197] The therapeutic agent of choice
in the study was miR-34a, which is usually downregulated in gastric cancers.[134]
Restoration of its expression levels induces cancer cell apoptosis and prevents cell metastasis
among other tumor suppressing capabilities.[13%] Results showed that PPP/miR-34a
complexes administered in nude mice localized within BGC-823 xenograft tumors and
withstood renal excretion for up to 24 hours. In comparison, free miR-34a was no longer
detectable at 6 hours post administration (Figure 12). The localization of the PPP/miR-34a
complexes in the tumor tissues was attributed to the targeting capabilities of PBA.
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Additionally, the slower renal clearance of the targeted nanoparticles highlighted the
improved resistance of the PPP carrier against the excretion of the miRNA payload.

Finally, the PBA targeted complexes hindered tumor growth in vivo and triggered apoptotic
responses in the tumor tissues. In summary, these studies emphasize the flexibility in
tailoring PAMAM design to the exploit the conditions within the targeted tissue for gene
delivery in cancer.

2.3.4. Poly(p-amino ester)s—Poly(p-amino ester)s (PBAES) are a unique class of
polymers utilized in gene delivery efforts because they possess multiple positively charged
amine groups for complexation with genetic material, readily cleavable ester bonds within
the backbone for enhanced degradation, pH buffering capacity and minimal cytotoxicity.[13¢]
In a recent study, Green and associates explored the use of newly developed PBAES with
bioreducible and non-reducible properties to deliver miRNA mimics to glioblastoma (GBM)
tumors (Figure 13).19€

It was previously reported that the repression of miRNAs miR-148a and miR-296-5p led to
the induction of tumor promoting transcripts Oct4 and Sox2 which induce a cancer stem cell
like state.[137:138] Therefore, study researchers posited that restoring the expression levels of
these miRNAs through PBAE mediated delivery could hinder the progression of GBM cells
to the stem-like phenotype. Findings indicated that R646, a bioreducible PBAE was the best
performing candidate overall, exhibiting excellent cellular uptake, minimal toxicity and
functional reconstitution of the miRNA expression levels in vitro.[136] Conversely, 646 the
non-reducible analog of R646, and C32 a PBAE known for excellent DNA delivery did not
reduce the expression of Dmntl and Hmgal, targets of the two miRNAs.

In pre-established GBM tumor xenografts, the R646 nano-miRNAS perfused up to 60% of
the tumor tissue and alleviated the tumor burdens in mice treated with the combination of
miR-148a/miR-296-5p. The success of the R646 polymer in delivering the miRNA mimics
may be attributed to its bioreducible nature. The disulfide bonds are cleaved upon exposure
to high concentrations of glutathione in the intracellular compartments. This facilitates rapid
release of the payload and clearance of degradation products from the cell. In contrast, the
escape of miRNA is dependent on the hydrolytic cleavage of the ester bonds in PBAEs 646
and C32, hindering the onset of RNA. effects.

In a separate study targeting GBM, antisense oligonucleotides against miR-21 (anti-miR21)
were complexed with poly (amino ester) (PACE) based carriers and delivered to gliomas
using convection-enhanced delivery.[?®] The specificity of the PACE-anti-miR21 polyplexes
was enhanced by conjugation to apolipoprotein E (APOE) which promoted sequestration into
the tumor environment.[139.140] PACE-anti-miR21 nanoparticles were supplemented with
chemotherapeutic drug temozolomide (TMZ) as miR-21 suppression has been reported to
increase sensitivity to chemotherapy.[141] In summary, the PACE-anti-miR21 polyplexes
effectively hindered the expression of miR-21 up to 90% in U87 cells. Animals bearing
intracranial GBM tumors were treated with PACE-anti-miR21 and supplemented with TMZ
injections. This treatment regime led to a 108% increase in survival relative to the untreated
group.
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Beyond the popular classes of polymers already discussed, researchers have developed other
specialty materials with unique properties for gene delivery applications. Xin et al developed
reactive oxygen species (ROS) responsive polymers comprising poly (ethylene glycol)—poly
[aspartamidoethyl (p-boronobenzyl) diethyl ammonium bromide] (PEG-B-PAEBEA) for
RNAI therapy in pancreatic ductal adenocarcinoma (PDAC).[1%0] The premise behind the
study was that combination treatment of PDAC with miR-34a, a miRNA under-expressed in
the disease, and volasertib, a polo-like kinase 1 (PLKZ1) inhibitor, would lead to better
therapeutic outcomes. miR-34a plays a major role chemosensitization and an increase in its
expression elicits apoptotic and anti-proliferative responses in tumor cells.[142-144]

On the other hand, the overexpression of PLK1 in cancer correlates with tumor
aggressiveness, therefore, its suppression is attractive to improve patient prognosis.[24%]
PEG-B-PAEBEA polymers formed micelles with miR-34a and volasertib in aqueous
solution which were stabilized by favorable charge interactions between the amines of the
polymer and phosphates in the miRNA as well as the strong coordination between boronic
acid and tertiary amines of the PEG-B-PAEBEA. Localization of PEG-B-PAEBEA micelles
within the tumor microenvironment triggered the release of boronic acid and subsequent
degradation of the polymer to facilitate miR-34a and volasertib delivery. These polymers
exhibited minimal toxicity and ROS-dependent drug release as seen with dampened ability
to deliver miRNA payload in the presence of ROS scavenger dithiothreitol. PEG-B-
PAEBEA micelles successfully transfected cells with results indicating an increase in the
expression of miR-34a as well as decreased expression of PLK1, the target of volasertib.

Finally, these polymeric formulations were shown to be well tolerated in vivo as well as
elicited antitumor effects in orthotopic models of pancreatic cancer in mice. PLK1 inhibition
was also utilized in the treatment of GBM tumors through the systemic delivery of PLK1
and VEGFR2 siRNA using polymeric nanocomplexes based on poly(ethylene glycol)-block-
poly[(N-(3-methacrylamidopropyl) guanidinium-co-4-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)benzyl acrylate)] (PEG-b-P(Gu/Hb))/Ang-poly(ethylene glycol)-block-
poly(N-(3-methacrylamidopropyl) guanidinium) (Ang-PEG-b-PGu).[101] Besides the
electrostatic interactions typically used to stabilize RNAI based medicines, these
nanocomplexes were imparted with guanidinium functional groups to enable the formation
of Gu*/PO,3~ salt bridges with the phosphate groups in siRNA (Figure 14).

The electrostatic and hydrogen bond interactions of the salt bridge as well as the
hydrophobic interactions of the phenylboronic ester work in tandem to generate 31-NM
nanocomplexes stabilized by three different interactive forces. These 31-NM nanoparticles
were also ROS responsive as a result of the oxidation of the phenylboronic esters within the
polymeric structure. Additionally, the nanocomplexes were decorated with angiopep-2
peptide (Ang-31-NM) for enhanced BBB permeation and GBM targeting.[14¢] Research
findings indicated that mice bearing intracranial gliomas experienced retardation in tumor
growth when treated with Ang-31-NM co-loaded with PLK1 and VEGFR2 siRNA.
Similarly, animals treated with Ang-31-NM +siPLK1+siVEGFR2 had notably increased
median survival times (36 days) relative to the non-targeted controls (18 days). Analysis of
tumor tissue excised from the Ang-31-NM +siPLK1+siVEGFR?2 receiving group showed
heightened necrosis and apoptosis. These results indicate that targeting strategies may
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significantly improve the transport of RNAI therapeutics across the BBB for improved RNAI
results.

3. Conclusions

RNAI shows great promise as a cancer therapy strategy. Several strides have been made
toward the development of clinically viable RNAi delivery systems — particularly, liposomal,
peptide-based, and polymeric systems. Cationic delivery systems are particularly useful for
RNA-based therapies based on the ease in complexation with the anionic oligonucleotides.

The versatility of the delivery systems developed for RNAI delivery makes them robust and
widely applicable to a variety of cancers. By tuning the properties of the carriers, these
systems can be delivered intravenously, transdermally, orally, and by inhalation. The high
efficiency of gene silencing as a result of RNA. is broadly applicable outside of cancer.
Because of this, these delivery systems can be applied to applications beyond cancer,
including, but not limited to, imaging and diagnostics, cardiovascular disease, and
inflammatory conditions.

4. Future Directions

Based on the analysis presented before, we conclude that there are quite a few new areas that
can be pursued. They address the design of specialty carriers that will be able to provide
better RNAI and siRNA therapies.

More specifically, novel cationic carriers must be molecularly designed to allow for selective
transport and delivery of RNAI and siRNA. Since the carriers will have to be eventually
eliminated from the cells and perfused from the body, it is important to provide advanced
biodegradable carriers that are chronologically controlled. The meaning of this is that the
degradation process has to be extremely well controlled and probably in several stages so
that the elimination of the carrier can be done in a programmable way.

In addition, multifunctional cationic carriers need to be molecularly designed so that they
can probably carry and direct two different types of SiRNAs that can be delivered at two
significantly different rates. That will allow for progressive treatment of specific diseases in
a chronological order. Several new methods of achieving that are presently studied in our
laboratories and we hope to be able to report on them in the near future.

Finally, nanosized carriers need to be better developed so that they can provide adequate
stability over the therapeutic period of the systems. Associated with that is the perennial
problem of the toxicity of cationic carriers which will have to be addressed in the near
future.

In conclusion, there are still quite a few problems that have to be addressed despite the
valiant and formidable efforts in the field.
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Figure 1.
Mechanisms of RNA interference undergone by siRNA and miRNA therapeutics for specific

gene silencing. In both siRNA and miRNA-based RNA interference, the oligonucleotides are
loaded into nanocarriers before being internalized by target cells. Once internalized, the
oligonucleotides are incorporated into the RNA-induced silencing complex (RISC), where it
is paired with a target mRNA strand for translational repression or gene silencing.
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Figure 2.
Various nanoparticulate delivery systems for RNA interference.
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Figure 3.
Construction of an intelligent liposomal delivery system. Reproduced with permission.[13]

Copyright 2020, American Chemical Society.
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Figure 4.
Structures of common cationic lipids used in liposomal formulations: (a) DOTAP (b)

DOTMA (c) DMAPAP (d) Staramine (e) Stearylamine
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Figureb.
GFP expression following delivery of GFP-specific sSiRNA with cationic liposomes. H41I-E

cells were treated with GFP-specific SiRNA alone or cationic liposome/siRNA complexes.
(@) Untreated H4lI-E cells, (b) treated with siRNA alone, (c) treated with Lipofectamine®/
SiRNA complex, (d) treated with conventional liposome/siRNA complex, (e) treated with
PEGylated liposome/siRNA complex, and (f) treated with PLR-PEGylated liposome/siRNA
complex. Reproduced with permission.[*4] Copyright 2020, Elsevier.
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Schematic representation of ternary anionic siRNA lipoplexes prepared with: (a) low anionic

lipid/siRNA molar charge ratios; and (b) high anionic lipid/siRNA molar charge ratios

Reproduced with permission. [6% Copyright 2012, Elsevier.
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Common lipids used in anionic liposomal systems (a) DOPG (b) DSPE (c) CHEMS
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Figure8.
Schematic illustration of SLNs loaded with paclitaxel and quantum dots, and the formation

of polyelectrolyte complex of SLNs with siRNA for synergistic paclitaxel-siRNA
combination therapy. Reproduced with permission.[58] Copyright 2013, Wiley.
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Figure9.
Chemical structures of cationic polymers a) polyethylenimine and b) poly (amidoamine)
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Figure 10.
Schematic of nanopompon system used to deliver anti-miR21 to breast cancer cells. The

delivery system utilized a condensed nanoball of anti-miR21, polyethylenimine and
targeting agent dehydroascorbic acid. Reproduced with permission.[% Copyright 2019,
Elsevier
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Figure 11.
Biodegradable, oncosensitive, megamer-based (BOMB) nanoparticle system for miR-122 in

liver cancer. BOMB system is acid-sensitive and will shed PEG surface grafts in tumor
microenvironment to enhance interactions of PAMAM dendrimer core with cell membranes.
Reproduced with permission. [9€] Copyright 2019, The Royal Society of Chemistry.
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Figure 12.
Biodistribution studies of Cy3-miR-34a loaded nanoparticles at 1, 6 and 24 h after the

intravenous injection. Localization of Cy3-miR-34a in the tumor tissue and various organs
was measured via in vivo fluorescence. Reproduced with permission.[971 Copyright 2019,
The Royal Society of Chemistry.
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Figure 13.
Structures of the different PBAE polymers utilized for the combination therapy of miR-148a

and miR-296-5p in glioblastoma. Reproduced with permission.[%] Copyright 2018,
American Chemical Society.
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Figure 14.
Peptide-targeted, ROS-responsive nanoparticles were stabilized by electrostatic, hydrogen

bond and hydrophobic interactions for enhanced glioblastoma targeting. These nanoparticles
exhibited enhanced BBB permeation and successfully co-delivered PLK1 and VEGFR2
SiRNA to gliomas. Reproduced with permission.[201] Copyright 2019, Wiley.

Adv Healthc Mater. Author manuscript; available in PMC 2022 July 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Ward et al. Page 39

Table 1.

Common lipids used in liposomal RNAI delivery systems for cancer therapy. This table was constructed by the
authors based on previous experimental data of a large number of investigators.

Charge Lipid Cancer Oligonuclectide Ref.
Pancreatic siRNA [40]
Skin siRNA [15], [28], [29], [41], [42]
Breast SsiRNA [43]
Ovarian SiRNA [44]
Leukemia Plasmid DNA [45]
miRNA [46], [47]
DOTAP
Lung SiRNA [47]
Plasmid DNA [48]
miRNA [49]
Liver
SiRNA [14], [25], [50]
Cationic Colorectal miRNA [511. [52]
Brain miRNA [53]
Lung SiRNA [54], [55]
SsiRNA [56]
Liver
DOTMA miRNA [56]
Colon SiRNA [571
Neuroblastoma SiRNA [58]
DMAPAP Skin SiRNA [21-23]
Staramine Lung siRNA 311
Breast miRNA [59]
Stearylamine
Colorectal miRNA [52]
Breast SiRNA [60, 61]
DOPG
Neuroblastoma SiRNA [35]
Anionic DSPE Liver miRNA [62]
Lung SiRNA [63]
CHEMS
Liver SsiRNA [36]
DOPC Ovarian SiRNA [64-66]
Neutral
DPPE Ovarian SiRNA 371
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Table 2.

Summary of polymers used in RNA-based nanomedicines for applications in cancer. This table was
constructed by the authors based on previous experimental data of a large number of investigators.

Polymer Cancer Oligonuclectide Refs

Breast anti-miR 21 [90]

Polyethylenimine (PEI)

Liver miR-148b [91]

Breast miR-145 [92]

Chitosan

Liver miR-122 [93]

Breast plasmid DNA/ anti-miR-21/DOX [95]

Poly (amidoamine) (PAMAM) Liver miR-122 [96]
Gastric miR-34a [97]

Poly (B- amino ester) (PBAE) Brain miR-148a/ miR-296-5p [08]
Poly(amino ester) Brain anti-miR-21 [99]
PEG-B-PAEBEA Pancreatic anti-miR-34a [100]
PEG-b-P(Gu/Hb)/Ang-PEG-b-PGu Brain anti-VEGFR2 siRNA/ anti-PLK1 siRNA | [101]
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