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Abstract

It has been nearly two decades since RNA-interference (RNAI) was first reported. While there are
no approved clinical uses, several promising phase 11 and 111 clinical trials suggest the great
promise of RNAI therapeutics. One challenge for RNAI therapies is the controlled localization and
sustained presentation to target tissues, to both overcome systemic toxicity concerns and to
enhance /n vivo efficacy. One approach that is emerging to address these limitations is the
entrapment of RNAI molecules within hydrogels for local and sustained release. In these systems,
nucleic acids are either delivered as siRNA conjugates or within nanoparticles. A plethora of
hydrogels has been implemented using these approaches, including both traditional hydrogels that
have already been developed for other applications and new hydrogels developed specifically for
RNAI delivery. These hydrogels have been applied to various applications /n vivo, including
cancer, bone regeneration, inflammation and cardiac repair. This review will examine the design
and implementation of such hydrogel RNAI systems and will cover the most recent applications of
these systems.

Graphical abstract

RNA interferencetherapy delivery from hydrogels has tremendous potential towards
translation. This review discusses concepts in designing hydrogels and gives an overview of recent
advances in the delivery of siRNA, miRNA and shRNA from hydrogels for various applications
both in vitro and in vivo.
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1. Introduction

RNA interference (RNAI) was first reported in 1998 when Fire et al. observed that double-
stranded RNA molecules (dsRNA) were able to silence the expression of complementary
messenger RNA (MRNA) in Caenorhabditis elegans.t This newfound ability to silence the
expression of genes provides the platform for eventual clinical translation, particularly for
aberrant protein targets that are difficult to otherwise inhibit therapeutically. Over the past
two decades, RNAI has been investigated for a variety of therapeutic purposes, with major
advances reported in the fields of infection and cancer.2-® However, despite the vast
therapeutic potential, translation has been limited and there are currently no approved RNAI
therapies used clinically.” One of the major challenges has been the local delivery of RNAI
to limit any off-target and undesired outcomes, while enhancing /n vivo efficacy. Towards
improved clinical translation, biomaterial delivery systems are emerging to facilitate local,
sustained, and efficient RNAi-mediated gene silencing. This review will cover recent
advances in the use of hydrogels - water-swollen polymer networks - as local RNAi-eluting
depots for therapeutic gene silencing.

1.1. RNA-interference Mediated Gene Silencing Mechanisms

Generally, RNAI occurs through three separate but convergent mechanisms via microRNAs
(miRNA), short hairpin RNAs (shRNAs), and small interfering RNAs (siRNAs) (Figure 1).
miRNAs are well conserved, endogenously synthesized, non-coding RNA molecules that
exert function by silencing expression of one or more complementary messenger RNA
molecules.® Upon transcription, miRNAs are first synthesized as partially complementary
hairpins known as primary miRNAs (pri-miRNA). The hairpin structure is recognized by
Drosha and cleaved from the rest of the molecule to form precursor miRNA (pre-miRNA).
Pre-miRNAs are then exported from the nucleus through a shuttle protein known as
Exportin, where they are then cleaved to a dsSRNA 21-23 nucleotides in length (miRNA).
This same process is coupled to dissociation of dsSRNA into single-stranded RNA (ssRNA),
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in which the single, antisense miRNA molecule is incorporated into a complex of proteins
known as the RNA-induced silencing complex (RISC). miRNA/RISC is targeted towards up
to hundreds of complementary mRNA sequences, to which it may have incomplete, partial
complementarity or complete complementarity through base pairing.? In the former, binding
of miRNA to mRNA localizes complexes to processing bodies, wherein translation is
repressed and mRNA is sequestered and eventually destroyed. In the latter, perfect binding
of miRNA to mRNA leads to direct target mMRNA cleavage. miRNA silencing pathways can
be successfully recapitulated exogenously by introducing miRNA “mimics,” which are
double-stranded RNA molecules that can associate with RISC in the cytoplasm for gene
silencing.10-12

Mirroring this endogenous miRNA-mediated RNAI, shRNAs are artificial, exogenously
introduced RNAI molecules that are designed as DNA. Typically, shRNAs are introduced as
plasmids or through a viral or bacterial vector, which allows for trafficking into the nucleus.
shRNA sequences then encode for hairpins known as pre-shRNA that are processed into
SiRNA. siRNA, in an analogous manner to miRNA, associates with RISC as ssRNA to exert
gene silencing. Because shRNAs are usually engineered against a sequence with full
complementarity, they exert gene silencing through direct complementary mRNA target
cleavage.13 Although shRNAs are a potent form of gene silencing through RNAI, they are
limited by the need to introduce DNA into the host genome, which carries the risk of adverse
events such as insertional mutagenesis, especially from viral-mediated transfections.14

Exogenously administered siRNA can also lead to gene silencing similar to miRNA mimics.
Like miRNA mimics, siRNAs are double-stranded RNA molecules that upon entering the
cytoplasm will exert gene silencing against a complementary mRNA target. However, while
miRNA may silence a number of genes at once through partial complementarity, SIRNAs
can be exogenously modified to specifically target a single gene with full
complementarity.1> Because of their introduction as RNA, there is no risk of insertional
mutagenesis with either SiRNA or miRNA mimic delivery. Moreover, siRNA or miRNA
only need to get into the cytoplasm, overcoming the need for nuclear trafficking, which is a
major barrier associated with shRNA and DNA delivery. However, the major drawbacks to
siRNA and miRNA delivery are the relative hydrolytic instability of RNA molecules and
poor pharmacokinetics.1016

1.2. Challenges to Clinical Translation of RNAI

The ability to efficiently silence genes expressed in pathological molecular processes has
tremendous potential for therapeutic applications. Currently, clinical trial targets of RNAI-
based technology include the eye, liver, gastrointestinal tract, and dermis, which have
specifically focused on infectious processes and cancers, with several trials in Phase 111
development.”-17 However, despite close to two decades of work, RNAi-based therapeutics
have yet to be approved by the US Food and Drug Administration.

RNAI molecules in the form of sSiIRNA, miRNA and shRNA are all met with unfavorable
physiochemical properties towards delivery. Nucleic acids are negatively charged due to
their phosphate backbone and, as such, they are naturally repelled by like-charged cellular
membranes.>18 Moreover, these molecules are all too large and hydrophilic to diffuse
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passively across cellular membranes that are hydrophobic between their lipid bilayers.19 In
the case of siRNA and miRNA, upon internalization, they are also subject to endo-lysosomal
fusion and rapid acidification and degradation, which are additional barriers towards
efficient delivery. Thus, agents that promote RNAI uptake are needed to both pass through
the cellular membrane and allow for endosomal escape for RNAi molecules to complex with
RISC machinery. Towards this, there are a plethora of techniques to permit uptake such as
through ligand-receptor interactions or endocytosis.20 Traditionally, these approaches
include the direct modification of nucleic acids or their complexation with a delivery
vehicle.

These intracellular barriers to delivery are further compounded by problems inherent to
systemic delivery. As previously discussed, sSiRNA and miRNA molecules are particularly
susceptible to nuclease-mediated hydrolysis through the 2” hydroxyl group of the pentose
ring. When delivered systemically, RNAi molecules are rapidly cleared from circulation
(plasma half-life < 10 min)2! and rapidly excreted through the kidneys with accumulation as
quickly as 20 minutes after injection.2223 They can also interact with serum components
such as lipoproteins and erythrocytes, causing aggregation and unfavorable accumulation.
Moreover, RNA can stimulate the innate immune system through activation of TLR3, TLR7,
and retinoic acid-inducible gene | protein. The innate immune response is also characterized
by a cytokine response consisting of interleukins, interferons and other pro-inflammatory
mediators.20:24 Systemic RNAI delivery also leads to unintended off-target gene silencing,
which can be undesirable with accumulation in organs like the liver and lungs.2526 Although
targeting of RNAI can overcome many of these issues through incorporation of antibodies or
receptor ligands, there is inherent cytotoxicity to systemic delivery of many non-
biodegradable delivery vehicles due to factors like cationic charge and immunogenicity. 27:28

1.3. Hydrogels for RNAi-mediated Gene Silencing

A variety of potential biomaterial drug-eluting depots exist for RNAI therapies, including
microparticles,2%-32 macroporous scaffolds,33-3% nanofibers,36-40 multilayer films,4142 and
hydrogels. The motivation for the use of biomaterials is their ability to locally deposit and
sustain the presentation of RNAI. These drug depot technologies were recently reviewed by
Sarett et al. with a focus on controlled, local delivery of siRNA.19 In contrast, this review
will focus specifically on the use of hydrogels for RNAI delivery, as hydrogels can be
designed with diverse mechanical, chemical and physical properties for this application that
can be engineered and tuned specifically for various applications.*3

Hydrogels are three-dimensional, water-swollen networks that may be comprised of natural
or synthetic polymers. Their various properties, including biodegradability, mechanics, and
injectability, may be tailored towards specific applications, which will be reviewed in a later
section. For drug delivery, hydrogels overcome many pharmacokinetic and
pharmacodynamics concerns. By concentrating and eluting drugs locally, concentrations
required for therapeutic efficacy are lowered by orders of magnitude.#44> When compared
to subcutaneous or intramuscular bolus injections, hydrogels further assist in retention and
promote sustained drug release. Further, signals can be included into the hydrogel to
promote responsiveness to enzymatic activity,*6-50 pH,51-53 temperature,>*-51 light62-67 or
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electricity.58:69 Hydrogels also help to overcome problems with undesirable off-target
toxicities and accumulation, which are especially relevant to the delivery of RNAI.”? For
these reasons, hydrogels have been extensively explored for local, sustained plasmid DNA
delivery both /n vitroand in vivo,"-79 and RNAI delivery from hydrogels is being
increasingly investigated as a means for local and sustained therapies, which is the focus of
this review.

2. Design Considerations in Engineering Hydrogels for RNAi Delivery

Many hydrogel properties (e.g., mechanics, degradation, drug release) are based on the
polymers that make up the network and there are numerous design features that should be
considered. Towards RNAI delivery, features such as the selection of the polymer that
comprises the hydrogel and corresponding properties such as electrostatics are important.
Also, the type and composition of hydrogel crosslinks will lead to variations in material
properties, such as degradation and whether or not the hydrogel is injectable. Lastly, the
incorporation of RNAI nucleic acids may be either direct or with inclusion of nanoparticles
(Figure 2). RNAI therapeutics have also been encapsulated along with cells, towards the
fabrication of scaffolds to support 3D cellular migration and proliferation towards both
regenerative medicine and tissue engineering.89-82 However, this review will focus on the
design of hydrogels for local gene silencing without added cells and this section provides an
overview of the various design components towards hydrogels for RNAi delivery.

2.1. Polymer Selection and Electrostatics

Hydrogels are comprised of polymers, which may be of either natural or synthetic origin.
Natural polymers include proteins such as collagen and fibrinogen or polysaccharides such
as hyaluronic acid (HA), dextran, alginate or chitosan. Traditionally, naturally occurring
polymers are biocompatible and possess motifs for cell adhesion and sites for
biodegradation, depending on the polymer. However, because they derive from biological
sources, these polymers may elicit immune responses, and they may exhibit lower
mechanical properties when assembled into hydrogels.83 On the other hand, synthetic
polymers are made from monomers such as vinyl acetate, acrylamide, and polyethylene
glycol (PEG). Because of their synthetic nature, precise control over properties such as
biomechanics and biodegradability is possible. RNAI delivery has been explored from both
natural and synthetic polymers.84

With polymer selection comes differences in charge, which may play a major role in the
design of hydrogels for RNAI delivery. Because of the anionic charge of nucleic acids and
cationic charge of traditional nanoparticle-based nucleic acid delivery approaches,
electrostatic interactions will directly influence the release of RNAI from hydrogels. Neutral
hydrogels (e.g., comprised of dextran, PEG) are often used because they are electrostatically
inert and will not directly interact with charged nucleic acids or nanoparticles.52:8> Anionic
hydrogels (e.g., comprised of alginate, HA) have received less attention for RNAI delivery
due to rapid release and issues with aggregation. For example, siRNAs were quickly
released from alginate hydrogels (e.g., release over 1 week compared to 2 weeks in a
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collagen hydrogel)8¢ and it was reported that HA induced aggregation of nucleic acid
polyplexes which limited transfection.”4:87

Cationic polymers include but are not limited to polyethylenimine (PEI), chitosan,
polyamidoamine, poly-p-amino-esters (PBAEs), and poly-L-lysine. Hydrogels from cationic
polymers confer several advantages for RNAI delivery. First, cationic polymers alone can
condense nucleic acids into polyplexes to promote transfection. As such, the incorporation
of cationic polymers as polyplexes into hydrogels promotes the bioactivity of SiRNA from
hydrogels. Moreover, cationic polymers themselves can be assembled into gels, where the
polymer itself can act as the transfection reagent.>:88 Moreover, cationic polymers are able
to sequester siRNA for sustained release. Despite the significant advantages of using
cationic polymers to formulate hydrogels, the major drawback has been cytotoxicity.89-91
The mechanism for this cytotoxicity has been described as multifaceted and warrants further
investigation; however, studies have found that cationic polymers activate cellular necrotic
and apoptotic signaling pathways.92 Moreover, polycations are known to induce formation
of nanoscale defects in the cellular membrane, including pore formation and membrane
thinning.?3:4 While these effects may be favorable in the trafficking and permeability of
membranes to nucleic acid polyplexes, they ultimately limit cellular viability and potential
translation. There have been many advances toward improving the cytotoxicity of cationic
polymers, especially PEI, that include modification with amino acids,?>-% sugars,® lipids,98
and polymers.%?

2.2. Crosslinking and Injectability

Various types of crosslinking mechanisms can be employed in hydrogel design, such as
Michael addition, radical polymerization, and Schiff-base formation. The mode of hydrogel
crosslinking has many important implications for RNAI delivery. For example, the use of
free radicals in many chemical crosslinking techniques should be used with care, to avoid
any concerns with cell compatibility and the stability of encapsulated cargo.100.101
Crosslinks can also be designed to be biodegradable, which can improve biocompatibility. In
addition to hydrolytically degradable hydrogels, polymers can be crosslinked with
enzymatically degradable peptide sequences that can accelerate the release of payloads
specifically in the presence of proteolytic enzymes,#6:48.102 creating responsive hydrogel
systems. Other techniques, including photodegradation®2:63 or the application of temperature
or radiofrequency 193 can be designed into crosslinks for triggered release. Finally, the
extent of hydrogel crosslinking can influence hydrogel mechanics and mesh size, which
alters the diffusion of any entrapped molecules.104:105

Many hydrogels are also designed to be injectable. Whereas pre-crosslinked hydrogels
require surgical implantation, injectable hydrogels can be administered in a minimally
invasive fashion.196.107 |n addition to alleviating the need for surgical intervention,
injectable hydrogels can access otherwise difficult to reach areas.198 These injectable
hydrogel systems crosslink through mechanisms such as photoinitiated crosslinking (via
application of light and photoinitiator), Michael-type addition or Schiff base reactions
(through mixing of two components), or supramolecular interactions (through shear-thinning
and self-healing properties). /n situ chemical crosslinking may be complicated by poor
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retention upon injection (e.g., polymer diffusion prior to crosslinking) or premature gelation
that can lead to fracture upon injection and delivery failure.109110 Sypramolecularly
crosslinked, shear-thinning hydrogels overcome these problems through self-
healing,105:111-115 ht are softer and have low mechanical properties.116 Thermal transitions
can also be used for gelation when injected. For siRNA delivery, some of the most common
functionalities introduced here are poly(organophosphazene)s®>-57117 and chitosan/g-
glycerophosphates,88.118.119 which undergo sol-gel transitions at 37°C.

2.3. Nanoparticles for RNAI Delivery

Nanoparticle-hydrogel composites are by far the most common approach towards RNAI
delivery with hydrogels (Figure 2). Here, RNAI nucleic acids are complexed into
nanoparticles (and in the case of polymers, polyplexes) in order to promote cellular uptake
and gene silencing. Much of this work builds from previous approaches for DNA
transfection.33-3% The traditional approach towards nucleic acid carrier design is to
encapsulate the cargo within a vehicle, such as a cationic liposome that mimics the physical
characteristics of natural lipids found in the cellular membrane. Neutral lipids also exist as
carriers for sSiRNA. Liposomes are comprised of hydrophobic chains with a positively
charged head group that interacts with siRNA to form a lipid bilayer. As siRNA delivery has
evolved, new lipid-like materials have been developed, termed “lipidoids”, which have
improved transfection20-123 However, lipid preparations and liposomes can be
thermodynamically unstable and are prone to aggregation,24 especially in serum or in a
charged hydrogel.125 It is likely for these reasons that there have been no studies to date
investigating liposomal RNAI transfections from hydrogels.

Cationic polymers have emerged as a more popular approach towards condensing nucleic
acids into nanoparticles, which are also commonly referred to as polyplexes. In doing so,
they are able to interact favorably with cellular membranes and stimulate endocytosis and
endosomal escape. Endosomal escape is thought to occur through the proton-sponge effect, a
process in which cationic polymers buffer the endosome pH as it acidifies, leading to
accumulation of ions and osmotic pressure that bursts the endosome.126:127 An alternative
mechanism for uptake has been proposed that involves fusion between nanoplexes and cell
membranes.28 The most commonly used cationic polymer is PEI, which is available in
linear and branched forms.12° PEI in its many forms has been used to deliver all types of
nucleic acids from DNA to siRNA and has been widely established as a gold-standard in
nucleic acid transfections both 777 vitro and in vivo. 139131 Other cationic polymers that have
been used for RNAI delivery from hydrogels include poly-L-lysine,132:133 chitosan,36:119
polyamidoaminel34.135 and PBAEs.136-138 As previously discussed, cationic polymers have
natural cytotoxicity that should be thoroughly investigated for RNAI therapeutics.

In addition to identifying nanoparticles that promote RNAI gene silencing without affecting
cellular viability, there should be strong consideration of the interactions between the
hydrogel and the nanoparticle. Naturally, the size and charge of nanoparticles will directly
affect these interactions; whereas a cationic nanoparticle will release in a sustained manner
from an anionic hydrogel, a negatively charged nanoparticle may be repelled. There have
also been previous reports of nucleic acid nanoparticles aggregating and deactivating within
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hydrogels, emphasizing the importance of nanoparticle/hydrogel interactions in engineering
these nucleic acid delivery systems.”1.74 The Segura group was able to partially overcome
these problems through a method they term “Caged Nanoparticle Encapsulation” in which
nanoparticles were coated with agarose to prevent aggregation with charged
hydrogels.”1:7487 |n some contexts, siRNA nanoparticles have been covalently linked to the
hydrogel without loss in activity. For example, the Artzi group covalently tethered arginine-
modified PBAE/SiRNA nanoparticles to dextran-aldehyde in their hydrogel backbone
through Schiff-base formation to sustain nanoparticle release.136

2.4. RNAI Nucleic Acid Conjugates

In addition to or in lieu of using a nanoparticle, sSiRNA or miRNA can be modified with
different functionalities to achieve transfection from hydrogels (Figure 2).139-141 One of the
most common madifications is cholesterol, which can be attached to 5 or 3’ end of the
sense, passenger strand, which does not interact with RISC. Many previous reports have
shown that cholesterol modifications of sSiRNA and miRNA facilitate the uptake of RNA into
cells with gene silencing, both with and in the absence of nanoparticles.142-147
Commercially, these modified siRNAs are available as Accell siRNAs, which can enter cells
without a transfection reagent and have been used with success /i vitroand in vivo,85148-151
Additional modifications such as methylation, especially on the 2’ hydroxyl of the pentose
ring where RNA is hydrolytically degraded, can promote RNA stability.>152 Another
common modification is the introduction of phosphothiorate bonds between nucleotides,
which can also prevent RNA degradation.33:154 These modifications promote cellular
uptake and can silence gene expression. However, the absence of a nanoparticle carrier
renders siRNAs and miRNAs especially susceptible to nuclease degradation, and
unprotected siRNAs (~7 nm in length and ~2 nm in diameter) may be rapidly released from
hydrogels without a nanoparticle sequestrant.86:155.156 \Whereas this has not been explored,
the use of siRNA conjugates has potential to add additional complexity to siRNA release,
where hydrophobic madifications like cholesterol may interact with hydrophobic
components of the hydrogel.

3. In Vitro Applications of Hydrogel RNAI Delivery Systems

3.1. Designing Hydrogels for Sustained RNAI Release

In vitro assessment of hydrogel RNAI delivery systems is important towards their
development to better understand potential release profiles and the activity of the released
RNAi molecules. This area was reviewed in 2010;148 however, there has been significant
growth since. The research reviewed in this section details key innovations in hydrogel
design towards RNAI delivery.

The first report to investigate and tune the release of siRNA from hydrogels was by the
Alsberg group, where they encapsulated Accell siRNA into three different hydrogels:
calcium crosslinked alginate, photocrosslinked alginate, and collagen and explored the
release of bioactive green fluorescent protein (GFP) siRNA to a GFP-expressing HEK293
line. 86 sSiRNA was rapidly released over one week from the calcium crosslinked alginate
and photocrosslinked alginate hydrogels, and over two weeks for the collagen hydrogel,
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potentially due to charge interactions with the anionic alginate hydrogels that accelerated
release. Incorporation of cationic PEI or chitosan into the alginate systems attenuated
release, likely due to differences in cationic charge density. The released siRNA silenced
GFP expression by up to 90% by six days. This was a fundamental study pivotal to SiRNA
delivery from hydrogels for establishing the role of backbone charge in sustaining release.

Recognizing the importance of polymer backbone charge, Nguyen et al. reported a hydrogel
in which linear PEI was incorporated into a hydrolyzable and photocrosslinked dextran
hydrogel to sustain siRNA release.85 Here, PEI methacrylate was polymerized with
hydroxyethyl methacrylate modified dextran, to form hydrogels that were degradable over
17 days. Accell GFP siRNA was encapsulated and release kinetics were tuned with hydrogel
weight percent and PEI concentration for up to 17 days, with high knockdown efficiency
(~80%) of GFP from GFP-expressing HEK293 cells at 14 days. In a later report, SiRNA and
miRNA were released from PEG hydrogels (formed through thiol-acrylate reaction) for over
42 days and releasates were able to silence 80% GFP-expression in HEK293 cells.82
Likewise, Noggin siRNA or miR-20a were co-encapsulated with mesenchymal stem cells
(MSCs) and promoted osteogenesis through knockdown of Noggin and PPAR-y with
elevation in bone markers including ALP, Runx2 and BSP over a 28 day time period.

Towards spatial control of siRNA delivery within a hydrogel, the Alsberg group engineered
siRNA gradients into hydrogels. Here, Hill et al. incorporated a methacrylated dextran into
two syringe pumps containing either no siRNA or siRNA with branched PEI polyplexes,
respectively.81 With varying flow rates and a mixing unit, they were able to achieve a linear
gradient of sSiRNA/PEI presentation within a dextran hydrogel. Release was sustained for up
to 16 days from 4 different sections of the gradient siRNA hydrogel, dependent on the
SiRNA loading. GFP-knockdown in HEK293 cells was dependent on local presentation of
the siRNA/PEI gradient. This study advanced siRNA delivery with complex hydrogel
systems.

In another study, Patil et al. synthesized amphiphiles by adding lipopolyamine units to
riboflavin.157 Conjugation of lipopolyamines of different lengths gave riboflavin the ability
to form hydrogels in water through supramolecular nanofiber formation upon heating and
cooling which were stable over four weeks. Moreover, the introduction of cationic
polyamines to riboflavin allowed for complexation with anionic siRNA through electrostatic
interactions. When hydrogels encapsulated fluorescein-tagged siRNA, there was significant
release and uptake of fluorescently labeled VEGF siRNA rivaling that of lipofectamine in
HelLa cells. Moreover, the delivery of polyamine-modified riboflavin hydrogels led to 50%
knockdown of VEGF expression by ELISA from the hydrogel at 48 hours. The use of
protein amphiphiles towards hydrogel formation and siRNA delivery is novel, although this
investigation warrants further studies into sustained release and potency of siRNAs.

In an early report, Singh et al. delivered siRNA from hydrogels towards enhancing immune
responses via recruitment of antigen presenting cells (APCs).29 Here, they formed
poly(lactide-co-glycolide) (PLGA) microparticles with IL-10 siRNA. Branched PEI was
conjugated to the surface of these PLGA microparticles to give them a positive surface
charge and promote cellular uptake; these microparticles were able to sustain sSiRNA release
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for 35 days in a previous report.158 DNA (pgWizLuciferase) was also added to the surface of
these microparticles to achieve dual delivery of siRNA with plasmid DNA, upon
encapsulation in hydrogels formed via a Michael-addition reaction between a vinylsulfone-
dextran and a 4-arm-PEG-thiol. Hydrogels also encapsulated the chemokine MIP3-a to
promote APC migration. Primary bone marrow mouse APCs were cultured on top of
siRNA-containing hydrogels and IL-10 gene expression was silenced up to 80% in migrated
APCs compared to controls at five days. This co-delivery approach has many potential
applications, especially in synergistically assisting in RNAi knockdown.

3.2. Stimuli-responsive Hydrogels for siRNA Delivery

As previously discussed, hydrogels can be engineered in ways that permit them to respond
to external environmental cues (e.g., light, temperature, enzymes) to promote drug release,
including towards RNA. delivery. The research in this section highlights the important role
of “smart” hydrogels in tunable RNAI delivery.

In one report, Hunyh et al. engineered an acrylated PEG hydrogel with photolabile ortho-
nitrobenzene groups (PEG-DPA) to permit light-mediated degradation and subsequent
SiRNA release (Figure 3).52 To incorporate and sustain siRNA release, aminoethyl
methacrylate, a cationic molecule, was also crosslinked into the PEG hydrogel. Hydrogels
encapsulated Accell GFP siRNA and release was tuned over two weeks by controlling UV
intensity and exposure times. Importantly, released GFP siRNA achieved up to 80%
knockdown of GFP expression in a GFP-expressing HeLa line at 14 days, which was
significantly higher than without UV exposure. This general approach was further applied
towards osteogenesis.®3 8-arm PEG-thiol was crosslinked to PEG-DPA, and H,0, was
added to form secondary crosslinks between thiols. Noggin siRNAs and miR-20a were co-
delivered and were able to transfect hMSCs and induce calcium deposition at early times,
with no differences observed with UV-treated and non-UV treated hydrogels.

Radiofrequency has also been used to stimulate siRNA release from a hydrogel.193 N-
isopropylacrylamide and acrylamide were crosslinked with bis-acrylamide in the presence of
APS/TEMED to form a hydrogel with a critical solution temperature above which it
becomes a liquid and releases the cargo. Within these hydrogels, magnetic PEG-diphosphate
nanoparticles (80 nm) were co-encapsulated with siRNA, so that radiofrequency heats the
particles and increases the hydrogel temperature above the critical solution temperature to
stimulate siRNA release. The authors reported siRNA release over seven minutes, wherein
radiofrequency induced the release of up to 80% of siRNA, compared to <5% of siRNA
without it. They also showed that multiple bursts of radiation could be applied in order to
achieve siRNA release. This was the first and only report of a radiofrequency application
towards siRNA delivery from a hydrogel, but is limited by extremely short release times and
without evidence for bioactivity.

Towards temperature-sensitive sSiRNA delivery, Liu et al. first formed siRNA polyplexes
with poly-L-lysine, 15 which has been previously demonstrated to facilitate sSiRNA cellular
uptake and silencing.132:133 These siRNA polyplexes were encapsulated into a hydrogel
consisting of glycol chitosan, a water-soluble chitosan, and a benzaldehyde-capped tri-block
copolymer of poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide). SIRNA
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release was measured at two temperatures and a 4-fold increase in siRNA release (122.5 ug
SiRNA vs. 23.8 g siRNA) was observed when the hydrogels were incubated at 60°C
compared to at 37°C. This demonstrates the role that temperature can play to tune siRNA
release; however, this report is limited by the lack of siRNA silencing bioactivity and short
release windows over less than a day.

Towards enzymatic control over siRNA release, Saito et al. used cationic gelatin SiRNA
nanoparticles incorporated into gelatin hydrogels.169 Cationic gelatin was made through the
chemical introduction of ethylene diamine to the carboxyl groups of gelatin and was used to
form polyplexes with siRNA. The polyplexes were encapsulated with unmodified gelatin
and crosslinked through the addition of glutaraldehyde. siRNA release was tuned through
the presence of collagenase, which permitted release through hydrogel erosion with 100%
release by 48 hours, whereas ~40% release was observed after the first 24 hours without
collagenase and negligible release was observed thereafter. Luciferase sSiRNA was released
from hydrogels and added to Colon26-luc cells, a mouse colon carcinoma line, /n vitro. In
hydrogel/siRNA treated cells, luciferase expression was decreased by up to 40% at nine
hours after treatment compared to controls.

In another study with enzymatically-degradable gels, lysozyme was used to release sSiRNA
from chitosan hydrogels.161 Chitosan is a naturally-occurring, cationic polymer that has
been used to condense nucleic acids into polyplexes for transfection.36:162 g-
glycerophosphate addition allowed chitosan to form a hydrogel at 37°C through
hydrophobic interactions for the encapsulation of siRNA, with chitosan improving
transfection. siRNA to RANK, a protein that promotes abnormal osteoclast activity in
periodontal disease, was released and gene silencing of ~60% observed in RAW264.7 cells
by 9 days. Significantly faster release was observed in the presence of lysozyme compared
to buffer, wherein lysozyme liberated up to 50% of siRNA by two weeks, compared to less
than 20% without.

4. In Vivo Applications of Hydrogel RNAI Delivery Systems

4.1. Cancer

This section covers the progress from /n vitro delivery systems that highlight the utility of
hydrogel properties for RNAI delivery to applications /n vivo. Here, we discuss the most
common applications of such systems towards cancer, inflammation, bone regeneration and
cardiovascular disease.

The majority of applications of RNAI hydrogel systems have been towards cancer, which is
commensurate with a large body of knowledge in siRNAs for cancer therapeutics. The
enhanced permeability and retention (EPR) effect and lack of lymphatic drainage have
helped to push forward nanoparticle therapeutics in this application, where nanoparticles can
accumulate based on increased vasculature.163.164 For these reasons, local targeting to tumor
tissues by hydrogels may have increased RNAI specificity towards cancer cells compared to
surrounding tissue; as such, several reports of hydrogel/RNAI delivery have shown great
promise towards cancer therapies. Many of these systems involve intratumoral injection of
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hydrogels, which may not be warranted for metastatic, later stage cancers or cancers in sites
that are difficult to access.

One of the first applications of hydrogel siRNA delivery to cancer was the treatment of
melanoma and breast cancer xenografts in a mouse model.185 Here, chitosan/p-
glycerophosphate hydrogels with encapsulated Alexa555-siRNA were injected
intratumorally into a melanoma (A375SM)-bearing mouse, displaying a sol-gel transition
upon injection. As previously discussed, chitosan is able to effectively condense nucleic
acids into nanoparticles to facilitate sSiRNA uptake and gene silencing.162:166.167 Hydrogel
injections helped to localize siRNA fluorescence to tumor cells compared to hydrogel or
SiRNA alone. siRNA to tissue transglutaminase 2 (TG2) was encapsulated and injected into
A375SM mice. Decreased TG2 expression was observed at 10 days and significant
decreases in tumor volume, especially when co-administered with docetaxel, a
chemotherapy drug, were seen at 30 days. In a similar MDA-MB-231 model of breast
cancer, hydrogel/siRNA/docotaxel inhibited tumor growth by up to 92%. Single injections of
siRNA alone had no antitumoral effect, suggesting that chitosan was important in facilitating
uptake and sustained release.

A report from Guo et al. later demonstrated hydrogel-mediated, local gene silencing through
shRNA DNA plasmid transfection for cancer therapy.168 Here, linear PEI was modified with
PEG to complex DNA for transfection. PEI-PEG was successful in transfecting luciferase in
two breast cancer lines, MDA-MB-231 and MCF-7. shRNA was selected against Akt1,
formed into PEI-PEG complexes, and co-encapsulated with paclitaxel, a chemotherapeutic,
in an injectable and thermosensitive linoleic acid-modified triblock copolymer of
poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide)) hydrogel. In a human
tumor xenograft of MDA-MB231, a single hydrogel injection was responsible for a
significant reduction in tumor volume of up to 80% with a synergistic effect provided by
paclitaxel at 26 days. Aktl levels were significantly decreased in the tumor and the
combination of both drugs increased apoptotic genes, decreased pro-oncogenic genes (Bcl2,
Bcll), and decreased tumor angiogenesis and VEGF levels. This was the first application of
a hydrogel/shRNA delivery system towards cancer therapeutics.

In a later report, Ma et al. delivered an shRNA from a hydrogel in osteosarcoma therapy.169
Poly-L-lysine-modified PEI formed nanoparticles with ShRNA against polo-like kinase 1
(PLK1), a signaling molecule that is overexpressed in osteosarcoma. Nanoparticles were co-
encapsulated with doxorubicin into a PLGA-PEG-PLGA triblock copolymer, a
thermosensitive polymer that displays a sol-gel transition at 37°C. Hydrogels were injected
in a human osteosarcoma xenograft model of Saos-2 cells. From a single injection,
hydrogels with sShRNA and doxorubicin significantly reduced tumor size by 16 days, and
tissue analysis suggested that PLK1 mRNA levels were significantly lower in hydrogels
treated with doxorubicin and shRNA together. A series of markers for cellular proliferation
and oncogenesis were also measured, which supported a beneficial role for the PLK1
shRNA co-delivery with doxorubicin 777 vivo. The two reports by Guo et al.168 and Ma et
al.169 paralleled one another in the delivery of a modified PEI from a triblock copolymer
forming a thermosensitive hydrogel.
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A PBAE-based nanoparticle hydrogel/system was reported in 2015 by the Artzi group.136
PBAESs condense nucleic acids to form polyplexes.137:138.170 |n this report, Segovia et al.
formed nanoparticles between siRNA and arginine terminated-PBAEs, which were then
encapsulated within a hydrogel from polyamidoamine (PAMAM) dendrimers crosslinked
with dextran aldehyde. Arginine modified-PBAESs were able to condense GFP siRNA and
silence GFP expression up to 54% relative to controls in GFP-expressing MDA-MB-231
cells. Amines on the nanoparticles reacted with the dextran aldehyde to link to the network.
SiRNA release was sustained from the nanoparticle hydrogels, with 90% release by 6 days. It
was believed that physically entrapped nanoparticles were released first, and then covalently
attached nanoparticles later. sSiRNA to luciferase was encapsulated with the hydrogels and
implanted into mice bearing luciferase in MDA-MB-231 breast cancer cells. Injections
reduced luciferase expression by as much as 70% at 6 days with hydrogels, whereas a single
nanoparticle injection only led to a 20% reduction in luciferase expression.

In a subsequent report by the Artzi group, Conde et al. delivered a miRNA triple helix
consisting of a miRNA mimic (agomir) and miRNA inhibitor (antagomir) incorporated into
the same PAMAM -dextran aldehyde hydrogel they previously used (Figure 4).142 Here,
miR-205 (dsRNA) and miR-221 antagomir (SSRNA) were hybridized into a triple helix.
Whereas miR-205 has been shown to have anticancer properties, miR-221 has been shown
to have tumorigenic effects necessitating antagonism. The miR-205 sense strand was also
modified with a 3’ cholesterol to facilitate cellular uptake and protection from endonuclease
degradation. RNA triple helices consisting of fluorescently-labeled miR-205 mimics and a
sSRNA inhibitor of miR-221 formed triple helix nanoparticles 50 nm in size and were
complexed with PAMAM through electrostatic interactions to form aggregates
approximately three microns in size. Triple helices were uptaken into cells significantly
more (99.8%) than double helices (38%), likely due to micropinocytosis. Hydrogels were
implanted adjacent to tumors in mammary fat pads of SCID hairless congenic mice.
Thirteen days following hydrogel implantation, the mice tumor xenografts were reduced by
90% in size compared to just 50% from miR administration separately and only 25% and
35% in doxorubicin or paclitaxel-loaded hydrogels, respectively. This was the first report of
the co-delivery of a miR agomir and antagomir within the same system, demonstrating
synergism in their capacity to form a triple helix. Robust transfection and uptake both /n
vitroand in vivo from their PAMAMY/dextran hydrogel suggests strong translational
potential.

Towards the treatment of gastric cancer, Peng et al. developed a type 1 collagen hydrogel
encapsulating a commercial linear PEI/siRNA complex.171 1d1 siRNA, which is thought to
inhibit proliferation and migration of cancer cells, was encapsulated with PEI and silenced
up to 60% of gene expression in SGC-7901 gastric cancer cells. Downstream targets,
including Cyclin D1 and p-AKt, were also downregulated, consistent with SiRNA activity.
Cellular proliferation, the direct target of 1d1 siRNA, was significantly inhibited at 14 days
as well when compared to controls. In a gastric cancer xenograft, hydrogels were injected
hypodermally, which decreased tumor size at 4 weeks. Moreover, immunostaining of
cellular targets of 1d1 siRNA were consistent with gene silencing activity, with less cyclin
D1 and more P21, indicating suppression of proliferation. Proliferating cell nuclear antigen
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also decreased in SiRNA/PEl/collagen treated samples, suggesting inhibition of
proliferation.

As an alternate approach to encapsulation in hydrogels, the Song group directly assembled
polyplexes into hydrogels for siRNA release.>27:59.117 |n their first report, Kim et al.
engineered an injectable PEI-based thermosensitive hydrogel with this approach (Figure
5).59 PEI was modified with poly(organophosphazene) and a biodegradable ester linkage to
enable thermogelation at 37°C into a hydrogel. At room temperature, modified PEI-
poly(organophosphazene)s were able to form polyplexes and then assemble into hydrogels
for sustained release of a Cy5.5-labeled siRNA for up 28 days. Towards anticancer therapy,
SiRNA was selected against Cyclin B1, a regulator of the cell cycle and encapsulated into
hydrogels. Cy5.5-siRNA was sustained for 21 days intratumorally and Cyclin B1 siRNA
reduced tumor growth at 30 days. This report was incredibly novel not only for its anticancer
response and sustained release but also for its engineering design principle. The idea of
using PEI as a member of the backbone and as a transfection reagent for condensing siRNA
into polyplexes was previously undescribed.

Following this initial report, a series of studies used this poly(organophosphazene) system
towards other cancer applications. Hydrophobic isoleucine ethylester and hydrophilic PEG
were introduced to PEI-poly(organophosphazene) to form an amphiphile to co-deliver an
siRNA to BCL-2 with docetaxel, a hydrophobic drug that assisted in polyplex
condensation.>® siRNA release was sustained over one month 7 vitro, and Cy3-siRNA
signal was present up to 41 days /7 vivo. Hydrogel injections of BCL-2 siRNA with
doxotaxel were able to sustain MDA-MB-231 breast cancer tumor inhibition /n vivo at 30
days, ~80% compared to a PBS control. In another study, protamine, a potent transfection
reagent,172:173 was conjugated to poly(organophosphazene) to increase electrostatic
interactions.1” Protamine/siRNA polyplexes were assembled into hydrogels. Gels were
observed up to 24 days intratumorally upon injection and significantly decreased tumor
growth with siRNA to vascular endothelial growth factor (VEGF).

The PEI-poly(organophosphazene) was later modified with folate to form polyplexes that
specifically targeted the folate receptor (FR).2” Modification by folate allowed for
condensation of siRNA into polyplexes. When encapsulated with VEGF siRNA, VEGF was
silenced to 50% from siRNA micelleplexes. When injected in a mouse tumor xenograft
model, hydrogels with Cy3-siRNAs persisted for up to 10 days with the hydrogel. With
SiRNA to VEGF, the hydrogel significantly reduced tumor volume over 21 days up to 50%
and reduced VEGF expression in the tumor by 50%. Moreover, by doubling the amount of
siRNA from 100 ug to 200 ug, they were able to achieve a more robust gene silencing effect
demonstrated by relative tumor volume growth inhibition (>80%) at 30 days. The idea of a
transfection reagent being used as part of a hydrogel backbone has interesting implications
towards siRNA delivery, especially in being able to deliver and transfect cells with
unmodified, naked siRNA. It is likely that previous applications of chitosan hydrogels in
which siRNAs were also encapsulated naked!19.161.165 were behaving through a similar
idea, and further investigation should look into the release of biologically active polyplexes
as the mechanism through which siRNA activity was potentiated with these systems.
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4.2. Inflammation

RNAI delivery from hydrogels has been used to mediate inflammation, including towards
the treatment of hypertrophic scarring, a process characterized by excessive collagen
deposition. Zhao et al. delivered a TGFp-337 siRNA complexed with Entranster-R, a
commercially available transfection reagent. TGF(-337 is a protein that when silenced can
inhibit cellular proliferation, arrest cells in G1, and induce apoptosis of fibroblasts in
hypertrophic scars. Polyvinylpyrrolidone, polyvinyl alcohol, glycerol and water were mixed
under vacuum for hydrogel formation and polyplex encapsulation, coated onto a
polyethylene glycol terephthalate film for adhesion, and then applied transdermally to a rat.
Compared to controls, hydrogel/Entranster penetrated significantly more into the skin at 24
hours, with increased siRNA fluorescence in the dermis. In mice with hypertrophic scars
treated with hydrogel/siRNA combinations, there was a significant decrease in the volume
change of hypertrophic scars, and the orientation of collagen fibers was more similar to that
of normal dermis, with more type 1 collagen. 174 When applied topically, this system
promoted both sustained and local delivery.

Towards the treatment of colonic inflammation in inflammatory bowel disease, Laroui et al.
targeted CD98, a protein highly expressed on epithelial and immune cells that promotes
crucial roles in homeostasis and the innate immune response in the gut.1’> CD98 siRNA was
complexed with PEI and polyvinyl alcohol and encapsulated into an alginate/chitosan
hydrogel crosslinked with calcium and sulfate. Release was pH dependent, such as in the
colon. When colitis mice were gavaged with hydrogel-encapsulated siRNA nanoparticles
daily for 8 days, the nanoparticles trafficked across the mucosal layer and invaded
submucosal epithelium. Weight loss, myeloperoxidase, a measure of inflammation, and pro-
inflammatory cytokines and markers all decreased with treatment. In a later study, TNF-a
siRNA/PEI complexes with PLA-PEG nanoparticles were targeted to macrophages by
adding the Fab portion of an antibody targeting F4/80, a glycoprotein expressed by murine
macrophages.1”6 These nanoparticles decreased TNF-a expression from RAW macrophages
and then decreased markers of inflammation /n vivo when delivered with a hydrogel. As an
SiRNA delivery system, this hydrogel is a “smart” material in the ability to release payload
only in the pH in the colon. Moreover, the ability to deliver a hydrogel through an oral
gavage has not been used previously for siRNA delivery.

Another application of hydrogel RNAI delivery was toward mucosal inflammation in
sinusitis (Figure 6).11° Here, Cao et al. engineered an injectable hydrogel from chitosan/p-
glycerophosphate. siRNA release was pH dependent - acidified PBS led to accelerated
release (70% by two weeks) compared to moderate release in neutral pH (40%). VEGF
SiRNA released to seeded bronchial epithelial cells silenced up to 40% of VEGF over one
week. siRNA was delivered to mucosal cells in a chronic rhinutis rat model, and hydrogels/
siRNA were injected bilaterally into the maxillary sinus. After 2 weeks, there was a
significant decrease in mucosal thickness in the sinus mucosa, suggesting inhibited
inflammation by silencing VEGF.

Kanazawa et al. reported on a hydrogel for RNAI delivery towards inflammation, where they
engineered a hydrogel that encapsulated RelA siRNA, a gene thought to improve the
pathogenesis of atopic dermatitis through silencing of NFkB.17 siRNA was complexed with
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TAT peptide and AT1002 into nanoparticles and further encapsulated into hydrogels made
from sericin, a protein created in the production of silk. Sericin contains many polar side
chains, exhibiting hydrophobic characteristics that drive p-sheet structures in the hydrated,
hydrogel state. TAT peptide functions as a cell penetrating peptide and transfection vehicle
and AT1002 is a peptide that functions in opening tight junctions to permit transdermal
SiRNA delivery. In a model for dermatitis, hydrogels were applied topically over the ears of
mice. When hydrogel/Rel A siRNA was applied three times a week for two weeks after
sensitization for atopic dermatitis in mice, improvements in ear thickness and clinical skin
severity were seen. Immunohistochemistry also demonstrated the absence of parakeratosis,
eosinophils, and mononuclear cells in the hydrogel/siRNA treated groups.

Towards a different inflammatory outcome, Browne et al. engineered a system to reduce the
foreign body response in organs and transplants.17® Here, they co-delivered IL-6 SiRNA with
a plasmid encoding for endothelial nitric oxide synthase (eNOS). IL-6 can be a pro-
inflammatory cytokine, especially in recruiting monocytes and neutrophils. eNOS has been
shown to inhibit IL-6 expression and is pro-angiogenic. Here, they encapsulated siRNA and
DNA with commercially available polyamidoamine dendrimers (Superfect) to form
polyplexes and then further into collagen microspheres and then into collagen hydrogels.
Hydrogels were implanted subcutaneously in rats and decreased the volume fraction of
inflammatory cells compared to controls. By combining with eNOS DNA, they were able to
decrease the volume fraction of inflammatory cells, found at 7 days, and significantly
increased blood vessel density of host tissue at 14 days. Protein expression revealed an
overall reduction in inflammatory cytokines with increased expression of angiogenic factors
in treatment groups. Together, this system suggests that hydrogels could be used to enhance
the foreign body response and promote the vascularization of transplanted organs while
decreasing inflammation.

4.3. Bone Regeneration

RNAI delivery for bone regeneration is still relatively new and there are only a few reports in
this area. Manaka et al. encapsulated Noggin siRNA into a biodegradable hydrogel
consisting of a poly-d,L-lactic acid-p-dioxanone-polyethylene glycol block copolymer
(PLA-DX-PEG).17® Hydrogels were implanted with rhBMP-2 and either with or without
noggin siRNA into the dorsal muscle pouch of mice to control ectopic bone formation. At
two weeks, hydrogels in which Noggin siRNA was delivered with BMP-2 led to formation
of new bone with increased mineral content. An interesting aspect of this study was the
absence of any vehicle for siRNA internalization. For these reasons, the authors argue for the
internalization by endocytosis of PLA-PEG polymers in complex with siRNA that are
formed from the hydrogel. This mechanism has not been previously described and should be
further characterized. As a delivery system, this hydrogel is novel in delivering a growth
factor (BMP2) with an siRNA to an antagonist of that growth factor (Noggin). The ability to
achieve functional outcomes /7 vivo warrants further experiments to improve therapeutic
efficacy and a better understanding of the role that the hydrogel plays towards sustained
delivery.
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A report by Li et al. delivered miR-26a through a hydrogel /in vivoto promote bone healing
through angiogenesis and is one of few reports to deliver microRNAs by hydrogel.280 In this
report, they identified miR-26a as promoting the coordination of angiogenesis with
osteogenesis during bone regeneration. Using a miR-26a mimic or inhibitor on MSCs, they
showed that microRNA transfection by siPORT NeoFX (Ambion) promoted the expression
of VEGF and Ang1 concurrently with BMP2, Runx2, osteocalcin and collagen over two
weeks. hMSCs transfected with miR-26a were found to promote vascular and bone tissue
formation. Subsequently, they incorporated Cy3-labeled, 3’ cholesterol-modified, 2° O-
methyl modified, single-stranded miR-26a mimic into a biodegradable hydrogel consisting
of thiolated heparin, thiolated HA, and PEG crosslinked through Michael addition chemistry.
The cholesterol-modified microRNAs led to therapeutic, endogenous gene silencing /in vivo
without the need for a transfection reagent. To test the hydrogel-miR system /n vivo, a 5-mm
sized calvarial bone defect was created in nude mice. Hydrogel-miR or controls were
implanted into the defect, and bone formation and vascularization was assessed after 12
weeks. From histological examination, newly formed bone coordinated with vessel size and
area density, which was significantly higher in hydrogel-miR groups compared to controls.
By micro-CT, hydrogel-miR groups led to complete repair by 12 weeks, wherein controls,
including a hydrogel-MSC group only led to moderate regeneration (Figure 7). The ability to
completely repair bone in the calvarial defect model suggests that this is a powerful
platform.

4.4. Cardiovascular Disease

One of the first examples of an siRNA being delivered through a hydrogel was towards
MMP2 inhibition in hydrogel-coated carotid stents to prevent atherosclerosis by Lie et al.181
Here, pullulan, a naturally occurring polysaccharide, was functionalized with
diaminoethylamine so that it would complex siRNA through electrostatic interactions into
nanoparticles. These nanoparticles were mixed with unmodified pullulans and dextrans,
which were physically crosslinked with sodium-trimetaphosphate. Cationic pullulan was
able to sustain siRNA release from hydrogels of ~20% over two hours compared to neutral
hydrogels, where 100% was released within 10 minutes. sSiRNA was then swollen into the
stent-covered hydrogels. A balloon catheter was used to induce right carotid abrasion in a
rabbit model, and stents were implanted after 15 days. After 24 hours, Tamra-tagged siRNA
showed clear uptake of sSiRNA upon implantation into rabbit carotids. sSiMMP2 was able to
silence MMP2 activity of about 30% in cationized pullulan groups.

Wan et al. reported a hydrogel/RNAI combination towards a cardiovascular application,
where they delivered an ShRNA DNA plasmid against angiotensin converting enzyme
(ACE).182 ACE has been shown to enhance apoptosis, increase infarct size, and lead to heart
failure after myocardial infarction.183.184 A biodegradable, thermoresponsive dextran
hydrogel modified with a hydrophobic poly(e-caprolactone)-2-hydroxyethylmethacrylate
and a poly(N-isopropylacrylamide) thermoresponsive group was used. Within this hydrogel,
ACE shRNA plasmids complexed to Lipofectamine 2000 were encapsulated. In a rat model
of infarction, the left coronary artery was ligated and rats were injected with 4 x 25 uL of
gel/shRNA into the infarcted region. From their plasmid, they co-expressed GFP, which was
present 30 days after injection. Moreover, hydrogel/shRNA reduced infarct size 21%,
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apoptotic index 11.4%, and ACE mRNA by 50% at 30 days, suggesting a cardioprotective
effect in rats (Figure 8). This is the only example of RNAI delivery from a hydrogel leading
to improved cardiac function after myocardial infarction. In this regard, the ability to achieve
such outcomes suggests that additional targets should be explored and a better understanding
of hydrogel behavior in a contractile environment is warranted.

5. Summary

As outlined here, there is tremendous potential in the ability to achieve local and sustained
gene silencing through the use of hydrogels. The evidence of this technology has been
promising, showing antitumorigenic effects, improved bone healing and cardiac function,
and modulation of immune responses over long periods /n vivo. The variety of systems
mentioned demonstrate how hydrogels can be tailored with various properties to address
specific, unique needs for each application. Great promise was especially evident from
hydrogel/RNAI systems in cancer and bone regeneration.

While hydrogels demonstrate potential for pushing RNAI therapies forward, there are
limitations that should be acknowledged. First, hydrogels can sustain the delivery of a single
amount of RNAI over time periods of weeks. This can be a disadvantage, as it decreases the
concentration that cells are exposed to at any given time window and may not achieve the
physiological response that serial, systemic injections (or serial local injections) may
achieve. Thus, with hydrogel delivery there is a trade-off between sustained delivery and
bioactivity. Second, hydrogels themselves carry a host of their own potential issues,
including degradability, clearance and a foreign body response. These should be further
investigated in /n vivo settings. Finally, hydrogels are unable to target multiple organs at
once and thus may be inferior to systemic delivery systems for processes like metastatic
cancer.

Compared to other bulk delivery systems, hydrogels may have unique advantages in
tunability of properties, ease of cell adhesion and migration, and injectability. Their high
water content also improves the tissue response. Despite these advantages, other bulk
systems should also be considered as RNAI delivery vehicles, which may have improved
properties such as towards mechanical stability and representing the 3D structure of tissues.

Towards the development of therapies, an improved fundamental understanding of release
and uptake from hydrogels is warranted. Specifically, /n vitro characterization of how bulk
material properties affect drug release will permit improved tuning of release properties /n
vivo. The structure and size of nanoparticles should also be better explored in the context of
these hydrogel delivery approaches. Micropatterning approaches can potentially be used to
as another mechanism of controlling and understanding cellular responses to RNA. 185
Lastly, an improved understanding of different methods of cellular trafficking can help in the
design and characterization of novel polymeric methods towards /n vivo application. These
should be explored by cell type and organ system to promote the application of hydrogel
RNAI therapeutics in a range of tissues that are previously unexplored.
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Towards sustained delivery and improved patient adherence, hydrogels should be explored to
various endpoints /7 vivo and RNAI molecule release should be characterized spatially and
temporally. Further experiments should assess the manner by which hydrogels either become
incorporated or are degraded by the body. For improved translation, injectable hydrogels
should be considered over implantable ones that require invasive surgical interventions,
especially in organs such as the heart, which can be accessed percutaneously by catheter.
Future technologies will also strongly benefit from the ability to externally control RNAI
release to achieve on-demand and temporal control over gene silencing.
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Figure 1.
Roles of miRNA, shRNA and siRNA in RISC binding and RNA interference. Reproduced

with permission.186 Copyright 2005, Nature Publishing Group.
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Figure 2.
Strategies for siRNA delivery from hydrogels include encapsulation within a nanoparticle or

as an siRNA conjugate to permit cell transfection. Towards hydrogel design, polymer
charges are varied and degradable sequences and crosslinking mechanisms control the rate at
which siRNA is released. Upon release, nanoparticles or free siRNA are able to interact with
cell membranes and enter the cell, leading to gene silencing.
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Figure 3.

Photolabile siRNA delivery through hydrogels formed from PEG-o-nitrobenzene-acrylate
permits siRNA release in response to UV light through o-nitrobenzene mediated photo-
isomerization. Reproduced with permission.52 Copyright 2015, Wiley.
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miR-205 mimic can interact with miR-221 antagomiR via Hoogsteen interactions to form
RNA.i triple helices. These interact with polyamidoamine (PAMAM) dendrimers to form
nanoparticles that can be further crosslinked into a hydrogel by addition of dextran aldehyde.
Reproduced with permission.142 Copyright 2015, Nature Publishing Group.
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Figureb.
Modification of PEI with poly(organophosphazene) to form polyplexes with siRNAs. Upon

gelation at 37°C, hydrogels form that dissociate into siRNA polyplexes over time.
Reproduced with permission.>® Copyright 2012, American Chemical Society.
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Figure6.
Hydrogel/Cy3-siRNA (a) significantly enhanced retention upon injection compared to

nanoparticles (b) or free siRNA (c) alone compared to untreated (d), as quantified via
fluorescence intensity. Reproduced with permission.11® Copyright 2015, Cao et al.
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Figure7.
Complete regeneration of calvarial bone defects was observed with hydrogel/miR-26a

treatment compared to hydrogel/miR controls, including increased vascularization by
immunohistochemistry at 12 weeks. Reproduced with permission. 180 Copyright 2013,
Elsevier.
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Figure 8.
Reduction in infarct size was observed with hydrogel+shRNA delivery when compared to

controls after M1. Reproduced with permission.182 Copyright 2013, Wiley.
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