ACCOUNTS

Multifunctional Nanogels for siRNA Delivery

MICHAEL H. SMITH AND L. ANDREW LYON*

School of Chemistry and Biochemistry and the Petit Institute for Bioengineering &
Bioscience, Georgia Institute of Technology, Atlanta, Georgia 30332-0400,
United States

RECEIVED ON AUGUST 22, 2011

CONSPECTUS

he application of RNA interference to treat disease is an important yet challeng-
ing concept in modern medicine. In particular, small interfering RNA (siRNA) have
shown tremendous promise in the treatment of cancer. However, siRNA show poor
pharmacological properties, which presents a major hurdle for effective disease
treatment especially through intravenous delivery routes. In response to these short-
comings, a variety of nanoparticle carriers have emerged, which are designed to
encapsulate, protect, and transport siRNA into diseased cells. To be effective as carrier
vehides, nanopartices must overcome a series of biological hurdles throughout the
course of delivery. As a result, one promising approach to SiRNA carriers is dynamic,
versatile nanoparticles that can perform several in vivo functions.
Over the last several years, our research group has investigated hydrogel nano-
particles (nanogels) as candidate delivery vehicles for therapeutics, including siRNA.

Throughout the course of our research, we have developed higher order architectures composed entirely of hydrogel components,
where several different hydrogel chemistries may be isolated in unique compartments of a single construct. In this Account, we
summarize a subset of our experiences in the design and application of nanogels in the context of drug delivery, summarizing the
relevant characteristics for these materials as delivery vehicles for SiRNA.

Through the layering of multiple, orthogonal chemistries in a nanogel structure, we can impart multiple functions to the
materials. We consider nanogels as a platform technology, where each functional element of the particle may be independently
tuned to optimize the particle for the desired application. For instance, we can modify the shell compartment of a vehicle for cell-
specific targeting or evasion of the innate immune system, whereas other compartments may incorporate fluorescent probes or
regulate the encapsulation and release of macromolecular therapeutics.

Proof-of-principle experiments have demonstrated the utility of multifunctional nanogels. For example, using a simple core/
shell nanogel architecture, we have recently reported the delivery of siRNA to chemosensitize drug resistant ovarian cancer cells.
Ongoing efforts have resulted in several advanced hydrogel structures, incuding biodegradable nanogels and multicompartment
spheres. In parallel, our research group has studied other properties of the nanogels, induding their behavior in confined
environments and their ability to translocate through small pores.

Introduction

Over the past several years, our group has focused attention
on the topic of hydrogel particles (microgels and nanogels).
Although the first synthesis of aqueous microgels was
reported decades ago, research continues to reveal intrigu-
ing properties of these materials. We have explored a
number of advanced particles, including tumor-targeted
nanogels,' ~ bioresponsive microlenses,* and nonfouling
biomedical device coatings.> Among these applications, we
have recently investigated nanogels as carriers for RNA
interference (RNAI) in cancer therapy. This Account reviews
our laboratory's experience in nanogel-based drug delivery
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vectors, discussing key properties that enabled previous
efforts in small interfering RNA (siRNA) delivery to ovarian
cancer cells. This Account also discusses key particle char-
acteristics and advanced architectures that will motivate
future drug delivery efforts.

Nanogels for siRNA Delivery

RNA interference by small interfering RNA (siRNA) is an
enabling technology for post-transcriptional gene silenc-
ing. Using siRNA, one can potently knock down genes in a
sequence-specific fashion. As a result, gene silencing via
SiRNA has become a powerful research tool for investigations
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of gene function and in the development of new disease
therapies,® with a number of siRNA-based therapeutics having
already made progress in dlinical trials.” However, the delivery
of siRNAs into cells remains as one of the greatest challenges
for therapy development. SIRNAs are negatively charged,
hydrophilic molecules that are unable to penetrate cell mem-
branes on their own, are rapidly degraded by endogenous
enzymes, and are recognized by the innate immune system.
Thus, siRNAs require a delivery vehicle to accomplish efficient
and effective transfection, with several technologies hav-
ing emerged to enhance tissue-targeted delivery.® Delivery
may be accomplished through two routes of administration:
1) localized siRNA delivery, where therapies are administered
directly into the tissue of interest, or 2) systemic delivery,
where formulations are administered into the bloodstream.
Although localized delivery has the benefit of enhancing
bioavailability and reducing adverse effects, many tissues
can only be reached through the systemic route. Intravenous
delivery is challenging, usually involving circulating nano-
particle carriers that must protect siRNA from degradation
by serum nudleases, resist recognition by the immune system,
and show tissue-specific uptake via cell targeting.

In the context of cancer therapy, several colloidal drug
carriers have been proposed to improve siRNA tumor locali-
zation and bioavailability, while reducing toxicity.? In parti-
cular, we and others have recognized nanogels as a promis-
ing new class of drug delivery vehicles.'®~'? Composed of
hydrophilic polymer chains that are lightly cross-linked
together, nanogels have a high degree of porosity that
permits the encapsulation of macromolecular therapeutics,
while the high water content suggests biocompatibility. The
dimensions of the nanogels may be tuned to the size range
appropriate for passive tumor targeting via enhanced per-
meability and retention (EPR),'® whereas their surfaces may
be functionalized with targeting molecules for cell-specific
uptake.'* Notably, the importance of mechanical flexibility
in biomaterials has also been emphasized in recent years;
the mechanical softness of nanogels could positively impact
cellular uptake and biodistribution.'>~'” In addition to these
features, nanogels may also be composed of stimuli-respon-
sive polymers, yielding colloids that are responsive (e.g., by
swelling/deswelling transitions) to their local environment.
For drug delivery applications, such changes in hydrogel
swelling may be an effective means to drive the release of
internalized solutes.'® Additionally, reorganization of the
polymer network often results in dramatic changes in the
surface chemistry or energy,'® which may be useful feature
for cellular therapy. A variety of stimuli-responsive particles
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FIGURE 1. Summary of higher-order hydrogel particles reported in
recent years.

have already been demonstrated (e.g to pH, light, macro-
molecules) with perhaps the most commonly investigated
stimulus being temperature.?

Multicompartment Particles

At the onset of our research program in 1999, others had
demonstrated the utility of adding hydrogel shells to “hard”
nanoparticles (e.g, silica*' and gold®?). The resultant particles
showed properties govemed by the chemistry of the added
polymer. Through hydrogel shell addition, chemical function-
alities could be localized in the particle periphery,?® stimuli-
responsive characteristics could be imparted,?* or the stability
of the particles could be enhanced.?® Inspired by those results,
our research group was the first to explore the synthesis of
core/shell particle architectures composed entirely of hydro-
gel.2° Such core/shell microgels showed intriguing properties,
wherein different stimuli-responsive components and chemi-
cal functionalities could be imparted into different compart-
ments of a single patticle. Since our first report of core/shell
microgels in 2000, we have investigated a number of higher
order architectures, each demonstrating interesting features
in the context of drug delivery. Those particles include multi-
shelled structures,®’ erodible particles,*3° hollow microgel
capsules,®' and “yolk” shell spheres (Figure 1).”

Although we are actively investigating a number of these
architectures for general drug encapsulation and release
properties, we have made progress toward siRNA delivery
with core/shell nanogels in particular. In addition to core/shell
nanogels, we report recently elucidated properties of nanogels



that we consider enabling for drug delivery applications,
including erodible particles and nanogels that can pass through
small orifices, such as those found in biological tissues.

Microgel and Nanogel Synthesis
To synthesize microgels, we typically employ free radical
precipitation polymerization. This method exploits the
thermally triggered collapse of growing polymer chains
to self-assemble the microgel,?® often resulting in narrow
particle size distributions at high yield. For instance, poly
(N-isopropylacrylamide) (pNIPAm) undergoes an abrupt
coil-to-globule transition at ~31 °C, defined as the lower
critical solution temperature (LCST) of the polymer.32 Typi-
cal syntheses are performed by dissolving the monomer
(e.g., NIPAm), other comonomers, and a cross-linking agent
(e.g., N,N'-methylenebis(acrylamide), BIS) in water. The re-
actants are subsequently heated to a temperature between
60 and 70 °C (above the LCST). After purging the solution
with N5, the polymerization is initiated by addition of ini-
tiator (e.g., ammonium or potassium persulfate, APS/KPS).
At these reaction temperatures, persulfates thermally de-
compose to form sulfate radicals that initiate polymeriza-
tion. The sulfate radicals attack the NIPAm monomer,
which then undergoes chain growth via radical propaga-
tion. At a critical chain length (~10 monomer units), the
polymer collapses to form a globular particle. The particles
then grow in mass by the capture of oligoradicals, mono-
mer addition, or aggregation with other nuclei.'®

To produce core/shell microgels, we described a “seed
and feed” method, using a two step reaction strategy.*® In
the first step, core particles are synthesized using the method
described above. Once a core is synthesized, a hydrogel shell
with the desired composition and properties is added. In a
typical reaction, the core particles are heated to a tempera-
ture above the LCST of the polymer (commonly 70 °C) and a
monomer solution is added to make up the shell composi-
tion. The mixture is purged with N,, and subsequently
initiated via the addition of persulfate (APS/KPS) and reacted
for several hours. Collapsed microgel cores are hydrophobic
under these reaction conditions (above the LCST of the
polymer), which promotes the capture of any oligomers
formed in solution. It is important to note that the “seed
and feed” method requires all oligomers formed in the
reaction to precipitate on preformed core particles, other-
wise homonucleation of the shell polymer may occur where
a second population of microgels is generated. To prevent
the homonucleation of shell polymer, optimization is re-
quired with respect to the concentration of core particles,
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initiator, surfactant, and shell monomer. To achieve small
particle sizes desired for intravenous application (<100 nm
in diameter), syntheses are performed with stabilizing agents
added to the system, such as ionic surfactants. Stabilizing
components prevent hydrophobic nuclei fusion during pre-
cipitation polymerization, thereby promoting particle growth
mainly by oligomer or monomer addition."®

Nanogels for Cellular Delivery

Our earliest research involving microgels/nanogels for cel-
lular delivery investigated several fundamental aspects of
the particles themselves, including their ability to target and
become internalized by a simple cancer cell line (KB cells).
We chose folicacid as an initial targeting ligand, since it has a
high affinity for the folate receptor expressed in a wide range
of tumor types (over 90% of ovarian carcinomas),>3 and the
KB cell line.>* Folic acid has been used for the targeted
delivery of a number of compounds to cancer cells, where
conjugated molecules are imbibed by cells via receptor-
mediated endocytosis.>® In our initial investigation, nano-
gels composed of pNIPAm were studied. To achieve cellular
targeting core/shell nanogels were synthesized wherein the
core was fluorescently labeled to enable particle tracking,
and amine functionalities were imparted into the shell
compartment for subsequent folic acid conjugation.®

There were two intriguing features of the cellular uptake.
First, the majority of internalized particles appeared to lie
outside of the endosomes, where the green fluorescence
signal from nanogels was uncorrelated with the red fluores-
cence signal of an endosomal indicator dye. This was a
striking result since endosomal escape is considered an
important criterion for effective cellular delivery. In fact,
the majority of particles designed for intracellular delivery
must utilize a secondary trigger to promote endosomal
release.>%37 Despite their lack of any purposely designed
endosomal escape mechanism, our particles showed effi-
cient delivery into the cytosol. Second, the fluorescence
images showed little difference when cells were incubated
at27 °Cversus 37 °C. As described earlier, pNIPAm microgels
undergo an entropically driven transition from a swollen
state to a deswollen state above 31 °C due to the LCST
properties of the polymer, with the particles being more
hydrophobic above the LCST. However, this temperature
switch had a significant impact on the cell toxicity, with a
strong temperature dependence on viability being ob-
served. A marked decrease is viability was observed when
cells were incubated at 37 °C, which was attributed to an in-
crease in particle hydrophobicity and a loss of intracellular
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colloidal stability.?* This result suggests that a simple tem-
perature switch may be employed to induce cell death
following particle uptake, perhaps enabling nonpharmaco-
logical antitumor activity. Despite this result, we did not
consider the temperature range used (i.e., 27—37 °C) parti-
cularly useful for practical drug delivery applications and
chose instead to focus on the properties of nanogels as
carriers instead of their intrinsic (switchable) cytotoxicity.

In the domain of targeted chemotherapies, we found
small interfering RNA (siRNA) an attractive candidate for
particle-mediated delivery.® In light of our previous efforts
in nanogel delivery,® we sought particles that would remain
swollen at physiological temperatures (i.e., 37 °C). In 2009,
Blackburn et al. introduced a new class of core/shell hano-
gels (~100 nm in diameter) using a modified precipita-
tion polymerization approach.®® Instead of pNIPAm, nano-
gels were composed of poly(N-isopropylmethacrylamide)
(pPNIPMAm), which remains water swollen at physiological
temperatures (LCST = 44 °C). Hence, pNIPMAmM microgels
can still be synthesized by precipitation polymerization but
have an LCST that is distinct from physiological tempera-
tures. Similar to our previous work, fluorescence was incor-
porated into the core of the particles to permit particle
tracking by confocal fluorescence microscopy, whereas pri-
mary amine groups were localized in the nanogel shell for
subsequent bioconjugation reactions. Instead of folic acid,
the nanogels were labeled with a 12 amino acid peptide
sequence (YSAYPDSVPMMS). The peptide mimics the ligand
ephrin-A1, which interacts strongly with the EphA2 receptor.
This receptor is overexpressed in ~75% of ovatian cancers
and is associated with increased metastasis and decreased
survival.*°

To encapsulate siRNA, we used an approach that exploits
the superabsorbent properties nanogels. Following peptide
conjugation, nanogels were freeze-dried to form a hygro-
scopic, low density powder. A concentrated solution of
SiRNA was added to the dried nanogels, using a solution
volume that is completely imbibed via particle swelling in
the medium. We termed this method “breathing-in”; the
approach results in high encapsulation payloads (16 ug
siRNA/mg polymer) and efficiencies (93 + 1%) (Figure 2).1
The method has the advantage of being a convenient,
simple, and effective means to entrap siRNA within the
nanogel structure. For instance, in vitro release studies
revealed that nanogels typically leak a modest fraction of
the siRNA within the first 12 h at 37 °C in serum-containing
PBS, and retain a large fraction of siRNA out to 35 h. The level
of retention observed (~67% after 12 h) suggests efficient
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FIGURE 2. (a) Noncovalent encapsulation of siRNA using “breathing-in".
(b) Confocal microscopy of Hey cells following exposure to fluores-
cent siRNA-loaded and YSA-conjugated nanogels. Uptake was com-
pared after 1 h incubation with ephrin-A1 (top) and with nanogel ad-
ministration alone (bottom). Fluorescence channels are represented for
fluorescein (green) and siRNA (red). () Chemosensitization of Hey cells to
docetaxel after exposure to YSA-targeted, EGFR siRNA loaded nanogels.
Controls: unloaded YSA-nanogels (YSA-pNIPMAm), unloaded pNIPMAmM
nanogels (PNIPMAm), YSA peptide alone (YSA Peptide), and untreated cells
(Untreated). Cytoxicity was assessed after incubation for 48 h. Panel (b)
reprinted with permission from ref 1. Copyright 2009 American Chemical
Sodiety. Panel () reproduced from ref 2, Copyright BioMed Central.

entrapment of the oligonucleotide within the nanogel net-
work, with this time scale commensurate with the time
needed for extravasation into a tumor by EPR.'3

Similar to our previous work,? the uptake of targeted
nanogels by ovarian cancer cells was determined via con-
focal fluorescence microscopy, monitoring the green fluor-
escence of the cores. In addition, the nanogels were loaded
with red-fluorescent siRNA (siGLO), enabling visualization of
siRNA. Internalization was higher in cells expressing the
targeted receptor (EphA2), whereas decreased particle fluor-
escence was observed in cells with limited receptor expres-
sion, suggesting good specificity for the peptide-targeting
s’crategy.1 Overlay of the green (nanogel) and red (siGLO)
channels suggested that the nanogel and the siRNA were
colocalized in the targeted cells (Figure 2b). To establish the
mechanism of targeting, we investigated the internalization
properties of the EphA2 receptor: the receptor binds the
ligand ephrin-A1, resulting in internalization and degrada-
tion of the receptor—ligand complex.*' When ephrin was
introduced to the cells prior to incubation with nanogels, the
amount of particle uptake was greatly diminished compared



to untreated cells (Figure 2b). This result suggests that nano-
gel uptake was primarily driven by EphA2 binding.

At the time of our initial siRNA delivery efforts, our col-
laborators and we considered chemosensitization a promis-
ing approach to cancer therapy. In particular, numerous
reports had demonstrated that the knockdown of epidermal
growth factor receptor (EGFR) is clinically significant in the
treatment of drug-resistant carcinomas,*? increasing the
sensitivity of cells to traditional chemotherapeutics. Over-
expression of EGFR had been characterized in several solid
tumors, with particularly high levels expressed in ovarian
cancer. RNA interference was shown as an effective ap-
proach toward chemosensitization,** while we considered
nanogels as a promising platform to deliver a range of
SiRNAs for those clinical applications.

Expanding upon previous studies of nanogel-mediated
transfection, we reported the delivery of siRNA targeting
EGFR."? The previously developed nanogel architecture’
was evaluated for its ability to target and deliver therapeutic
SiRNAs to ovarian cancer cells. For a typical delivery experi-
ment, nanogels are loaded with siRNA via the “breathing-in”
method and administered to cells. After 4 h incubation,
unincorporated nanogels were removed by washing and
replacing the medium. To test the time course of EGFR
knockdown, the expression of the receptor was monitored
at distinct time points in Hey cells by immunoblot following
cell lysis.? The delivery resulted in a decrease in EGFR
expression, with the greatest knockdown occurring at 48 h,
and receptor re-expression beginning after approximately
72 h. The appropriate dosage of the particles was determined
subsequently through 10-fold dilutions of the siRNA-loaded
nanogels and assessing EGFR levels after 48 h of knockdown.
The mean percent expression was reduced to ~65% with as
little as 10 u«g/mL nanogel.? To assess chemosensitization via
the nanogel-mediated delivery, Hey cells were incubated with
EGFR siRNA-loaded nanogels for 48 h, treated with decreasing
concentrations of docetaxel, and assayed for cytotoxicity
(Figure 20).2

After siRNA-loaded nanogel treatment, we noticed an
increase in the sensitivity of Hey cells to docetaxel, increas-
ing chemosensitization by almost 8-fold over untreated
cells (Figure 20). It is interesting to note that nanogel control
(without siRNA) appeared to increase chemosensitization.
Thus, the total therapeutic effect is a function of the activity
of the nanogel alone and the loaded siRNA. Effective
chemosensitization of the Hey cells was observed at ex-
tremely low docetaxel concentrations (=1 nM). Further-
more, the nanogel delivery was demonstrated to be cell
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specific. When YSA-targeted nanogels were delivered to
cells with reduced EphA2 expression (SK-OV-3), EGFR levels
were not decreased in the cell line and the nanogels
appeared to have no chemosensitization effects.> The
results showed that nanogels are capable of loading siRNA,
stabilizing the molecule in serum-containing media, and
delivering active siRNA to the cytosol of specific cells to
reduce EGFR expression.'? Reducing EGFR expression in
this fashion was an effective approach for inducing che-
mosensitivity in vitro.

Erodible Nanogels and Microgels

In the pursuit of nanogels as potential siRNA carriers, bioac-
cumulation and nonspecific organ localization is an ongoing
concern. Ideally, nanoparticles would be capable of clear-
ance following drug administration, reducing toxicity caused
by particle accumulation. For a number of drug delivery
devices, the renal clearance pathway is considered the most
efficient means of elimination in comparison to others (e.g.,
uptake by hepatocytes and biliary excretion). Clearance is
governed by several physicochemical properties of the
particles, indluding their molar mass, dimensions, hydrophobi-
city, and surface charge. The Kidneys can excrete particles
smaller than 8 nm, whereas the liver and spleen are capable
of capturing particles larger than ~200 nm.** Degradation
of nanogels into low molar mass components may therefore
improve their clearance via the renal filtration pathway.
Alternatively, erosion may also serve as means to modulate
drug release via network decomposition.*>

Imparting erodible properties into nanogels is a challenge
when stimuli-responsivity and degradability is sought within
a single particle architecture. We and others have demon-
strated that cross-link scission is a versatile means to impart
erodible properties to the spheres, where erosion rate and
mechanism may be tuned by the choice of cross-linking
agent.?8394 We have focused our attention on two differ-
ent classes of degradable particles: (1) those that erode
under physiologic conditions over long time periods and
(2) those that demonstrate triggered decomposition at rapid
rates in response to a stimulus. Whereas slow erosion may
enable clearance of the drug delivery particle, triggered
erosion enables the release of encapsulated therapeutic
agents in a stimuli-specific fashion. Erosion is likely to
influence a number of characteristics for the particles used
in drug delivery, including the network diffusivity and drug
release rates, and the stability of the particles in the medium
(as a result of size and topology changes).
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To impart hydrolytic degradation into our hydrogels, we
employed the cross-linker N,0-(dimethacryloyl) hydroxyla-
mine (DMHA). The DMHA cross-linker has been successfully
used in several different classes of hydrogel biomaterials,*”
permitting network decomposition under physiologic con-
ditions (i.e, pH 7.4, 37 °C), while showing low in vivo
toxicity.*® Nanogels were synthesized using a similar pre-
cipitation polymerization approach as demonstrated for
SiRNA delivery vehicles,'? yielding particles that displayed
both pH and temperature-dependent erosion,?® with faster
decomposition being observed at neutral to basic pH and at
elevated temperatures.

In contrast to the slow erosion imparted by the DMHA
cross-linker, we have also demonstrated the rapid, triggered
decomposition of particles by incorporating a chemically
labile cross-linker into the microgel network, (1,2-dihydro-
xyethylene)bisacrylamide (DHEA);?®3! the DHEA cross-lin-
ker contains a vicinal diol that can be cleaved by periodate
addition. Although we are currently investigating more
physiologically relevant cross-linkers for this function, the
periodate-induced cleavage of DHEA may serve as an effec-
tive model for investigating structure—function relationships
in these degradable colloids. In a recent report, we investi-
gated the erosion of particles composed of two thermore-
sponsive polymers, pNIPAm and poly(N-isopropylmetha-
cylamide) (pNIPMAm). Using Multiangle light scattering
(MALS), the network decomposition of both particles was
monitored in real-time, revealing distinct differences be-
tween the pNIPAm and pNIPMAm particles (Figure 3). For
those experiments, the microgels and periodate were simul-
taneously delivered to the MALS flow cell via a controlled
mixing device. The particle molar mass and radius was then
monitored in situ. Microgels composed of pNIPMAmM-DHEA
swelled early in the erosion, followed by decay into smaller
spheres and eventually to linear chains with poorly defined
angular scattering functions. The observables described in
that work were suggestive of a particle homogeneous in
density and with uniform connectivity. As erosion pro-
ceeded, a decrease in network connectivity caused the
microgel to swell. After sufficient reaction time, the micro-
gels dissolved into a collection of oligomers with low scatter-
ing cross sections (Figure 3, top).?® Very different erosion
characteristics were observed for pNIPAmM-DHEA particles. In
contrast to the uniform connectivity observed for pNIPMAmM
microgels, the pNIPAm particles instead showed a radial
distribution of connectivity, with the greatest polymer den-
sity present in the core. As erosion proceeded, mass loss was
favored from the particle exterior, eventually proceeding
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FIGURE 3. Comparison of the erosion behavior for (top) pNIPMAm-
DHEA and (bottom) pNIPAm-DHEA microgels, monitored in real-time
via MALS. The changes in particle topology over the course of erosion
are graphically depicted (blue spheres). Reprinted with permission from
ref 28. Copyright 2011 American Chemical Society.

toward the interior. Thus, instead of swelling in response to
periodate, pNIPAm particles showed an immediate decrease
in radius and mass upon erosion (Figure 3, bottom). Kinetic
differences were also observed in the erosion as a result of
the heterogeneous distribution of the cross-linker in pNIPAm
microgels.

Importantly, the erosion products from pNIPAm and
pNIPMAmM microgels were different. Whereas pNIPMAmM
microgels decayed into linear chains, the products of pNI-
PAm erosion continued to show angular-dependent scatter-
ing, indicating the presence of particles despite cleavage of
the DHEA cross-linker. We attributed the stability of those
particles to the presence of nondegradable cross-linking
sites within the networks as a byproduct of precipitation
polymerization. NIPAm is prone to undergo chain transfer
reactions during precipitation polymerizations, forming
noncleavable cross-links in the resulting polymer network.*°
This result suggested that alternative strategies would be
needed to form completely degradable pNIPAmM microgels,
perhaps by reducing the parasitic chain transfer.

Recently, we have demonstrated an alternative precipita-
tion polymerization approach that limits chain transfer,
while enabling particle formation at dramatically lower
temperatures (between 37 and 45 °().>% At those tempera-
tures, the decomposition of persulfates (i.e., APS) is slow,
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FIGURE 4. Schematic depiction of the self-cross-linking process for pNIPAm. (a) Step 1: Chain transfer of polymer chains. Step 2: Monomer addition,
chain termination, network formation. (b) TEMED patrticipates in chain transfer, limiting branching and a cross-linked network. Reprinted with

permission from ref 50. Copyright 2011 American Chemical Society.

resulting in a lower radical yield, slower monomer conver-
sion, and poorly defined and unstable microgel nuclei. As a
result, colloidal stability is hindered, resulting in extensive
coagulation and polydispersity in such syntheses. However,
we have shown that the introduced tetramethylethylene-
diamine (TEMED), a catalyst for the decomposition of per-
sulfates, increased the radical yield at low temperatures.
Interestingly, the self-cross-linking of pNIPAm appeared to
be less favored under redox initiating conditions. Electron-
rich chain transfer agents such as triethylamine (similar to
TEMED) show higher reactivity with electron-accepting
NIPAm. The pNIPAm chain is more likely to prefer chain-
transfer with TEMED over other propagating chains (Figure 4).
Through elimination of parasitic chain transfer, particles ap-
peared to undergo complete decomposition upon scission
of the DHEA cross-linker via periodate.>°

Nanogels in Confined Environments

Particle size is considered a critical design parameter for in
vivo performance, affecting cellular uptake and other pro-
cesses such as lymphatic drainage, extravasation, and kid-
ney filtration. However, the mechanical properties of
biomaterials (i.e., rigidity) also play a significant role in their
activity. For instance, the softness of interfaces influences
mechanotransduction and cell proliferation.>’>* Other re-
ports have illustrated the role of rigidity at much smaller
scales, affecting processes such as phagocytosis and
endocytosis,'® and hydrogel circulation.'® Thus, biological

events that show a nanopatrticle size-dependence are also
likely governed by the mechanical flexibility of the particle.

In 2010, Hendrickson and Lyon demonstrated microgel
translocation through cylindrical pores under pressures and
size-scales relevant to renal filtration.>® In that work, a track-
etch membrane modeled the pores of the renal system
(~8 nm pores associated with the glomerular endothelial gaps)
and it was shown that microgels and nanogels were capable
of passage through pores nearly 10-fold smaller than the
microgels themselves under hydrostatic pressures relevant
for renal filtration. We attributed this remarkable phenom-
enon to the extreme softness and the conformational flex-
ibility of the polymers. The kinetics and deformation dynamics
of microgel translocation have more recently been elucidated
through the use of resistive pulse analysis techniques in
collaboration with White and co-workers (Figure 5).>*>>

As described earlier, our research group has focused on
multiple approaches to enhance patrticle clearance following
drug delivery. For instance, a number of degradable archi-
tectures were reported to show decomposition into much
small constituents.?® 3% These erosion events, combined
with the extreme softness of the material itself, make the
particles potential candidates for excretion via the renal
route. In addition to clearance, we anticipate the softness
of the particles may enhance particle performance in other
biological environments (e.g, extravasation by the en-
hanced permeability and retention effect, or perhaps in-
creased tumor penetration).
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FIGURE 5. Schematic depiction of microgel flux through glass nano-
pore. Microgel passage is driven by an applied pressure, whereas
passage events are monitored via changes in pore conductance caused
by electrolyte displacement. Reprinted with permission from ref 54.
Copyright 2011 American Chemical Society.

Conclusions and Future Directions

Although we discussed several useful features of nanogels in
this Account, numerous challenges persist in optimizing the
vectors for in vivo siRNA delivery:

siRNA Protection and Release. Nanogels must guard
siRNA from inactivation during circulation (e.g., by clearance,
aggregation, degradation) while preventing premature re-
lease. Although the hydrophilic nanogel network has shown
promise for siRNA protection, the release profile imparted by
the gel network will require optimization to suit specific
tumor phenotypes and physiological conditions. Further-
more, stimuli-responsive characteristics may be engineered
into these materials for cell-specific, triggered release events.

Cell Targeting and Transfection. In vivo transfection will
require optimization for both passive and active targeting
mechanisms. In addition, the endosomal escape mecha-
nism previously reported for folate-targeted microgels re-
quires elucidation.

Stealth. Recognition of particles by phagocytes remains
an ongoing challenge for a variety of synthetic siRNA
vectors. Whereas nanogels are hydrophilic and have shown
low levels of cytotoxicity, the properties of the nanogel
periphery will need optimization (e.g, via poly(ethylene
glycol) incorporation) to enhance tumor accumulation via
EPR while avoiding clearance by immune recognition.

Tissue Penetration. The siRNA carrier must be capable of
passage within confined environments in vivo, including the
porous vasculature of tumors and the dense extracellular
matrix of the target tissue. Our previous nanogel pore
translocation experiments showed that particle softness
likely enables nanogel mobility in confined areas. We an-
ticipate that ongoing research via the resistive pulse analysis
technique will yield additional insight into those properties
and how to control particle penetration into dense tissues.

Clearance and Toxicity. In order to permit repeated
administration of the vector, while limiting toxicity, it is
common to impart biodegradability. We have found cross-
link scission to be a convenient means to enable erosion,
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which may assist in nanogel clearance while reducing off-
target effects after repeated delivery. Additionally, nanogels
with triggered erosion may enable tissue-specific release in
future particle formulations, where network decomposition
in response to cell-specific signal would provide greater
specificity toward the siRNA release.

The number of features required in siRNA vectors is large,
as illustrated by the (by no means comprehensive) list above.
However, we consider multifunctional nanogels likely can-
didates to meet those demands. The potential for further
synthetic diversity in such constructs, along with their favor-
able mechanical propetties and the ability to create com-
plex, multicompartment vehicles should provide the tools
needed to create particles tailored for clinical use in vivo.
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