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siIRNA delivered from ROS-degradable tissue engineering scaffolds promotes diabetic wound
healing in rats. Porous poly(thioketal-urethane) (PTK-UR) scaffolds implanted in diabetic wounds
locally deliver siRNA that inhibits the expression of prolyl hydroxylase domain protein 2 (PHD?2),
thereby increasing the expression of pro-growth genes and increasing vasculature, proliferating
cells, and tissue development in diabetic wounds.
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Diabetes mellitus affects 9.3% of the US population and is increasing in prevalence,[11 with
a doubling of incidence in the US from 1980-2012.12] Patients with diabetes are more prone
to cardiovascular and peripheral arterial disease and impaired wound healing, often
exacerbating simple skin wounds towards chronic ulceration and in the worst cases, limb
amputation. Approximately 25% of diabetics develop chronic ulcers,[3! and roughly 60% of
non-traumatic lower-limb amputations for patients over 20 years of age occur in diabetics.[1]
Impaired wound healing in diabetic patients is attributable to multiple factors,[4] but is
especially affected by deterioration in the microvasculature and subsequent development of
ischemia.®! In normal wound healing, hypoxia due to injury-associated vascular disruption
activates the transcription factor hypoxia-inducible factor-la (HIF-1a), which is primarily
regulated by prolyl hydroxylase domain protein 2 (PHD2). PHD?2 actively triggers HIF-1a
degradation under normoxial®! but is inactive under hypoxic conditions, thereby stabilizing
HIF-1a. Stabilized HIF-1a heterodimerizes with HIF-1p to promote expression of multiple
reparative genes, including vascular endothelial growth factor (VEGF),[”] angiopoietin-1
(ANG-1),[8] stromal cell-derived factor-1 (SDF-1),[%] and others that induce cell
proliferation/survival/recruitment and angiogenesis. Despite the presence of ischemia,
HIF-1a is destabilized in diabetic wounds of both rodents[1%] and human patients.[*1] While
inhibition of PHD2 through small molecule drugs has shown promise in re-establishing
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HIF-1a activity and improving healing outcomes in skin wounds,9: 12] these compounds
also inhibit other PHD isoforms (PHD1 and PHD3) and can result in off-target effects.[!3] In
particular, concurrent inhibition of PHD1 and PHD3 has been shown to increase
accumulation of HIF-2a.;[14] conversely to HIF-1a, increased levels of HIF-2a may impede
wound closure and increase bacterial infection,[*®] further motivating specific reduction of
PHD?2 activity rather than pan-inhibition of PHDs.

Small interfering RNA (siRNA) holds great potential as a therapeutic due to its precise mode
of action (complementary base-pairing and degradation of specific messenger RNA
sequences) and ability to effectively silence targeted gene expression.[16] However, the /in
vivo efficacy of siRNA has been limited by substantial delivery barriers, including
degradation by endogenous nucleases, inability to access the cytoplasm, and insufficiently
sustained bioactivity in the target tissue.[17] Much recent work has focused on the
development of nanoparticle carriers that can shield siRNA from degradation[18] while
facilitating intracellular payload delivery.[*®] Furthermore, local delivery of siRNA avoids
many of the challenges associated with systemic administration and helps to ensure that a
sufficient SIRNA dose reaches the target tissue while lessening the potential for side effects
due to off-target gene silencing in healthy tissues.[20] To date, local sSiRNA delivery
strategies for wound healing applications have targeted matrix metalloproteinase-9
(MMP-9),[21] connective tissue growth factor (CTGF),[22] p53,[23] and PHD2[24] using a
host of biomaterial delivery depots, including layer-by-layer coatings on non-degradable
bandages, alginate hydrogels, and acellular dermal matrix. Here we sought to expand our
ongoing work to develop cell-degradable synthetic scaffolds that promote robust cellular
infiltration and tissue regeneration and that can be also used for sustained, local drug or
nanomedicine release.

The available chemistries used for fabrication of synthetic scaffolds offer the opportunity to
produce templates for guiding new tissue growth in critically-sized defects with adjustable
biodegradation mechanisms and rates; moreover, these materials can serve as a depot for
delivering a diversity of therapeutic molecules including growth factors,[2%] small molecule
drugs,[12¢. 26] or nanoparticles.[27] In order to leverage these scaffold properties, we have
recently developed strategies for delivering sSiRNA-carrying nanoparticles (siNPs) from
hydrolytically-biodegradable poly(ester urethane) (PEUR) tissue engineering scaffolds[2’]
and demonstrated /7 vivo knockdown of PHD2 with increased local angiogenesis in a
subcutaneous mouse wound model.[28] Herein, we have applied this system in a more
clinically-relevant diabetic rat skin excisional wound model. In addition, we have for the
first time explored siNP delivery from a new poly(thioketal urethane) (PTK-UR) scaffold
chemistry that features a cell-mediated (i.e. not hydrolytic) degradation mechanism driven
by reactive oxygen species (ROS).[2%] Relative to ester-based PEUR materials, the PTK-UR
chemistry enables better matched rates of degradation and cell infiltration while more
effectively inhibiting wound contraction.[3%] Here, we pursued PTK-UR scaffolds to locally
deliver siNPs for the /n vivo knockdown of PHD2 to promote angiogenesis, cell
proliferation, and an increased rate of new tissue formation within diabetic excisional skin
wounds.
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Porous, PTK-UR tissue engineering scaffolds were fabricated through reactive liquid
molding of a PTK diol with lysine triisocyanate (LTI) (structures given in Figure 1A).
Previous /n vivotesting of PTK-UR materials used scaffolds fabricated with hexamethylene
diisocyanate trimer (HDIt),[3% rather than LTI; HDIt is non-degradable compared to
degradable LTI3] and was previously used to experimentally isolate the degradation of the
PTK polyol component. To generate a more fully degradable/resorbable biomaterial, LTI
(which is degraded by both hydrolysis and oxidation)[32] was used as the isocyanate
component for PTK-UR fabrication in these studies. For scaffold formation, the PTK polyol
was combined with water (which reacts with the isocyanate to generate CO, bubbles which
create scaffold porosity), an amine catalyst with both gelling and foaming activity, and LTI
(component amounts given in Table S1). PTK diol polymers were synthesized by a
condensation polymerization with 2-mercaptoethyl ether (MEE) and 2,2 dimethoxypropane
(DMP) with a p-toluene sulfonic acid catalyst (PTSA), followed by a post-polymerization
hydroxyl end-group modification to yield a final MEE-PTK diol polymer with a molecular
weight of 1100 Da (synthesis scheme in Figure S1). To assess the ROS-sensitivity of the
fabricated PTK-UR materials, scaffolds were incubated in varying ROS-containing media (5
mM hydroxyl radical, superoxide, hydrogen peroxide, or peroxynitrite) for three days and
then weighed to estimate degradation. Similar to previous resultsl3% 321 these PTK-based
materials were particularly sensitive to hydroxyl radicals but were partially degraded over
this timeframe by all the ROS tested (Figure S2). To serve as a material control for /n vivo
experiments, a well-characterized 900 Da polyester triol composed of 60% e-caprolactone,
30% glycolide, and 10% D,L-lactide was also synthesized using previously described
methods.[33]

We previously found that PTK-UR scaffolds fabricated from MEE-PTK diol polymers
promoted robust tissue infiltration /n vivo while also significantly improving wound stenting
in subcutaneous rat wounds as compared to hydrolytically-degradable PEUR materials.[30]
To test the initial /7 vivo performance of PTK-UR scaffolds against PEUR materials in a
more clinically relevant wound model, hyperglycemia was induced in male Sprague-Dawley
rats using streptozotocin (STZ, 45 mg/kg). After successful STZ-induced development of
diabetes, six full-thickness excisional wounds were created in the rats” dorsal skin with an 8
mm biopsy punch. Sterilized PTK-UR and PEUR scaffolds (1.5 mm thick, 8 mm diameter)
were implanted into these wounds and allowed to heal for 4, 7, or 14 days before the animals
were euthanized and processed for histological tissue evaluation. Representative gross views
of the healing wounds with implanted scaffolds are shown in Figure S3. As determined from
histological sections with hematoxylin and eosin (H&E) staining (Figure 2A), both
implanted scaffold formulations had substantial tissue infiltration throughout the scaffold at
day 4 post implantation. Tissue infiltration was defined as the cross-sectional area of the
scaffold wound site that was occupied by granulation tissue (i.e. area not occupied by
scaffold, intact dermis, or blank space). At day 7, both material formulations had
significantly more tissue infiltration compared to day 4 levels, but the PTK-UR implants had
both significantly greater infiltration (Figure 2B) and (similar to previous /n vivo
observations)[3% significantly greater stenting of the wound leading to a thicker layer of
tissue growth within the PTK-UR scaffolds than within analogous PEURs (Figure 2C). The
newly formed tissue was also evaluated in day 7 tissue sections by CD68
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immunohistochemistry (IHC) to determine the presence of inflammatory cells.
Quantification of IHC staining for this macrophage marker[34] revealed that there was no
significant difference in macrophage presence between tissues surrounding PEUR and PTK-
UR implants (Figure S4), suggesting that these materials elicited a similar inflammatory
response. Both scaffold types were nearly fully resorbed by day 14, indicating that the use of
LTI in the material formulation significantly increased the /in vivo degradation rate of these
scaffolds compared to similar implants made with minimally-degradable HDIt.[30-31]
However, PTK-UR scaffolds promoted a highly favorable regenerative response with
enhanced tissue infiltration, thicker tissue ingrowth, and similar presence of macrophages
compared to conventional PEUR materials. These results supported the use of PTK-UR
implants in subsequent studies.

To demonstrate the therapeutic potential of localized, scaffold-based siRNA delivery to
clinically-relevant diabetic wounds, siRNA-carrying micellar nanoparticles (siNPs) were
formulated with siRNA targeting PHD2 (PHD2-siNPs) or scrambled control siRNA (SCR-
siNPs) and incorporated into PEUR and PTK-UR scaffolds. Both the scrambled and PHD2
SiRNA sequences (Table S2) were pre-screened /n vitro to ensure effective PHD2 gene
silencing in rat cells as seen in Figure S5. The self-assembling, siRNA-condensing
nanoparticles were composed of a diblock copolymer synthesized by reversible addition-
fragmentation chain transfer (RAFT) polymerization, containing 2-(dimethylamino) ethyl
methacrylate (DMAEMA), 2-propylacrylic acid (PAA), and butyl methacrylate (BMA) as
previously described.[19: 27281 As depicted in Figure 1B, the final polymer, DMAEMAg-4-
(DMAEMAg-co-BMA75-c0-PAA ), achieved a final molecular weight of 30,500 Da and
was self-assembled into micellar nanoparticles. The addition of sSiRNA (5 nmol) to the
micelle solution (1 mg polymer in 1 mg water) formed stable siNPs (4, = 31 nm, C-potential
= +20.2 mV), which were optimized to achieve pH-dependent endosomal escape and
intracellular siRNA delivery.[19] After loading of the sSiRNA cargo, the excipient trehalose
(60:1 weight ratio to siRNA) was added to the siNP solution to both stabilize the
nanoparticles through lyophilization[3®] and to increase 77 vivo siNP release from implanted
scaffolds.[28] After lyophilization, the siNP-trehalose powder was mixed into the liquid
PEUR or PTK-UR reaction (100 mg prepolymer), leading to homogenous distribution
throughout the final 3D polymer structure following scaffold hardening. Corresponding to
the rapid cellular infiltration seen in Figure 2, the specific dose of trehalose (5 wt% of the
final scaffold weight) was chosen to facilitate relatively fast siNP release from implanted
scaffolds with the aim of transfecting these early infiltrating cells. Initial testing of /n vitro
nanoparticle release from PTK-UR scaffolds using fluorescently-labeled double stranded
DNA as a model for siRNA indicated that, similarly to /7 vitro siNP release data from PEUR
scaffolds with the same dose of trehalose,[28] much of the siRNA payload was released over
a two-day time course (Figure S6).

As an initial screen of the effectiveness of siNP delivery from PEUR and PTK-UR implants,
no treatment scaffolds (NT) along with PHD2 and SCR siNP-loaded scaffolds were
implanted into excisional wounds in STZ-diabetic rats and histologically evaluated after 7
days. Blood vessel area in H&E sections was quantified for PEUR and PTK-UR scaffolds
with NT, SCR-siNP, and PHD2-siNP treatments. As seen in Figure S7, pilot /n vivo data
indicated that loading with PHD2-siNPs tended to cause increased vessel area in both PEUR
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and PTK-UR scaffolds. However, the NT PTK-UR scaffolds had a statistically higher vessel
cross-sectional area than the NT PEUR scaffolds (Figure S7), indicating that PTK-UR
scaffolds promoted more blood vessel growth than PEURSs even without siNP treatment.
Because PTK-URs encouraged both a more robust healing response (Figure 2) and enhanced
baseline blood vessel formation (Figure S7) compared to the more conventional PEUR
materials, a larger diabetic rat study with was carried out using only the better-performing
PTK-UR scaffolds loaded with siNPs.

In the scaled up study, excisional wounds in STZ-diabetic rats were implanted with sterilized
PTK-UR scaffolds (NT, SCR-siNP, or PHD2-siNP treatments, 0.5 nmol siRNA per SCR or
PHD2-siNP scaffold). Tissue/scaffold samples from day 4 post implantation revealed 40%
knockdown of PHD2 messenger RNA in PHD2-siNP scaffolds compared to NT and SCR-
siNP implants (Figure 3A) as determined by quantitative real-time polymerase chain
reaction (QRT-PCR, primer sequences listed in Table S2). The downstream transcriptional
impact of PHD2 silencing was also confirmed, since both HIF-1a and VEGF protein levels
were also significantly increased in the treatment group as quantified by western blot
analysis compared to SCR-siNP scaffolds (Figure 3B—C). gRT-PCR of day 7 tissue samples
did not show a significant decrease in PHD2 expression compared to NT or SCR-siNP
implants (data not shown), potentially due to the relatively fast /n vivo release of siNPs with
added trehalose.[28] However, day 7 histological sections immunostained for collagen IV
(Col 1V), a marker of vascular basement membranes, 36! indicated a persistent increase in
blood vessel density in PHD2-siNP scaffolds compared to SCR-siNP implants (Figure 4A).
Enhanced vessel formation is a hallmark effect of PHD2 inhibition[24 371 and is heavily
implicated in improved wound healing outcomes. Furthermore, there was a higher density of
vessels in PHD2-siNP scaffolds expressing a-smooth muscle actin (a-SMA), a marker of
vessel maturation[38], as visualized by a-SMA IHC in Figure 4B. These data collectively
demonstrate that a higher density of both immature and mature blood vessels form within
the PHD2-siNP scaffolds compared to control materials.

Immunostaining for Ki67, a marker for cell proliferation,[36] also indicated that there was a
significant increase in proliferating cells throughout the PHD2-siNP scaffolds (Figure 4C).
Decreased PHD2 expression in cutaneous tissue is known to increase cell proliferation and
migration while enhancing overall wound closure in mouse skin lesions.[39 Closer
inspection suggested that the proliferating cells were largely granulation tissue-forming
fibroblasts. To confirm cellular identity, tissue sections immunostained for S100A4, a
fibroblast marker,[4% were compared to Ki67 IHC sections. As seen in representative images
in Figure S8, comparing serial tissue sections immunostained for both markers indicated that
regions of dense Ki67-positive proliferating cells also had high levels of expression of
S100A4. These data suggest that PHD2-siNP mediated cellular proliferation is generating
fibroblasts that can aid wound restoration.[41]

Alhough much past work has used surface wound closure percentage as a marker for overall
healing in rodent models,[242 391 these biodegradable polyurethane scaffolds are designed to
stent open contracting skin to decrease collagen alignment and scarring and improve the
quality of new tissue formed[42], thus making topical measurements of wound closure a less
relevant measure of healing in this system. This is highlighted in the macroscopic wound
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images in Figure S3, as wounds at day 7 are all roughly the same size between PEUR and
PTK-UR implants due to the stenting effect of the scaffolds. Despite the similarity in
apparent wound size, the amount of new tissue growth as gauged by histological evaluation
was significantly different between the two formulations (Figure 2) thereby demonstrating
the better sensitivity by measuring tissue growth within the wound histologically. To gauge
overall wound healing of PHD2-siNP against SCR-siNP scaffolds at day 7, histological
sections stained with Masson’s trichrome blue were evaluated for the level of tissue
infiltration into the scaffold. PHD2-siNP scaffolds had a statistically significant increase in
tissue infiltration compared to SCR-siNP scaffolds as depicted in Figure 4D, indicating that
the local delivery of PHD2 siRNA from biodegradable scaffolds increased the amount of
tissue within scaffolds and improved refilling of the diabetic wounds with vascularized,
reparative granulation tissue.

In conclusion, porous PTK-UR scaffolds represent a promising biomaterial technology for
the healing of chronic diabetic wounds both as a regenerative tissue engineering scaffold and
as a drug depot for localized therapeutic delivery. Implanted PTK-UR scaffolds promote
more robust tissue regeneration in diabetic wounds than commonly used polyester-based
PEUR scaffolds. Furthermore, the local, scaffold-based delivery of siNPs to silence PHD2
expression is an effective and potent strategy for improving vascular development, cellular
proliferation, and new tissue growth in diabetic wounds. These results represent a promising,
clinically translatable approach to treat non-healing skin wounds, and ongoing work will
further elucidate the impacts of PHD2 knockdown kinetics in this diabetic wound healing
model and in more advanced pre-clinical settings.
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Figurel.
Chemical structures of (A) polythioketal (PTK) diol and lysine triisocyanate (LTI) which are

the key precursors of ROS-degradable tissue scaffolds, and (B) the micelle-forming diblock
copolymer DMAEMA-block-(DMAEMA-co-BMA-co-PAA).
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Figure 2.
PEUR and PTK-UR scaffolds implanted into diabetic excisional wounds (A) were largely

degraded by 14 days and covered by new epidermis. Implanted PTK-URs promoted (B)
greater wound stenting/thicker granulation tissue formation and (C) supported more robust
tissue infiltration over 7 days (mean £ SEM, n = 7 independent animals, *p<0.05).
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Figure 3.
PTK-UR scaffolds loaded with PHD2-siNPs (A) significantly decrease PHD2 mRNA within

the wound tissue scaffolds compared to NT and SCR-siNP implants, leading to (B)
increased HIF-1a and (C) increased VEGF protein levels compared to SCR-siNP implants
at day 4 post-implantation (mean + SEM, n = 6 independent animals, *p<0.05).
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Figure 4.
PHD2-siNP scaffolds featured (A) improved overall tissue vascularization as visualized by

Col IV IHC, along with (B) more mature vessel formation as denoted by a-SMA IHC.
PHD2-siNP scaffolds also (C) had increased cellular proliferation as visualized by Ki67
IHC, leading to (D) an overall increase in tissue infiltration into implanted scaffolds (mean +
SEM, n =7 independent animals, *p<0.05).
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