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A B S T R A C T

Injectable hydrogel matrices take the shape of a wound cavity and serve as scaffold for tissue repair and regenera-
tion. Yet these materials are generally hydrophilic, limiting the incorporation of poorly water soluble, hydropho-
bic drugs. Here we show this shortcoming is circumvented through a star-shaped amphiphilic block copolymer
comprising poly(ethylene glycol) and poly (propylene sulfide). This star-shaped amphiphilic polymer self-assem-
bles in an aqueous medium into a physically stable hydrogel and effectively dissolves hydrophobic molecules
delivering them at therapeutic doses. The self assembled hydrogel is a robust three-dimensional scaffold in vivo
effectively promoting cellular infiltration, reducing inflammation, and wound clsoure. When combined with a
hydrophobic BRAF inhibitor that promotes paradoxical mitogen-activated protein kinase (MAPK) activation in
keratinocytes and wound closure, our self assembled scaffold supported dermal wound closure at a reduced drug
dosage compared to administering the drug in dimethyl sulfoxide (DMSO) without a polymeric matrix. This fam-
ily of star-shaped amphiphilic polymers delivers poorly water soluble active agents at a fraction of generally re-
quired dosage for efficacy and supports three-dimensional cell growth at tissue wounds, showing great promise
for novel uses of hydrophobic drugs in tissue repair applications.

1. Introduction

The development of injectable scaffolds to promote tissue repair and
regeneration has been primarily driven by the need to match the physi-
cal and biochemical parameters of a desired anatomical location, while
using a minimally invasive implantation procedure. These scaffolds are
generally composed of hydrophilic polymers and are optimized to have
bulk properties matching those at the intended target site, such as mate-
rial stiffness and bioactive signals. However, these approaches are lim-
ited by their hydrophilicity narrowing the types of active agents that can
be incorporated to hydrophilic macromolecules such as peptides and
growth factors.

Many small-molecule drugs or drug candidates are hydrophobic
compounds, targeting signaling pathways or directly interfering with
protein-protein interactions [1]. The use of small-molecule compounds
as modulators of

tissue repair and regeneration is currently an underutilized resource. A
complication of using hydrophobic drugs is that the functional groups
imparting specificity in targeting drug-protein interactions [2] are of-
ten nonpolar and hydrophobic, thus disfavored in aqueous solubility.
For example, Zhang et al. utilized poly(ethylene oxide)-poly(propylene
oxide) based hydrogel to entrap microcrystals of drug agents to as-
sess tissue regeneration in adult mice [3]. However, insufficiently sol-
ubilized drug candidates may undergo crystalization and cause acute
toxicity [4]. To circumvent this problem, previous studies have devel-
oped carriers such as micelles [5–7], micro−/nano-spheres [8], emul-
sion gels/creams [9,10] and film [11]/patches. In the former two strate-
gies, amphiphlic polymers permits the dissolution of hydrophobic drugs
in an injectable vehicle for tissue surface distribution of therapeu-
tics [6,12], but the form of particulates lacks a macroscopic struc-
ture to support cell infiltration and tissue remodeling in a tissue cav-
ity. Emulsion gels from ABA block copolymers of PLGA-PEG-PLGA re-
sult in thermal gelation polmers that solidify at body
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temperature and can be used to solublize hydrophobes. However, the
resulting gels are not suitable as scaffolding materials since they con-
tain a high amount of surfactants [13]. Other, reverse thermal gelation
block co-polymers such as poloxamers or their equivalents incorporate
hydrophobes through micellar structure in aqueous media, but linear
structures and short-range molecular interactions often require exces-
sive polymer concentrations (e.g., 25w/v% or higher) to increase sta-
bility in vivo, but the incorporated drugs easily elute off in a matter of
hours [14]. Alternatively, hydrophobic scaffolds support extended drug
release via simple diffusion and polymer degradation [15]. A non-cova-
lently associated polymer-nanoparticle hydrogel supported an improved
two-stage drug release profile, but it requires separate preparation of
nanoparticles besides gel formation and selective adsorption of certain
biopolymers [16]. Other scaffolds such as poly(ether urethane) and cy-
clodextrin provides for oxidation responsiveness [17,18], but the abili-
ties to solubilize hydrophobes and maintain structural integrity are un-
clear.

Here we demonstrate an amphiphilic star-shaped block copolymer
that self-assembles into a stable hydrogel in vivo for tissue regrowth
and solubilizes hydrophobic agents for therapeutic dosing at an reduced
amount. A one-step approach combining polymer network assembly and
solubilization of hydrophobes allows the formation of injectable hydro-
gel amenable to mechanical manipulation (e.g., injectability) and al-
terations in response to biochemical changes (e.g., redox responsive-
ness). Previously, a linear ABA block copolymer of poly(ethylene gly-
col)-poly(propylene sulfide)- poly(ethylene glycol)
(PEG⁠16-b-PPS⁠50-b-PEG⁠16) formed oxidation-responsive micelles for drug
delivery [19]. Branched, four-arm block copolymer of poly(ethylene
glycol-polypropylene sulfide) (star-PEG⁠113-PPS⁠5) was found to support
cell cultivation in vitro and serve as a vehicle for stem cell transplanta-
tion to the stroke cavity in vivo [20] . Here, star-PEG⁠113-PPS⁠x, coupled
with an integrin-binding, cell adhesive peptide based on an amino acid
sequence of RGD, provides a self-assembling injectable hydrogel capa-
ble of incorporating hydrophobic agents. In particular, a hydrophobic
BRAF inhibitor that promotes paradoxical mitogen-activated protein ki-
nase (MAPK) activation in keratinocytes and wound closure [21] was
delivered. Our self assembled scaffold supported dermal wound closure
at a reduced drug dosage compared to administering the drug in di-
methyl sulfoxide (DMSO) without a polymeric matrix.

2. Experimental section

2.1. Synthesis of PEG-PPSx

The synthesis of PEG-PPS follows a three-step reaction, primarily de-
scribed in previous publication with slight modifications [22]. Briefly in
the first step, 10g four-arm poly(ethylene glycol) (PEG) (MW 20,000,
2mmol arms; A starting material of 20,000Da, four-arm PEG was used,
each arm having approximately 113 repeating units of ethylene glycol))
was dissolved in 120mL dried tetrahydrofuran (THF) (pretreated with
activated molecular sieves for overnight) and refluxed under argon gas
at 90°C for 4h. After the flask was cooled down, 0.6g sodium hydride
(8× excess over arms=16mmol) was slowly added to the dissolved PEG
and stirred for 15min under argon. Subsequently 1.6mL allyl bromide
(10× excess over arms=20mmol) was injected into the mixture and the
reaction was stirred under argon for overnight. To purify the reaction
product of PEG-allyl ether, the reaction mixture was filtered under vac-
uum and the filtrate was dried to remove excess solvent. The viscous
sample was redissolved in a small amount of dichloromethane and pre-
cipitated out in 200mL ice-cold ethyl ether for two times. The precip-
itant was collected and dried under vacuum for overnight and subse-
quently stored in argon at −20°C. NMR was used to characterize the fi-
nal sample for modification [23]. ⁠1H NMR (400MHz, CDCl⁠3): 3.39–3.89
(broad, PEG chain protons), 5.85–5.98 (m, 1H, –CH⁠2OCH⁠2CH=CH⁠2),
5.15–5.30 (m, 2H, –CH⁠2OCH⁠2CH=CH⁠2).

Second, PEG-allyl ether (3.78g, 0.73mmol arms) was dissolved in
130mL anhydrous toluene with stirring and warming below 45°C in
a schlenk tube.

The solution subsequently underwent freeze-pump-thaw degassing cy-
cles until no bubbles were seen in the thawing step. The radical initiator
2,2′-Azobis(2-methylpropionitrile) (AIBN) (1.5g, 9mmol) was freshly
activated via recrystallization in methanol. Recrystalized AIBN and 2mL
thioacetic acid (26mmol) dissolved in 20mL anhydrous toluene were
added to PEG-allyl ether solution in five aliquots over one day. The
reaction was carried out at 80°C for 72h in argon with aliquots of
AIBN/thioacetic acid added at an interval of 2–3h. The reaction product
of PEG-thioacetate was dried and precipitated in ice-cold ethyl ether.
NMR was used to characterize the final sample for modification. ⁠1H
NMR (400MHz, CDCl⁠3): 1.81–1.9 (q, 2H, -OCH⁠2CH⁠2CH⁠2S-), 2.35 (s, 3H,
-SCOCH⁠3), 2.92–2.97 (t, 2H, -OCH⁠2CH⁠2CH⁠2S-), 3.39–3.89 (broad, PEG
chain protons).

Third, PEG-thiolacetate (0.78g, 0.153mmol arms) was dissolved
in freshly distilled THF. Sodium methoxide (83mg, 10× excess over
arms=1.53mmol) was added to PEG-thiolacetate/THF under argon
and stirred for 30min at room temperature. Subsequently specific
amounts of propylene sulfide (2.5×, 5× and 16× molar equiv. of PEG
arms) was added under argon and the reaction mixture was stirred for
one hour. The end-capping reagent 2,2′-dithioldipyridine (168mg, 5×
excess over arms=0.77mmol) was later added and the reaction mix-
ture was stirred under argon for overnight. The sample of PEG-PPSx
was later dried via rotary evaporator and dialyzed extensively against
water. Lastly, the sample was lyophilized and stored under argon at
−20°C. NMR was used to characterize the final sample for modifica-
tion. ⁠1H NMR (in CDCl⁠3): 1.35–1.45 (d, CH3 in PPS chain), 1.81–1.9
(broad q, 2H, -OCH⁠2CH⁠2CH⁠2S), 3.6–3.7 (broad PEG chain protons).

2.2. Rheometry

PEG-PPS hydrogels were allowed to self-assemble overnight before
transferred to an 8mm plate-to-plate rheometer (Physica MCR 301, An-
ton Paar, Ashland, VA). An evaporation blocker system was used dur-
ing measurements. For frequency sweep, the data were collected for the
modulus with a frequency range of 0.1–100rad/s under a 1% constrain
at 37°C. For amplitude sweep, the data were collected for the modulus
with a frequency of 20rad/s under a constrain range of 0.1–100% at
37°C.

2.3. Water content measurements

Hydrated self-assembled PEG-PPS hydrogels were weighed for the
wet mass (W⁠wet). Subsequently they were stored in a vacuum oven
for two days until the mass did not change. The dried polymers were
weighed (W⁠dry). Water content (%) was calculated as (W⁠wet – W⁠dry)/
W⁠wet*100%.

2.4. Oxidation of PEG-PPS

The reduction modification on PEG-PPS was performed in two steps.
The first step was to use Ellman's assay (following manufacturer's in-
structions) to determine all the available thiol groups on a certain per-
centage of aqueous solution of PEG-PPS. The second step was to use dif-
ferent amounts of TCEP to treat PEG-PPS, resulting in various degrees
of disulfide-crosslinked PEG-PPS (confirmed by Ellman's assay).

2.5. Fluorescent labeling of star-PEG-PPS

6mg star-PEG-PPS was dissolved in 100μL 1× PBS and mixed with
2μL TCEP (10mg/ml) solution for 1h. Then 8.6μL of
Alex-488-maleimide (1mg/mL) was added to the solution, and the mix-
ture was vortexed at room temperature overnight. The solution was
diluted with 500μL 1× PBS and then dialyzed against DI water with
MWCO 10000 membrane for two days. After dialysis, the solution was
lyophilized to get the solid product. For the in vivo experiment, 5mg
of Alex-488 labeled star-PEG⁠113-PPS⁠5 was assembled in 100μL sterile 1×
PBS for administration.
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2.6. Solubilization of hydrophobic molecules

A 4w/v% polymer (star-PEG-PPS⁠5) solution of was mixed with a hy-
drophobe by vortexing at room temperature for 30min. Serial dilutions
of the hydrophobe were performed until no obvious precipitate or crys-
tals were observed via phase contrast microscopy. The maximum con-
centration that could be dissolved is reported. Images were taken using
a Zeiss Observer Z1 microscope at 5× magnification.

2.7. Delivery of hydrophobic molecules at wound site

Animal procedures were performed in accordance with the Animal
Protection Guidelines issued by US National Institutes of Health. UV
sterilized PEG-PPS⁠2.5 (at 10w/v%) and PEG-PPS⁠5 (at 6w/v%) were in-
cubated with 500μM Acetyl-GCGYGRGDSPG-NH⁠2, an adhesive peptide
(RGD) containing a Cystein amino acid, and BrdU (at 10mg/mL) in
sterile phosphate buffer saline for overnight. The excisional splinted
wound protocol was an established protocol previously reported by oth-
ers and in details by our previous publication [24]. Briefly, young adult
(7–12-week old mice) (Charles River Laboratories) were acclimated to
the environment for at least 1week upon delivery prior to the pro-
cedure. Mice were individually anesthetized with 4% isoflurane and
maintained at 1.5–2% isoflurane during surgery. Buprenorphine (fours
dosages of 60 uL each of 0.015mg/mL per 20g of mouse weight ad-
ministered before, 8h, 20h and 28h after surgery) was injected subcu-
taneously. Buprenorphine is a well-documented commonly used anal-
gesic in mice. The dorsal surface was shaved with an electric clipper,
depilated by Nair (1min) and sterilized with betadine and ethanol be-
fore surgery on an aseptic pad atop warming heat pads. Using sterile
biopsy punches (1) 4mm wide for the experiment delivering BrdU; or
(2) 6mm wide for the experiment delivering Vemurafenib, two clean,
well-defined wounds side-by-side were created slightly above the mid-
dle of the animal's back. Bromodeoxyuridine (BrdU), a synthetic nucle-
oside analog of thymidine, was first tested. It is incorporated within
newly synthesized DNA to effectively label dividing cells. During wound
healing, collective migration of cells is primarily wound directed, so any
diffusion of BrdU from star-PEG-PPS hydrogel would allow proliferat-
ing cells at wound periphery or beyond to uptake BrdU. To account for
the differences in cell proliferation in different wounds, another general
proliferating cell marker, Ki-67, was used to gauge such difference and
to normalize BrdU+ cells in the analysis of BrdU diffusion. The num-
ber of proliferating cells as labeled by BrdU-positive cells, normalized
by Ki-67-positive cells, indicates a relative amount of available BrdU
at a certain wound region. We hypothesized that a longer hydrophobic
block enhances retention of BrdU, thus less normalized BrdU-positive
cells would be noticeable farther away the injected gel. (1) For the ex-
periment delivering BrdU, PEG-PPS⁠2.5 hydrogel and PEG-PPS⁠5 hydrogel
containing BrdU were injected on wounds; Aseptic silicon ring splints
formed prior to surgery had a 6-mm wide window that was double-sided
with Tegaderm. (2) For the experiment delivering Vemurafenib (VEM),
150μg VEM mixed in 50μl of 40mg/mL PEG-PPS⁠5 aqueous hydrogel, or
50μl of 40mg/mL PEG-PPS⁠5 aqueous hydrogel alone, was injected on
wounds; Aseptic silicon ring splints formed prior to surgery had a 8-mm
wide window that was double-sided with Tegaderm. Mastisol liquid ad-
hesive was added on the splints which were placed on a wound. Eight
interrupted sutures around each splint were made as a secondary means
to hold down splints. Animals were monitored until awakening and
housed individually in cages. (1) For the experiment delivering BrdU,
on day 3 and day 7 post surgery, or (2) for the experiment delivery
VEM, on day 14 post surgery, animals were euthanized and wounded
tissues were punched out and cut in halves, where one half was fixed
with 1% paraformaldehyde (PFA) for 16–18h at 4°C before paraffin
embedding and the other half was freshly frozen in Tissue-Tek® O.C.T.
Compound. Paraffin sections were sliced into 5μm thickness, for the ex-
periment delivering Brdu, or 4μm for the experiment delivering VEM,
for hematoxylin and eosin (H&E) stain. Cryo sections of skin cross-sec-
tions were sliced as 20μm for immunohistochemistry staining. Ani

mals were assigned randomly and all tissue analysis was performed in a
blind manner.

2.8. Immunohistological analysis

(1) For the experiment delivering BrdU, the primary antibodies used in-
cluded rat anti-CD31 (1:100), rabbit anti-NG-2 (Millipore, 1:100),
rat anti-F4/80 (eBioscience, 1:100), rat anti-BrdU (Abcam, 1:100),
rabbit anti-Ki 67 (1:100). Alexa Fluor conjugated matching sec-
ondary antibodies (1:200, Life Technologies) were used. Three slides
(50–100μm apart) and each with designated fields of view (Region
I, II, III for wound center, wound/granulation tissue, and normal
wounds) were imaged using a Nikon C2 confocal microscope. A full
wound scan was also performed. Images were quantified in Image J
for positive signal areas and averaged across four different wounds
for statistical analysis.

(2) For the experiment delivering VEM, paraffin-embedded slices of
wound tissue was deparaffinized with xylene and descendant
ethanol, and then incubated in 3% H⁠2O⁠2 for 10min. After a wash in
distilled water, the slides were incubated for 25min in Citrate Buffer
pH6 (Invitrogen Corporation) at 95°C using a vegetable steamer.
The slides were brought to room temperature, rinsed in PBST (Phos-
phate Buffered Saline containing 0.05% Tween-20), and then incu-
bated at room temperature with 1:100 anti-mouse Ki-67 antibody
(DAKO, Carpinteria, CA) for 1h and 1:10 phospho-ERK Ab (Cell
Signaling Technology, Danvers, MA), overnight. The Ki67 stained
slides were rinsed with PBST and incubated at room temperature
with 1:200 polyclonal Rabbit anti-rat immunoglobulin/Biotinylated
Ab (Dako, E0468) for 30min. All the slides were rinsed with PBST,
and incubated with Dako EnVision+ System –HRP Labeled Poly-
mer Anti-Rabbit (Dako, Carpinteria, CA) at room temperature for
30min. After a rinse with PBST, the slides were incubated with
DAB (3,3′-Diaminobenzidine) for visualization. Subsequently, the
slides were washed in tap water, counterstained with Harris' Hema-
toxylin, dehydrated in ethanol, and mounted with media. The imag-
ing and quantification of our cell-based immunohistochemistry, was
performed with the Halo Next Generation Imaging analysis software
(Indica Labs; Corrales, NM). HALO measures and reports individual
cell data maintaining an interactive link between cell metrics and
cell imagery. The number of pERK+ or Ki67+ cells was automati-
cally counted with the Halo software. pERK+ or Ki67+ cells were
automatically counted on the 3mm whole wound (include both
left and right 1.5mm range from the wound center). For cryo-em-
bedded slices of wound tissue, the slices were fixed in ice-cold
acetone for 5min, washed with 1XPBS for 5min before blocked
for 1h at room temperature in blocking buffer: 1XPBS+0.05%
Tween-20+5% normal goat serum. Sections are then washed in
1XPBST. Primary antibodies were prepared in blocking buffer, in-
cluding rabbit anti-mouse Keratin 14 (Biolegend; #905301; 1:200),
mouse α-SMA-FITC (Sigma; #F3777; 1:200), rabbit anti-mouse col-
lagen 1(Millipore; #AB765P; 1:200), rat anti-mouse CD31 (BD
Pharmingen; #553370; 1:100), and rabbit anti-mouse NG2(Milli-
pore; #AB5320; 1:200). Sections were stained with primary anti-
bodies overnight, then were washed with 1×PBST twice, then re-in-
cubated with blocking buffer for 10min before secondary antibody
incubation. Secondary antibodies were all prepared at a dilution of
1:200 in blocking buffer together with 2μg/mL DAPI. Sections were
then incubated in secondary antibodies for 2h at room tempera-
ture, and subsequently washed with 1× PBST and 1XPBS. Sections
were mounted in Antifade Gold mounting medium. Imaging was
performed using a Nikon C2 confocal and images were analyzed us-
ing Image J.

2.9. Statistical analysis

All in vitro characterizations were compared for n=3, and in vitro
characterizations for n=4. One-way ANOVA analysis was performed
with Tukey's post test, *p<0.05, **p<0.01, ***p<0.001.
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3. Results and discussion

3.1. From star amphiphilic block copolymers to stable injectable hydrogel
networks

A star-shaped polymer architecture contains a poly(eythylene gly-
col) center and poly(propylene sulfide) ends, which interacts with one
another in an aqueous medium based on physical bondings includ-
ing hydrophobic interactions and hydrogen bonding. A family of
star-PEG⁠113-PPS⁠x polymers was prepared with increasing hydrophobic
domain sizes (Fig. 1a). NMR analysis confirmed the synthesis of
star-PEG⁠113-b-PPS⁠x containing three different lengths of the hydropho-
bic block, namely star-PEG⁠113-PPS⁠2.5, star-PEG⁠113-PPS⁠5 and
star-PEG⁠113-PPS⁠16 (Supplementary Fig. S1). The length of hydropho-
bic block in the star polymers was modulated to vary the viscoelas-
ticity of the self-assembled structures. While star-PEG⁠113-PPS⁠2.5 was in
a liquid-like state when solvated in water, star-PEG⁠113-PPS⁠5 and
star-PEG⁠113-PPS⁠16 were in a gel state (Fig. 1b, c). When solvated in
methanol, star-PEG⁠113-PPS⁠2.5 immediately solubilized, whereas
star-PEG⁠113-PPS⁠5 and star-PEG⁠113-PPS⁠16 were elastic by rheology (Fig.
1b, c). Therefore, increasing PPS block length results in a stronger
physical interactions between the hydrophobic domains, thereby in-
creased hydrophobic-hydrophilic segregation leading to stiffer gels. Al-
though longer PPS domains increased hydrogel stability and hydropho-
bic content, star-PEG⁠113-PPS⁠16 solubilized slowly in water and was dif-
ficult to work with in an aqueous

environment. Star-PEG⁠113-PPS⁠5 was readily solvated in aqueous solu-
tions and the formed hydrogel remained semi-transparent microscopi-
cally, having a water content over 90 w/w % (Supplementary Fig. S2).

Formed through self-assembly, star-PEG⁠113-PPS⁠x hydrogels were ex-
pected to exhibit shear-thinning and self-healing properties, desirable
for injectability. First, the hydrogel storage and loss modulus were eval-
uated at low oscillation frequencies (0.1 to 50s⁠−1). The average storage
moduli (G') for 3, 5, 7.5, and 10w/v% polymer contents were 35, 270,
907, and 1850Pa, respectively (Fig. 1d and Supplementary Fig. S3), all
greater than respective viscous moduli (G"). At all concentrations the
hydrogels exhibited a time (frequency)-dependent shear thinning prop-
erty, i.e., at low frequencies the polymer solution behaves as a solid
(G'>G”) but at high frequency the polymer solution behaves as a liquid
(G">G') (Fig. 1e and Supplementary Fig. S4). Additionally the hydro-
gel exhibited a self-healing behavior after cessation of shear forces. As
the oscillatory deformation increased from 0.1 to 100% at a constant
frequency, star-PEG⁠113-b-PPS⁠5 yielded (i.e., G'=G”) at strains 33±4%,
27±6%, and 20±8% for 5, 7.5, and 10w/v% polymeric concentrations,
respectively (p=0.11). Repeatedly, as shear deformation re-started at
0.1%, elastic state (G'>G″) was maintained until yielding at the men-
tioned threshold strains where the solution turned into a viscous state
(G'<G″). This yielding behavior was previously observed in other sys-
tems where the polymer “breaks” (flows) under high shear force and
“heals” (gels) once the shear force ceased [25].

Reducing and oxidative stimuli are expected to be present in bi-
ological systems such as in wound environmens [26]. This oxidation
responsive property

Fig. 1. The viscoelasticity of the star-PEG-PPS famility in different solvents, concentrations, reduction, and oxidation environments. a. Synthesis route of 4-arm star-PEG⁠113-PPS⁠n. b. When
resuspended in water at 10w/v%, star-PEG-PPS⁠2.5 exhibited sol-gel transition, star-PEG-PPS⁠5 was fully hydrated, and star-PEG-PPS⁠16 was partially hydrated with pockets of water not ab-
sorbed. When resuspended in methanol, star-PEG-PPS⁠2.5 flowed under gravity, star-PEG-PPS⁠5 exhibited sol-gel transitioning, and star-PEG-PPS⁠16 was hydrated as hydrogel. c. The rhelogical
property of 10w/v% star-PEG-PPS⁠2.5 (in water), star-PEG-PPS⁠5 (in water) and star-PEG-PPS⁠16 (in methanol). d. The rheological moduli of star-PEG-PPS⁠5 hydrogels of different concentra-
tion under 1% strain. e. The yielding and healing behaviors of 10w/v% star-PEG-PPS⁠5 in aqueous environment. f. Reducing agent TCEP increased the stiffness of star-PEG-PPS⁠5 hydrogel
(n(Polymer arm): n(TCEP)=1:0.5). Polymers were at 4.75w/v%, and measured under 1% strain. g. Hydrogen peroxide (5v/v%) decreases the viscosity of star-PEG-PPS⁠5 (3w/v%).

4



UN
CO

RR
EC

TE
D

PR
OO

F

S. Zhu et al. Journal of Controlled Release xxx (2018) xxx-xxx

was previously shown to mediate drug release from micelles formed
with propylene sulfide as the hydrophobic block, which are oxidizable
to become sulfones [19,20]. Here we validated star-PEG⁠113-PPS⁠5 hydro-
gel underwent oxidation dissolution in the presence of hydrogen per-
oxide, decreasing the viscosity of the polymeric network (Fig. 1g). Ad-
ditionally, we showed star-PEG-PPS hydrogel is reduction-responsive
through the end-capping group of pyridinethion. This group provides
for a disulfide bridge at the end of propylene sulfide blocks. Upon ad-
dition of a thiol reducing agent such as tris(2-carboxyethyl)phosphine
(TCEP) to a 4.75% star-PEG⁠113-PPS⁠5, sulfhydryls are exposed and allow
for disulfide exchange reactions with other end-capped PPS blocks. This
results in a disulfide covalent bond between adjacent polymer chains
and further stiffens gel network. When 0.5× equivalence of TCEP to
the total amount of polymer arms was added, the elastic moduli of
star-PEG⁠113-PPS⁠5 hydrogel increased from 100Pa to 300Pa (Fig. 1f).
As is shown previously [20], upon incubation at physiological pH, the
star-PEG-PPS hydrogels become covalently crosslinked due to disulfide
exchange reactions between the propylene sulfid units. Thus, the physi-
ological pH, any reducing agent, or a combination of both in vivo, allow
for a gradual stiffening of the gel to transition from a viscous fluid to
a viscoelastic hydrogel. This is also expected to slow down the drug re-
lease therefrom. Consequently, as a result of being oxidized, the gel is
expected to soften and microscopically dissolute in regions where drug
dosing would be wuickened.

3.2. Injectable star PEG-PPS hydrogels as biocompatible, stable scaffolds
for tissue repair

Given the injectability of star-PEG⁠113-PPS⁠x hydrogels and oxydation
responsive properties of polypropylene sulfide, we hypothesized that
star-PEG-PPS hydrogels could be used as an effective injectable scaf-
fold that promotes wound healing through promoting cellular infiltra-
tion and reducing inflammation through sequestering reactive oxygen
species. Splinting the wounds in mice prevents loose skin contraction,
thereby allowing for assessment of tissue healing through re-epithelial-
ization and granulation, which simulates the response in humans and
fixed-skinned mammals [24]. Star-PEG-PPS hydrogel was directly in-
jected at the wound site to fill the cavity due to its shear-thinning,
self-assembly property. Prior to injection, star-PEG-PPS polymer was
modified with an RGD-containing peptide via the disulfide exchange
reaction at the end group to promote spreading and proliferation of
cells in PEG-PPS hydrogels [20]. Two star-PEG-PPS polymers sharing
a similar viscoelastic property, i.e., 10w/v% star-PEG⁠113-b-PPS⁠2.5 and
6w/v% star-PEG⁠113-b-PPS⁠5, were individually administered to excisional
skin wounds before splinting (Fig. 2a). For comparison, a 1w/v% fib-
rin gel was formed in situ at the wound site. The wounds treated with
star-PEG-PPS polymer gels displayed enhanced wound closure at day 3
compared to fibrin treated wounds (Fig. 2b). Histological analysis per-
formed at day 7 confirmed injectable star-PEG-PPS⁠5 hydrogel allowed
for cellular infiltration and supported tissue growth in the scaffold (Fig.
2c). Fluorescent imaging confirmed that fluorescently labeled star-PEG-

Fig. 2. Injectable star-PEG-PPS hydrogels as biocompatible cutaneous wound scaffolds. a. star-PEG-PPS⁠5 (6w/v% in PBS) and star-PEG-PPS⁠2.5 (10w/v% in PBS) showed a similar viscosity
and injectability. b. Wound closure comparision at day 3 in mouse splinted dermal excisional wound healing model among fibrin matrix (10mg/mL fibrinogen), 10w/v% star-PEG-PPS⁠2.5,
and 6w/v% star-PEG-PPS⁠5. c. H&E staining of day 7 mouse splinted dermal wounds, full length and inset showing wound bed center. d. Fluorescent imaging of day 7 mouse splinted
dermal wound filled with Alexa 488-labeled star-PEG-PPS⁠5. e. Immunohistochemical staining of day 7 neutrophil marker (Ly6G, red), proliferating cells (Ki-67, green), and nuclei (DAPI,
blue) in wound beds dressed with fibrin matrix (10mg/mL fibrinogen), 10w/v% star-PEG-PPS⁠2.5, or 6w/v% star-PEG-PPS⁠5. f. Quantification of images in e for positive Ly6G area. (n=4;
one-way ANOVA, non-parametric, Tukey's post test; Scale bar=20μm). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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PPS⁠5 was retained as a scaffold structure at day 7 post injection in the
cutaneous wound (Fig. 2d), which did not erode or wear off. In addi-
iton, similar to the hystological stains cellular infiltration was observed
(Fig. 2e, insets 1 and 2). Compared with fibrin, star-PEG⁠113-PPS⁠5 treated
wounds had statistically lower fraction of lymphocyte antigen 6 com-
plex locus G6D (Ly6G)-positive cells, e.g., cells of the myeloid lineage
such as neurophils responsible for early tissue inflammation [27], at day
7 (Fig. 2e,f), suggesting a sustained lower inflammatory response. This
finding is consistent with our expectation that polypropylene sulfide's
oxydation responsive properties [19] act as a reactive oxygen species
(ROS) quencher in inflammaed wounds [28]. Given that 2.5units of
polypropylene sulfide does not statistically improve healing nor reduce
Ly6G positive cells in the wound area, we hypothesize that there is
a critical number of polypropylene sulfide units required to observe
anti-inflammatory properties, which is higher than 2.5 and lower or
equal to 5. Reduced Ly6G positive cells has been shown to enhance cu-
taneous wound healing [29] and excesive neurophil count is associated
with diabetic wounds [30], which is consistent with our findings of en-
hanced wound closure for star-PEG⁠113-PPS⁠5 (Fig. 2b).

3.3. Hydrophobic drug solubilization and retention at wound sites

Current approaches to topically delivering hydrophobic drugs such
as chemotherapeutic agents generally utilize an organic medium
[31,32] or insolube polymeric micro or nanoparticles [33]. We hy-
pothesized hydrogel formed from star-PEG-PPS can solubilize hydropho-
bic agents, providing a facilely-prepared drug-loaded tissue scaffold
for wound repair. Star-PEG⁠113-PPS⁠x was able to solublize rifampicin
(reported logD=1.28; from Cerep, FR, Application Notes July 2013),
eosin Y (reported partition coefficient 0.66 [34]), Irgacure® 2959 (re-
ported logP=0.84; from Safety Data Sheet, BASF), and vemurafenib
in star-PEG⁠113-b-PPS⁠x, whereas they would remain largely insolubilized
in distilled water at room temperature even after vibrant vortexing
for 1day (Fig. 3a; Supplementary Fig. S5). Solubilization of the hy-
drophobes was achieved at least at a 4w/v% polymer concentration by
simply mixing the polymer solution with the hydrophobe by vortexing.
Since the polymer is a gel at these concentrations, the incorporation
of poorly water-soluble drugs into star-PEG⁠113-b-PPS⁠x hydrogels is a a
one-step process, making it an ideal platform for the injectable delivery
of hydrophobes within a polymeric matrix.

Fig. 3. Solubilization of hydrophobes and delivery of BrdU via star-PEG-PPS hydrogel scaffolds as mouse dermal wound dressings for 7-day retention. a. Dissolution of different hy-
drophobic molecules in water and in 4w/v% star-PEG-PPS⁠5 aqueous suspension. b. Top, BrdU in water or 4wt% PEG-OH polymer solution at room temperature, after 30min of vortexing;
bottom, BrdU in 10w/v% aqueous star-PEG-PPS⁠2.5 network. c. BrdU (20mg/mL) suspended in water (left), fibrinogen aqueous solution (middle), and star-PEG-PPS⁠5 (right). d. Schematic
of injectable scaffold delivering hydrophobic BrdU at wound beds. e. In vitro release of BrdU from star-PEG-PPS⁠5. f. Representative full-length wound scan of BrdU (red), Ki-67 (green)
and DAPI (blue) at day 3 with insets indicating regions at the center of wound beds (I), the granulation tissue (II), and the skin tissues outside of wound (III). g. Quantifications of nor-
malized BrdU+ over Ki-67+ in Regions I, II, and III comparing between 6w/v% star-PEG-PPS⁠5 and 10w/v% star-PEG-PPS⁠2.5. (e). One-way ANOVA, *p<0.05, **p<0.01). Size bars are
100μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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We next explored the idea that drug-loaded self-assembled PEG-PPS
hydrogels retain hydrophobic drugs locally and avoid uncontrolled elu-
tion, while supporting cell infiltration. To compare the efficacy of re-
taining hydrophobic drugs in vivo, star-PEG⁠113-PPS⁠2.5 and
star-PEG⁠113-PPS⁠5 sharing similar viscoelastic properties as previously
identified were used to deliver bromodeoxyuridine (BrdU) to cutaneous
wounds. BrdU is a synthetic nucleoside analog of thymidine, which is
incorporated within newly synthesized DNA to effectively label dividing
cells. Similar to other hydrophobes, BrdU was not entirely solubilized
by either water or an aqueous fibrinogen solution even after vortex-
ing at room temperature for 1day. An additional control using a 4wt%
PEG-OH polymer solution was peformed also showing limited solubil-
ity. In contrast, BrdU was mostly dissoluted in star-PEG⁠113-PPS⁠x hydro-
gel after simple vortexing for one minute (Fig. 3b and c). Star-PEG-PPS
hydrogel loaded with BrdU was injected directly in the wound bed (Fig.
3d). To estimate the release of BrdU from star-PEG⁠113-PPS⁠x hydrogel, we
first evaluated the in vitro daily release of BrdU from star-PEG⁠113-PPS⁠5
hydrogel and confirmed the sustained release imparted by the hydrogel
carrier for at least one week (Fig. 3e). During wound healing, collec-
tive migration of cells is primarily wound directed [35], so any diffu-
sion of BrdU from star-PEG-PPS hydrogel would allow proliferating cells
at wound periphery or beyond to uptake BrdU. Hence, the skin area
was divided into three regions, i.e., the center of the wound bed (re-
gion I), the granulation tissue close to the boundary of the wound (re-
gion II) and the unwounded tissue surrounding the wound (region III)
(Fig. 3f). We expect the length of the PPS block can modulate the re-
tention of the drug with in the wound, with longer blocks leading to
increased retention. To account for the differences in cell proliferation
in different wounds, another general proliferating cell marker, Ki-67,
was used to gauge such difference and to normalize BrdU+ cells in
the analysis of BrdU diffusion. The number of normalized proliferat-
ing cells was greater within the granulation tissue (regions I and II)
and smaller in un-injured skin (region III). Star-PEG⁠113-b-PPS⁠5 had sig-
nificantly more normalized BrdU+ signals in the center of wound (re-
gion I) than star-PEG⁠113-b-PPS⁠2.5 at both day 3 and day 7 (Fig. 3g). This
evidence supports our hypothesis that a longer hydrophobic block en-
hances retention of hydrophobes, even in the presence of aggressive cell
infiltrations after injury. Noticeably, star-PEG-PPS hydrogel allowed for
a z-directional (i.e., in various depths) BrdU uptake by cells, confirming
the three-dimensional structure of the hydrogel for days at the wound
bed for effective hydrophobe delivery from a scaffold.

3.4. Delivery of paradoxical MAPK activation via a hydrophobic BRAF
inhibitor promotes wound closure

Vemurafenib (VEM) is a BRAF inhibitor that induces paradoxical
mitogen-activated protein kinases (MAPK) activation and leads to en-
hanced keratynocyte proliferation and wound ehanced closure [21].
VEM is notoriously difficult to dissolve in an aqueous medium. Cur-
rently, either crystalline formulation or microprecipitated-bulk-powder
formulation are given to patients for oral administration in clinical tri-
als [36]. Vemurafenib dissolved in organic mediums for topical applica-
tion could cause skin irritation and other side effects. As a first demon-
stration, we tested the efficacy of star-PEG⁠113-b-PPS⁠5 to load and deliver
VEM in the repair of cutaneous wounds. Although we have previously
demostrated VEM as a slurry in DMSO effectively promoted skin heal-
ing when administered three doses on days 0, 2, and 4, each containing
2mg per wound ⁠34, we hypothesized delivering a much lower dosage
of solublized VEM within star-PEG-PPS hydrogels could achive similar
or improved wound closure due to better drug dissolution, retention at
the wound, and the mechanical/structural support provided by the scaf-
fold. VEM was solubilized within 4w/v% star-PEG⁠113-b-PPS⁠5 networks
(Fig. 2b) and delivered to wound beds at a dose of 150μg per wound. At
first examination, VEM delivered in either DMSO or star-PEG-PPS re-
sulted in complete re-epithelization (Fig. 4a). Upon closer examination
the wounds treated with star-PEG-PPS+VEM resulted in increased tis-
sue volumes in both the demis and epidermis layers, showing improved
tissue organization (Fig. 4a,b). Gross examination and quantification of

the epithelium confirmed that the wound was closed by day 14 for
DMSO + VEM and star-PEG-PPS+VEM treated wounds (Fig. 4c). VEM
enhances wound healing and tissue repair by causing the paradoxical
activation of MAPK in keratinocytes, which leads to enhance prolifer-
ation of these cells. VEM delivered in star-PEG-PPS hydrogel led to in-
creased phosphorylation of extracellular signal-regulated kinase (p-Erk)
and cell proliferation (ki-67 positive) compared to VEM delivered in
DMSO and controls (Fig. 4d, e, and Supplementary Fig. S6). A stronger
activation was observed in VEM-loaded star-PEG-PPS hydrogel treated
wounds than VEM/DMSO solution treated wounds, even though 40-fold
less VEM was dosed with a single administration of star-PEG-PPS hydro-
gel than the DMSO solution (150μg total versus 2mg/dose×3 doses).

The differences in wound closure rates between star-PEG-PPS and
star-PEG-PPS+VEM led us to investigate the tissue response to VEM
more closely. We observed keratin-14⁠+ cells with stratified squamous
morphology over the surface of both scaffolds (Fig. 5a); however, in
star-PEG-PPS+VEM scaffolds the keratin-14⁠+ layer was thicker (Fig.
5a). For VEM treated wounds, Keratin-14+ cells were present in the
stratifying epidermis, which extended beyond the basilar keratinocytes.
This result was indicative of a hyperproliferative epidermis [37]. The
Keratin-14+ layer was significantly thicker in VEM-loaded
star-PEG-PPS scaffolds, achieving similar Keratin-14+ thickness to a
normal skin adjacent to the wound. This evidence indicated of a nor-
mal epithelial regeneration over the wound beds when treated with
star-PEG-PPS+VEM. For wounds treated with merely star-PEG-PPS,
only the basal keratinocytes are Keratin-14+. At 14days, substantial
vascularization with endothelial cells (PECAM+) and supporting per-
icyte (NG2+) were observed in VEM-treated wounds(Fig. 5b). Com-
pared to scaffolds without VEM, both PECAM+ and NG2+ signals
were significantly higher for wounds administered with VEM-loaded
star-PEG-PPS hydrogel.

4. Conclusions

Star-PEG-PPS scaffolds are amphiphilic self-assembling star-shaped
block copolymer that can simultaneously serve as both the scaffold for
tissue repair and the drug delivery depot for hydrophobes. This ap-
proach opens the door to the delivery of hydrophobic agents from an
injectable hydrogel at a location without the use of organic solvents or
precipitates. Because most drugs in the market and in development are
hydrophobic small molecules, star-PEG-PPS hydrogels are believed to be
applicable for the delivery of a wide range of hydrophobes to treat a va-
riety of diseases. We demonstrate star-PEG-PPS hydrogels can dissolute
a variety of hydrophobes and retain them within the scaffold in vivo.

Injectable star-PEG-PPS scaffolds filled the entire wound beds and
provided a structural support for cellular infiltration and tissue regener-
ation. Delivery of VEM, a BRAF inhibitor promoting paradoxical MAPK
activation, from star-PEG-PPS scaffolds led to enhanced wound closure
and the formation of higher ordered structures within the newly formed
tissue. Importantly, this was made possible with a substantially reduced
dose of VEM compared to delivery of VEM in an organic solution. The
combination of injectability, robust mechanical stability, and ability to
dissolve and deliver hydrophobic drugs from these star amphiphilic
scaffolds enables novel uses of hydrophobic drug formulations in vari-
ous tissue repair applications and beyond.
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Fig. 4. Star-PEG⁠113-PPS⁠5 hydrogel (PPS) delivering solubilized vemurafenib (VEM) as a scaffold at mouse dermal wounds. a.b. Full-wound scan (a) and inset (b) of H&E stained wounds
at 14days that were dressed at day 0 prior to splinting with (1) DMSO, (2) 2mg VEM dissolved in DMSO at 0.1mg/μL, and redosed at day 2 and day 4 for a total of three doses, (3) 4w/
v% star-PEG⁠113-PPS⁠5 hydrogel (PPS), or (4) 150μg VEM dissolved in 4w/v% star-PEG⁠113-PPS⁠5 hydrogel (PPS). c. Percent of wound remaining at day 14. d. e. Staining and quantification
of ki67 and pErk positive cells at 14days post treatment.
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Fig. 5. Star-PEG⁠113-PPS⁠5 hydrogel (PPS) delivering solubilized vemurafenib (VEM) therapeutically restores stratyfing epidermis at 14days. a. Microscopic analysis and quantification of
k14 layer thickness. b. Microscopic analysis and quantification of angiogenesis (CD31) and pericyte coverage (NG2) of wounds with different treatments.
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