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Peripheral arterial disease (PAD) is initiated by progressive atherosclerotic blockages of the arteries
supplying the lower extremities. The most common presentation of PAD is claudication (leg pain and
severe walking limitation), with many patients progressing to limb threatening ischemia and amputation.
Biomaterial approaches are just beginning to be explored in the therapy of PAD with different materials
now being evaluated for the delivery of cells or growth factors in animal models of PAD. A biomaterial
matrix optimized for minimally invasive injection in the ischemic leg muscles of patients with PAD is
urgently needed. There are several important requirements for optimal delivery, retention, and
performance of a biomaterial matrix in the mechanically, histologically, and biochemically dynamic
intramuscular environment of the PAD leg. Ideally, the material should have mechanical properties
matching those of the recipient muscle, undergo minimal swelling, and should introduce properties that
can ameliorate the mechanisms operating in PAD like oxidative stress and damage. Here we have
developed an injectable, antioxidative, and thermosensitive hydrogel system based on hyaluronic acid
(HA). We first synthesized a unique crosslinker of disulfide-modified poloxamer F127 diacrylate. This
crosslinker led to the creation of a thermosensitive HA hydrogel with minimal swelling and muscle-

matching mechanical properties. We introduced unique disulfide groups into hydrogels which
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Accepted 4th September 2020 functioned as an effective reactive oxygen species scavenger, exhibited hydrogen peroxide (H,O,)-

responsive degradation, and protected cells against H,O,-induced damage. Our antioxidative
thermosensitive HA hydrogel system holds great potential for the treatment of the ischemic legs of
patients with PAD.
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1 Introduction

Peripheral arterial disease (PAD) affects over 200 million adults
worldwide and 8-10 million people in the US." PAD is a mani-
festation of atherosclerosis that produces progressive narrow-
ing and occlusion of the arteries supplying the lower
extremities. The most common clinical manifestation of PAD is
claudication (leg pain and severe walking limitation), but many
patients progress to limb threatening ischemia and amputa-
tion.' Standard therapies for claudication include medication,
supervised exercise therapy, and operative endovascular and
open revascularization.” Unfortunately, all of them have
significant limitations: modest efficiency for pharmacotherapy,
poor compliance and limited utilization for exercise therapy,

“Mary & Dick Holland Regenerative Medicine Program, Department of Neurological
Sciences, University of Nebraska Medical Center, Omaha, NE 68198, USA
*Department of Surgery, University of Nebraska Medical Center, Omaha, NE 68198,
USA

T Electronic  supplementary
10.1039/d0ra07208g

1 These authors contributed equally to this work.

information  (ESI) available. See DOI:

This journal is © The Royal Society of Chemistry 2020

and considerable morbidity and poor long-term patency for
revascularization.” Several types of clinical trials have been
ongoing for newer PAD treatments, including cell/stem cell,
gene, and growth factor therapies but have not yet translated to
clinical benefit.*” In particular the newer and most promising
yet therapy using stem cells is plagued by poor retention and
survival of these transplanted cells.?®

Tissue engineering approaches are just beginning to be
investigated as treatment modalities in PAD.** A biomaterial
matrix could act as a standalone treatment with several poten-
tial advantages including off-the-shelf availability, reduced cost,
and the ability to locally stimulate and support endogenous
cells for tissue repair.’** A number of different biomaterials
have been evaluated for delivery of cells or growth factors in the
ischemic limbs of animal models of PAD. For example, Rao et al.
have developed and tested a decellularized skeletal muscle
extracellular matrix (ECM) as a revascularization treatment in
a mouse model of hindlimb ischemia by using the matrix to
promote the delivery of cells, including myoblasts and fibro-
blasts.”® However, the creation of ECM that has well-defined
composition and complete removal of all cellular components
is still difficult to achieve.**** More recently Anderson et al. have
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applied alginate hydrogels to locally deliver growth factors to
enhance perfusion in the ischemic limb of a rabbit model.*® The
alginate hydrogels are produced by physical ionic-crosslinking
which makes them brittle and may hamper their retention in
the dynamic intramuscular environment. These limitations
point to an urgent need for a biomaterial matrix that will be
optimized for minimally invasive delivery in skeletal muscles
that are compromised by PAD and other diseases.

There are several key requirements for optimal retention and
delivery of a biomaterial in the intramuscular environment of
the lower limb. First, the mechanically dynamic intramuscular
environment may require a material that (a) undergoes minimal
swelling once inside the target tissue and (b) has mechanical
properties matching those of the recipient muscle [shear
storage modulus (G'): ~2 kPa (rat) and ~7 kPa (swine)] while
allows cell infiltration for integration.®”** The current
approaches for the production of hydrogels have not fully
addressed these key requirements especially for skeletal muscle
applications. Specifically, interpenetrating double network
hydrogels make injection unfeasible;'” orthogonally cross-
linking hydrogels have high swelling ratio;'® purely ionically-
crosslinked systems undergo significant plastic deformation
making them fragile;** and clay nanocomposite hydrogels are
too stiff for the intramuscular environment.*® Second, rapid in
situ formation is desirable to facilitate delivery using small
gauge needles that will allow for injection of the material while
it is still in liquid form with conversion into a hydrogel once in
the target tissue. Finally, a myopathy is present in the legs of
patients with PAD*"** and oxidative stress/damage is one of the
main mechanisms operating to produce this well described
muscle damage.*** Therefore adding antioxidant properties to
the hydrogel may introduce additional advantages to the
management of the ischemic myopathy of PAD.>®

Our group has previously applied an in situ crosslinkable
hydrogel system based on hyaluronic acid (HA) for brain and
soft tissue regeneration.>~*° In a rat model for traumatic brain
injury by controlled cortical impact, this HA hydrogel promoted
significant vasculature network formation filling the lesion site.
Most importantly, this HA hydrogel with G’ of less than 0.1 kPa
is porous enough to allow robust cell infiltration and migra-
tion.”?®***> Changing our focus from the brain and trauma to the
skeletal muscle in PAD we aimed to modify the properties of
this HA hydrogel by increasing its stiffness to match that of
skeletal muscle, by reducing its propensity to swell, by modi-
fying it with thermo-sensitivity to allow for injecting while
liquid with rapid change into a final solid form in the target
tissue, and by introducing elements with antioxidative proper-
ties. We have thus synthesized a unique macromer: disulfide-
modified poloxamer F127 diacrylate (F127-SS-DA)***** and we
have explored the stiffness, swelling, temperature-sensitivity of
HA hydrogels crosslinked by F127-SS-DA. Disulfides have anti-
oxidant properties because they can participate in oxidative
reactions as scavengers responding to hydrogen peroxide
(H,0,) and superoxide.***” Accordingly, we have also investi-
gated the antioxidant and cell-protective characteristics of our
new HA hydrogel in conditions involving H,0,-induced oxida-
tive damage.
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2 Materials and methods
2.1 Materials

All chemicals were used as received unless otherwise described.
Thiolated hyaluronic acid (HA-SH) was purchased from
Advanced BioMatrix, Inc. (Carlsbad, CA). Triethylamine (TEA),
acryloyl chloride, 3-buten-1-ol, 1-ethyl-3-[3-(dimethylamino)
propyl] carbodiimide (EDC), 3,3'-dithiobis(propanoic acid)
(DTP), N,N-dimethylaminopyridine (DMAP), ¢-butyl methyl
ether, 2,2-diphenyl-1-picrylhydrazyl (DPPH), and Pluronic F127
(MW 12.6 kDa) were obtained from Aldrich Chemical Co. (Mil-
waukee, WI). Dichloromethane (DCM) was purchased from Alfa
Aesar (Ward Hill, MA). All other chemical reagents were ob-
tained from Sigma-Aldrich (St. Louis, MO).

2.2 Synthesis of F127-DA and F127-SS-DA

2.2.1 F127-DA synthesis. First, F127 was dissolved in 40 mL
DCM. TEA was added into the stirred F127 solution. After 5 min,
acryloylchloride was added slowly via syringe. The mixture was
stirred at ambient temperature for 72 h. Second, the mixture
was concentrated under reduced pressure to a volume of 20 mL
and then filtered to remove precipitated triethylamine hydro-
chloride. The solution was poured into 300 mL ¢-butyl methyl
ether to precipitate the diacrylate product. The product was
then collected by filtration. Finally, the product was dissolved in
50 mL water, dialyzed for 7 days, and lyophilized to obtain F127-
DA. The structures of F127 and F127-DA were inspected by the
Bruker Avance-III HD 500 MHz NMR spectrometer (Billerica,
MA).

2.2.2 F127-SS-DA synthesis. F127 was dissolved in 40 mL
DCM followed by the addition of EDC and DMAP. After 5 min,
DTP was added. The mixed solution was stirred for 24 h at room
temperature. The mixture was concentrated under reduced
pressure to a volume of 20 mL, poured into 200 mL ¢butyl
methyl ether to precipitate the product, which was further
collected by filtration. The product was then dissolved in 50 mL
water, dialyzed for 7 days, and lyophilized to obtain the inter-
mediate SS-F127-SS.

SS-F127-SS was dissolved in 15 mL DCM followed by the
addition of EDC and DMAP. After 5 min, 3-buten-1-ol was added
and stirred for 24 h at room temperature. The mixture was then
poured into 200 mL t-butyl methyl ether to precipitate the
product, which was collected by filtration. The solid was then
dissolved in 50 mL water, dialyzed for 7 days, and lyophilized to
obtain the final product F127-SS-DA. The structures of SS-F127-
SS and F127-SS-DA were confirmed by the Bruker Avance-III HD
500 MHz NMR spectrometer.

2.3 Rheological characterization of HA hydrogels

To prepare HA hydrogels, various amounts of F127-SS-DA or
F127-DA (10, 20, and 50 mg mL™ ") were mixed with HA-SH
solution (4 mg mL™ ') and then kept at 4 °C overnight.
Rheometer (HR-2, TA Instruments) was used to measure
mechanical properties of these hydrogels, such as shear storage
modulus (G'), shear loss modulus (G”), and gelation tempera-
ture. The rheological characterization of hydrogels was

This journal is © The Royal Society of Chemistry 2020
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performed by oscillation strain (1-10% strain; 1 Hz) and
temperature (4-37 °C; 1 Hz, and 1% strain) sweeps as we re-
ported previously.*

2.4 Radical scavenging activity

We have adopted a DPPH assay to examine scavenging activity
of these synthesized polymers as reported previously.*® Briefly,
DPPH was dissolved in methanol to make a stocking solution
(50 uM). DPPH solution (50 pL) was then mixed with 50 pL of
a series of polymer solutions (F127-DA or F127-SS-DA: 0, 1.6, 3.1,
6.3, 12.5, 25, 50, 100 mg mL™~"). Ascorbic acid (AA, 50 mM) was
used as a positive control. All samples were kept in the dark on
a shaker at 200 rpm for 30 min. Absorbance values were
measured at 517 nm using a Biotek Synergy H1 Hybrid Multi-
Mode Microplate Reader (Winooski, Vermont). DPPH (25 uM)
served as 100% radical control, in comparison to other samples.
The concentration of remaining DPPH was determined by
a standard curve. The free-radical scavenging effect was calcu-
lated as previously reported.*®

We also examined the capability of HA hydrogels as radical
scavengers. Hydrogels (100 pL; HA-SH: 4 mg mL ™", F127-SS-DA
or F127-DA: 50 mg mL ') were immersed in 150 pL DPPH
solutions (25, 50, and 100 uM). We further checked hydrogels
crosslinked by F127-SS-DA or F127-DA of various concentrations
(10, 20, and 50 mg mL™') in 25 uM DPPH solution. These
hydrogels with DPPH were kept on a shaker in the dark for
30 min, and the absorbance of the solution was measured using
the plate reader at 517 nm. The free radical scavenging effect
was calculated. All tests were run in triplicate and averaged.

2.5 Hydrogel swelling and degradation

We evaluated the stability of hydrogels under H,O, conditions.
A series of hydrogels (100 pL; HA-SH: 4 mg mL ", F127-SS-DA or
F127-DA: 10, 20, and 50 mg mL~ ') were incubated in 1 mL of
phosphate buffered saline (PBS) or H,O, solutions (0.5, 10, and
100 mM) at 37 °C on a shaker at 150 rpm. The initial weight of
each sample was recorded as W,. Samples were weighted and
recorded at regular time points as W,. The swelling ratio was
defined as W,/W,. There were triplicates for each group.

2.6 Cell culture

Human umbilical vein endothelial cells (HUVECs) were ob-
tained from Lonza (Alpharetta, GA). These cells were main-
tained in VascuLife® VEGF endothelial medium at 37 °C under
5% CO,, and used before passage 5 in this study.

2.7 Cell viability

Cell viability inside HA hydrogels (40 pL; HA-SH: 4 mg mL ",
F127-SS-DA or F127-DA: 10, 20, and 50 mg mL ') was examined
using a LIVE/DEAD viability kit (L3224, ThermoFisher Scien-
tific, Waltham, MA). Live cells were stained with green fluores-
cent calcein AM and dead cells with compromised cell
membranes were stained with red fluorescent ethidium
homodimer-1. The Zeiss LSM 880 laser scanning confocal
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microscope was used to capture the images of the LIVE/DEAD
cell-staining patterns.

AlamarBlue assay (DAL1025, ThermoFisher Scientific, Wal-
tham, MA) was also conducted to characterize cell viability
inside the hydrogels according to the manufacture's protocol.
Metabolic reduction of alamarBlue was monitored by absor-
bance measurements at 570 nm and 600 nm using Biotek
Synergy H1 Hybrid Multi-Mode Microplate Reader. Metabolic
reduction rate was calculated according to the protocol as we
reported before.*®

2.8 Hydrogel-protecting cells against H,0,-induced damage

As for cells cultured inside hydrogels, cell density was kept at 1.5
x 10°/mL hydrogel (40 pL; HA-SH: 4 mg mL~", F127-SS-DA or
F127-DA: 20 mg mL ). These cells were cultured in a 96-well
plate with 150 uL media. Cells cultured on 2D were used as
a control. Then the culture media was replaced by H,0,-sup-
plemented medium (0, 2.5, 5, and 10 mM) for 1 h. Then ala-
marBlue and LIVE/DEAD staining as described above were used
to evaluate the protection effect of hydrogels on these cells. The
DCFDA cellular ROS detection assay kit (Abcam, ab113851) was
used to measure intracellular ROS levels with quantification by
fluorescence intensity (excitation/emission at 485 nm/535 nm)
using Biotek Synergy H1 Hybrid Multi-Mode Microplate Reader.

2.9 Statistical analysis

Data are shown as mean £ S.D. (Standard Deviation). All
statistical analyses were performed with Prism 8. Data were
analyzed by one-way or two-way ANOVA (analysis of variance)
followed by Tukey's post-test where appropriate. The values
were considered significantly different at P < 0.05.

3 Results

3.1 Synthesis and characterization of F127-SS-DA and F127-
DA

We have successfully synthesized F127-DA and F127-SS-DA
through Steglich esterification reaction (Fig. 1 and S1%).*° In
particular, acrylate protons on terminal groups of F127-DA
backbone provided signals between 5.84 and 6.41 ppm in the
"H NMR spectrum (Fig. 1b). New peak at 4.25 ppm was attrib-
uted to the terminal F127 units that close to the reacted acrylate
groups. In the "H NMR spectrum of F127-SS-DA, in comparison
with SS-F127-SS (Fig. S1%), new peaks appeared at 4.84 and
5.76 ppm. These proton signals belong to the acrylate groups of
the F127-SS-DA backbone (Fig. 1d).

3.2 Antioxidative effect of F127-SS-DA and F127-DA

We next evaluated the antioxidative effect of these synthesized
polymers by a radical-scavenging DPPH assay. First, we
confirmed that the monomer DTP containing a disulfide group
displayed the DPPH scavenging effect in a dose-dependent
manner (Fig. S21). We then examined the antioxidative effi-
cacy of F127-SS-DA and F127-DA. With the increase of its
concentrations, F127-SS-DA exhibited an improved radical
scavenging effect with an efficiency of 78.3% at 100 mg mL ™"

RSC Adv, 2020, 10, 33851-33860 | 33853
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Fig.1 Synthesis of F127-DA and F127-SS-DA. (a) The synthesis schematic for F127-DA. (b) The structure of F127 confirmed by *H-NMR. 6 1.1-1.25
(CH3), 3.4-3.8 (-CH,—-CH,-0-), 4.25 (COOCH,), 5.84-6.41 (CH,=CH-). DA: Di-Acrylate. (c) The synthesis schematic for F127-SS-DA. (d) The
structure of F127-SS-DA was confirmed by 'H-NMR. 6 1.1-1.25 (CHs), 3.4-3.8 (-CH,—CH,—-0-), 2.38 (C=C—-CH,-), 2.75 (CH,COO), 2.95 (S-

CHy), 4.25 (COOCH,), 4.84-5.76 (CH,=CH-). DA: di-butenyl ester.

(Fig. 2a). F127-DA, without the disulfide group, did not show
apparent scavenging activity independent of its concentrations
(0-100 mg mL™"). In particular, at the same concentration of
50 mg mL ', F127-SS-DA showed significantly higher scav-
enging efficacy than F127-DA (Fig. 2b; 44.3% vs. 6.5%, P < 0.05).

3.3 Thermosensitive HA hydrogels

Next we evaluated whether or not the synthesized F127-SS-DA or
F127-DA could crosslink HA-SH to form hydrogels. We first
mixed the solutions of HA-SH with a series of F127-SS-DA or
F127-DA. Since F127 is thermosensitive, we kept these mixtures
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at 4 °C overnight to avoid the gelation of F127. F127-SS-DA, at
the concentrations of 10, 20, and 50 mg mL™ ", could crosslink
HA-SH to form hydrogels at 4 °C with G’ of 29.4, 55.9, and 65.9
Pa, respectively (Fig. 3a). We then examined thermosensitive
behaviors of these HA hydrogels by an oscillation temperature
sweep test (4-37 °C). All these hydrogels showed temperature-
sensitivity with a sharp increase of G’ around 20 °C (Fig. 3b).
At 37 °C, HA hydrogels with the F127-SS-DA of 10, 20, and 50 mg
mL ! exhibited the G’ of 190.2, 477.8, and 1892.0 Pa, respec-
tively (Fig. 3c and d). In parallel, F127-DA, at the concentrations
of 10, 20, and 50 mg mL™*, could also crosslink HA-SH to form

120

100

efficiency (%)
H ()] (o]
e < °
*

DPPH radical scavenging
N
2

o

Fig. 2 Antioxidative effects of F127-DA and F127-SS-DA investigated by free radical DPPH assay. (a) F127-SS-DA showed radical scavenging in
a dose-dependent manner. F127-DA did not show clear scavenging activity for DPPH (25 uM). (b) DPPH radical scavenging efficiency of polymers
of F127-5S-DA and F127-DA at the same concentration of 50 mg mL™". Ascorbic Acid (AA): 50 mM. Negative Control (NC): 25 uM DPPH without

adding polymers. *P < 0.05.
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Fig. 3 Rheological characterization of HA hydrogels. (a—d) HA hydrogels with F127-SS-DA of different concentrations of 10, 20, and 50 mg mL.
(e—h) HA hydrogels with F127-DA of different concentrations of 10, 20, and 50 mg mL. (a and e) Oscillatory strain sweep of HA hydrogels
crosslinked by (a) F127-SS-DA and (e) F127-DA at 4 °C. (b and f) Oscillatory temperature sweep of HA hydrogels crosslinked by (b) F127-SS-DA
and (f) F127-DA. (c and g) Oscillatory strain sweep of HA hydrogels crosslinked by (c) F127-SS-DA and (g) F127-DA at 37 °C. (d and h) Shear storage
modulus (G') of HA hydrogels crosslinked by (d) F127-SS-DA and (h) F127-DA at 4 °C and 37 °C.

hydrogels at 4 °C with G’ of 74.3, 117.9, and 127.6 Pa, respec-
tively (Fig. 3e). Hydrogels with F127-DA showed temperature-
sensitivity with a sharp increase of G’ around 24 °C (Fig. 3f).
At 37 °C, HA hydrogels with the F127-SS-DA of 10, 20, and 50 mg
mL ™" exhibited the G’ of 431.2, 838.6, and 1244.0 Pa, respec-
tively (Fig. 3g and h). In comparison, the increase in G’ of F127-
SS-DA with temperature is significantly greater than that of
F127-DA. The disulfide bond in F127-SS-DA may form the
nucleus of a hydrophobic core; around this core the local
hydrophobic polypropylene glycol in F127-SS-DA may condense
through hydrophobic interactions, which lead to faster gelation
and greater increase of G' of the hydrogel with F127-SS-DA
(50 mg mL ") than that with F127-DA (50 mg mL ™ "). In addi-
tion, through the same oscillation sweep test, we examined rat
gastrocnemius muscle with a G’ around 2.0 kPa (Fig. S37),
which is within the range of our HA hydrogel system. Our
hydrogel is injectable, which can easily go through 25 G needle
(Fig. S41).

3.4 Antioxidative effect of HA hydrogels

We further evaluated whether or not HA hydrogels have anti-
oxidative effect through the same DPPH assay above. Under
different DPPH concentrations of 25, 50, or 100 uM, when
compared to those crosslinked by F127-DA (50 mg mL™"), HA
hydrogels with F127-SS-DA (50 mg mL™") showed significantly
higher radical scavenging activities (Fig. 4a; 25 pM: 82.3% vs.
20.8%, P < 0.0001; 50 pM: 75.1% vs. 8.7%, P < 0.0001; 100 pM:
46.4% vs. 3.5%, P< 0.0001). In addition, under 25 uM DPPH, HA
hydrogels, with different concentrations of F127-SS-DA of 10,
20, or 50 mg mL ', exhibited significantly higher radical scav-
enging activities than those crosslinked by F127-DA at the same

This journal is © The Royal Society of Chemistry 2020

concentration (Fig. 4b; 10 mg mL™": 75.2% vs. 27.4%, P < 0.001;
20 mg mL™": 79.1% vs. 27.4%, P< 0.0001; 50 mg mL™': 83.0% vs.
11.8%, P < 0.0001). All these results confirmed the antioxidative
capability of HA hydrogels with F127-SS-DA.

3.5 Swelling and degradation of HA hydrogels

We examined the swelling ratios of HA hydrogels crosslinked by
F127-SS-DA or F127-DA. HA hydrogels with F127-SS-DA or F127-
DA showed the swelling ratios of 118.2% and 106.14% at 2 h,
103.1% and 78.4% at 24 h, 85.9% and 68.1% at 7 days,
respectively (Fig. 5a).

Next we checked whether or not these hydrogels respond to
H,0,. With 10 mM H,0,, HA hydrogels crosslinked by F127-SS-
DA or F127-DA present the swelling ratios of 120.0% and
108.4% at 2 h, respectively. But HA hydrogel with F127-SS-DA
was only stable for 3 days while the hydrogel with F127-DA
degraded at day 6. With 100 mM H,0,, HA hydrogels cross-
linked by F127-SS-DA or F127-DA only last for 1 and 2 day,
respectively (Fig. 5a). High concentration of H,0, could oxidize
the disulfide group into sulfenic acid group, then sulfinic acid
group, and finally stable sulfonic acid group, which may lead to
the faster degradation of HA hydrogels with F127-SS-DA.

We further investigated the stability of HA hydrogels at
0.5 mM H,0,, which mimics the pathological condition of free
radicals inside the ischemic tissue.*®** With F127-SS-DA at 10,
20, or 50 mg mL~", HA hydrogels were stable for 14, 12, and 7
days, respectively. In comparison, HA hydrogels with F127-DA at
10 and 50 mg mL ™" were both stable without any response to
H,0, (Fig. 5b). Our hydrogels containing disulfide moieties are
able to respond to H,0,, potentially providing excellent anti-
oxidative effect.
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Fig.7 HA hydrogels protected cells under H,O, condition. (a) LIVE/DEAD staining of HUVECs inside HA hydrogels crosslinked by F127-SS-DA or
F127-DA, or under 2D condition with H,O, of 0, 2.5, 5, and 10 mM. HA: 4 mg mL™%. F127-SS-DA or F127-DA: 20 mg mL™2. (b) The viability of
HUVECs was investigated by the alamarBlue assay. **0.001 < P < 0.01. *0.01 < P < 0.05.

3.6 Hydrogel cytocompatibility and cell-protective effect
under H,0, condition

We next examined cytocompatibility of HA hydrogels cross-
linked by F127-SS-DA or F127-DA. HA hydrogels with F127-SS-
DA or F127-DA of 10, 20 or 50 mg mL ", all showed metabolic
reduction about ~70% (Fig. 6; F127-SS-DA: 73.2%, 71.7%, and
71.4%; F127-DA: 71.9%, 71.8%, and 68.1%) at day 2, which is
a little bit lower to Matrigel (79.3%). These results demon-
strated that our hydrogels have high cytocompatibility.

Since our HA hydrogels exhibited a rapid response to H,O, at
high concentration (10 mM, Fig. 5), here we evaluated HUVECs
inside HA hydrogels crosslinked by F127-SS-DA or F127-DA, and
under 2D condition under H,0O, condition (0, 2.5, 5, and 10
mM). Cells under 2D condition showed significantly decreased
viabilities and metabolic activities with the increase of H,O,
concentrations (Fig. 7; 0: 94.0%, 2.5 mM: 22.8%, 5.0 mM:
12.5%, 10.0 mM: 7.3%). These two HA hydrogels could protect

This journal is © The Royal Society of Chemistry 2020

cells compared to those under 2D condition. In particular, cells
inside hydrogels with F127-SS-DA, in comparison with those
inside hydrogels with F127-DA, displayed significantly higher
percentage of metabolic reduction (Fig. 7b; 2.5 mM: 61.1% vs.
50.0%, P < 0.01; 5.0 mM: 56.7% vs. 37.4%, P < 0.05; 10.0 mM:
30.4% vs. 17.7%, P < 0.01). In addition, we investigated the
excessive ROS generation in HUVECs with HA hydrogels in
response to H,0, (0, 0.5, 1.0, and 2.5 mM). HA hydrogel with
F127-SS-DA, compared to that with F127-DA, can significantly
reduce intracellular ROS level under H,0, condition (Fig. S67).
All these results confirmed hydrogels with F127-SS-DA can
protect cells against H,0,-induced damage.

4 Discussion

In this study, we have synthesized a HA-based hydrogel system
that meets several important requirements for optimal delivery,
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retention, and performance in the mechanically, histologically
and biochemically dynamic intramuscular environment of the
PAD leg.”** A myopathy is present in the legs of patients with
PAD and is central to the functional deterioration seen in this
common disease.**>** This myopathy is produced by low blood
flow in the PAD legs and its most important histological char-
acteristics are progressive myofiber degeneration and fibrosis
associated with increased oxidative damage.**>>*»¢ Our data
demonstrate that we are able to use disulfide-modified F127
diacrylate to crosslink HA-SH to form a thermosensitive
hydrogel with minimal-swelling and with mechanical proper-
ties that match those of skeletal muscle. Most importantly, the
HA hydrogel with disulfides has shown significant antioxidant
capacity, H,0,-sensitive degradation, and cell-protective effect
against H,O,-induced damage, all of which may present unique
therapeutic features for the treatment of PAD myopathy.

The latest data on the pathophysiology of PAD suggest that
ischemia and ischemia-reperfusion in PAD limbs initiate
mitochondrial dysfunction and oxidative damage in the
affected limbs, producing injury to every structure in the leg
including muscles, nerves, skin, and subcutaneous tissues.>**’
Accumulating injury in the leg can lead to progressive damage
to muscle structure and decline in performance (claudication)
and in the more severe stages to loss of the integrity of tissues in
the ischemic limb, presenting as tissue loss/gangrene.***” Work
from several laboratories including our own has demonstrated
that this myopathy is closely related to leg function, daily
activity, quality of life, and even mortality of PAD patients.**~>
Furthermore, worsening of the myopathy is associated with
progression of PAD from claudication to rest pain and tissue
loss.23,24,56

Oxidative stress plays a key role in the development of PAD
and its myopathy.”®* Tissue-damaging oxidative stress will
occur if ROS level is higher than that of cellular antioxidant
potential. Several key ROS include H,0,, hydroxyl radicals,
hypochlorous acid, and superoxide anions. H,0, is not highly
reactive itself, but it is an intermediate to both hydroxyl radicals
and hypochlorite radical production. Excessive production of
these ROS leads to DNA damage, protein modification, lipid
peroxidation, disruption of cell signaling, and cellular death.
First, we have adopted a free radical (DPPH) scavenging activity
assay to evaluate the antioxidative effects of our synthesized
polymers F127-SS-DA and F127-DA. F127-SS-DA, with the
unique disulfide group, displayed a significantly higher scav-
enging effect than that of F127-DA (Fig. 2). Furthermore, F127-
SS-DA introduces significant antioxidative capacity in the
crosslinked HA hydrogel (Fig. 4). Second, H,O, has been widely
used to mimic oxidative stress in vitro.*>> There is an average of
~3 uM H,0, in normal human plasma.*® Activated macro-
phages or neutrophils have been shown to release H,0, with
a local concentration up to 1000 pM.**** HA hydrogels with
F127-SS-DA, exposed to a pathological range (500 uM) of H,O,,
displayed H,O,-responsive degradation (Fig. 5b). More impor-
tantly, HUVECs showed significantly decreased viabilities under
H,0, over 500 pM (Fig. S51) while hydrogels with F127-SS-DA
could protect cells against H,O,-induced damage, even under
relative high concentrations of H,0, (Fig. 7b; 2.5-10 mM).
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Taken together, these results demonstrate the ability of our HA
hydrogel to be used as a radical scavenging protective system in
the form of a locally delivered antioxidant therapy.

It is worth noting that hydrogels with disulfide moieties have
just been explored for other indications. For example, Xu et al.
have reported a series of injectable HA-based hydrogels cross-
linked by hyperbranched poly(B-hydrazide ester) macromers
with multi-acrylate end groups with disulfide moieties. These
disulfide-containing hydrogels also exhibited H,0,-responsive
degradation and protected cells under a high ROS environment.
However, UV light-induced crosslinking has been required to
achieve hydrogels with high stiffness (G’ up to kPa).***
Compared with this approach, our hydrogel design relies on
temperature change, without requiring an exogenous light
source, which may be difficult to achieve in vivo following
injection. Furthermore, our unique thermosensitive crosslinker
significantly reduces the swelling behavior of our HA hydrogel
(Fig. 5a; 103.1% at 24 h). The phase transition of F127 inside the
hydrogel system (around 20 °C) produces an HA hydrogel with
muscle-matching stiffness (Fig. 3; G’ = ~2 kPa). In addition,
recently Young et al have developed a thermosensitive
chitosan-based hydrogel for PAD treatment.®** This injectable
hydrogel has shown minimal swelling and high resiliency.
Hydrogel gelation is thermally-initiated by ammo-
niumpersulfate (APS) and N,N,N',N'-tetramethylethylenedi-
amine (TEMED). These required initiators (APS and TEMED) for
in situ crosslinking need to be kept in low concentrations to
avoid their cytotoxicity. As for in situ gelation, the rates of
initiator consumption and diffusion in the polymer system is
also required to be well-controlled, which may be difficult to
achieve after injection. Compared with this approach, our
hydrogel formation is based on Michael-type addition reaction
without requiring any initiators. Our work thus far demon-
strates that it is possible to synthesize a hydrogel system that
has optimal mechanical, rheological, and biochemical charac-
teristics for intramuscular delivery for the treatment of the
ischemic limbs of patients with PAD.

5 Conclusion

In this study, we have developed and optimized a unique HA
hydrogel system with antioxidative properties, thermo-
sensitivity, skeletal muscle-matching stiffness, and reduced
propensity to swell. We have established that we can use F127-
SS-DA with disulfide moieties to enhance the hydrogel with
remarkable ROS cytoprotective properties under high H,O,
levels. Furthermore, we demonstrated that it is possible to
crosslink HA-SH to form a hydrogel with temperature-adjusted
stiffness which can be optimized to match that of the skeletal
muscle. Finally we have shown that the use of F127 which
shrinks under body temperature can significantly reduce the
propensity of our hydrogel to swell. Our work indicates that
hydrogels have the potential to be optimized for delivery to the
mechanically and biochemically dynamic environment of skel-
etal muscle tissue. Our hydrogel can be used in translational
work that evaluates minimally invasive solutions for the

This journal is © The Royal Society of Chemistry 2020
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treatment of the myopathy of patients suffering from PAD and
other skeletal muscle pathological states.
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