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Stem cell transplantation has been extensively explored to promote ischemic limb vascularization and skeletal
muscle regeneration. Yet the therapeutic efficacy is low due to limited cell survival under low oxygen envi-
ronment of the ischemic limbs. Therefore, continuously oxygenating the transplanted cells has potential to in-
crease their survival. During tissue regeneration, the number of blood vessels are gradually increased, leading to
the elevation of tissue oxygen content. Accordingly, less exogenous oxygen is needed for the transplanted cells.
Excessive oxygen may induce reactive oxygen species (ROS) formation, causing cell apoptosis. Thus, it is
attractive to develop oxygen-release biomaterials that are responsive to the environmental oxygen level. Herein,
we developed oxygen-release microspheres whose oxygen release was controlled by oxygen-responsive shell. The
shell hydrophilicity and degradation rate decreased as the environmental oxygen level increased, leading to
slower oxygen release. The microspheres were capable of directly releasing molecular oxygen, which are safer
than those oxygen-release biomaterials that release hydrogen peroxide and rely on its decomposition to form
oxygen. The released oxygen significantly enhanced mesenchymal stem cell (MSC) survival without inducing
ROS production under hypoxic condition. Co-delivery of MSCs and microspheres to the mouse ischemic limbs
ameliorated MSC survival, proliferation and paracrine effects under ischemic conditions. It also significantly
accelerated angiogenesis, blood flow restoration, and skeletal muscle regeneration without provoking tissue
inflammation. The above results demonstrate that the developed microspheres have potential to augment cell
survival in ischemic tissues, and promote ischemic tissue regeneration in a safer and more efficient manner.

acceleration of muscle repair represent the major goals for CLI
treatment.

1. Introduction

Peripheral artery disease (PAD), which affects more than 200 million
people worldwide, is a progressive atherosclerotic disorder induced
mainly by the lipid deposition in the vascular bed as a result of hard-
ening and narrowing of arteries [1]. Approximately 10% of the PAD
patients develop critical limb ischemia (CLI), with 30% of them gain
limited outcomes from conservative therapies and have no choice but
leg amputation [2]. CLI is characterized by low blood perfusion, severe
tissue ischemia and degenerated skeletal muscle, which lead to non-
healing wounds, ulcers and necrosis in the terminal stage [3,4]. Thus,
quick restoration of blood perfusion to rescue existing tissue and

Conventional treatments for CLI include arterial bypass and endo-
vascular therapy. However, these therapeutic approaches are rather
invasive, and are not suitable for CLI patients with severe comorbidity or
sepsis [5,6]. There has been extensive interest in alternative approaches
to address current limitations, such as proangiogenic growth factor
therapy [71, gene therapy [8], and stem cell therapy [9]. Compared to
growth factor and gene therapies, stem cell therapy has advantages. The
delivered stem cells may secrete a wide range of growth factors that are
necessary for the blood vessel formation and/or myogenesis [10,11].
The stem cells may also have the capacity of differentiating into
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endothelial cells for vascularization [10,12,13]. Therefore, stem cell
therapy possesses greater potentials than the other approaches in pro-
moting ischemic tissue regeneration [6].

Various stem cell types including adipose-derived stem cells [14,15],
mesenchymal stem cells (MSCs) [16-18], iPSC-derived mesenchymal
stem cells [19], ESC-derived stem cells [20,21] have been tested for
ischemic limb regeneration. Among them, MSCs are considered as
potent biofactories, which improve the angiogenesis and myogenesis by
secreting various types of angiogenic and myogenic factors [22]. These
include vascular endothelial growth factor (VEGF), platelet-derived
growth factor (PDGF), basic fibroblast growth factor (bFGF), hepato-
cyte growth factor (HGF), and insulin-like growth factor-1 (IGF-1).
These growth factors are also of particular interest in the growth factor
therapy [23]. Another key advantage of MSCs is that they perform
immunoregulatory function via producing soluble factors that regulate
immune response, such as PEG2 and IL-6 [24]. In addition, MSCs pro-
mote angiogenesis by acting as pericytes [25-27], and/or providing an
appropriate microenvironment for cell types like endothelial cells to
form blood vessels [28].

Although MSCs exhibit promising potentials in accelerating angio-
genesis and myogenesis, clinical trials only showed low efficiency in the
improvement of blood perfusion and muscle repair [29]. One of the key
causes is the poor cell survival and engraftment under low oxygen
condition of the ischemic limbs [30,31]. Accordingly, we hypothesized
that co-delivery of oxygen-release biomaterials and MSCs may increase
cell survival and engraftment by continuously oxygenating the delivered
cells. The released oxygen may also support host cells to survive and
proliferate. The enhanced cell survival would promote ischemic tissue
vascularization and myogenesis.

To improve cell survival under ischemia by continuous supply of
oxygen, various oxygen-release systems have been developed. They
were based on HyO, [32,33], CaOy [34] and fluorinated molecules
[35,36]. Current oxygen release systems typically release oxygen for less
than two weeks [32-36], thus are unable to support long-term cell
survival in ischemic limbs [37,38], since the establishment of angio-
genesis needs more than 3 weeks [39,40]. To address this limitation, we
have recently developed novel oxygen-release microspheres (ORM)
based on polyvinylpyrrolidone (PVP)/H205 complex, poly(lactide-co-
glycolide) (PLGA) and catalase [41-43]. We have shown that the high-
molecular-weight PVP/H;05 can gradually release from the PLGA shell
and convert to molecular oxygen by catalase. The duration of the oxygen
release can reach up to 4 weeks, which has been proved to augment
cardiac cell survival when transplanted into the ischemic hearts [41].
While these findings are promising, the current oxygen release systems
cannot release oxygen in response to tissue oxygen level [41-43]. Dur-
ing tissue regeneration, the number of blood vessels are gradually
increased, leading to the elevation of tissue oxygen content. Accord-
ingly, less exogenous oxygen is needed for the transplanted cells.
Excessive oxygen may induce reactive oxygen species (ROS) formation,
causing cell apoptosis [44-47]. Thus, it is attractive to develop oxygen-
release systems that are responsive to the environmental oxygen level.

In this work, we developed new microspheres capable of releasing
oxygen depending on the environmental oxygen level, i.e., releasing
faster at a lower environmental oxygen level, while releasing slower at a
higher environmental oxygen level. The microspheres had an oxygen-
responsive shell that contained 2-nitroimidazole whose hydrophilicity
increases when the environmental oxygen level decreases [48,49]. This
enabled the shell to have higher hydrophilicity and degradation rate,
leading to faster oxygen release. The shell was also conjugated with
catalase on the surface, allowing the microspheres to directly release
molecular oxygen. These microspheres are safer than those existing
oxygen-release biomaterials that release hydrogen peroxide and rely on
its decomposition to form oxygen [32,33]. Hydrogen peroxide may
damage the cells when it is not timely decomposed [50]. We investi-
gated the oxygen release kinetics at different environmental oxygen
content, and the efficacy of the released oxygen in enhancing MSC
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survival under hypoxia in vitro. We further transplanted the oxygen-
release microspheres and MSCs into ischemic limbs and evaluated the
survival and proliferation of MSCs, tissue angiogenesis, skeletal muscle
regeneration, and tissue inflammatory response.

2. Materials and methods
2.1. Materials

All chemicals were purchased from Sigma-Aldrich unless otherwise
stated. N-isopropylacrylamide (NIPAAm, TCI) was recrystallized in
hexane for 3 times before use. 2-Hydroxyl methacrylate (HEMA, Alfa
Aesar) was passed through inhibitor removers. Hydrogen peroxide (30
wt% in water), PVP (40 kDa, Fisher Scientific), bovine liver catalase
(2000-5000 units/mg), tris(4,7-diphenyl-1,10-phenanthroline) ruthe-
nium (II) dichloride (Ru(Phgphens)Cly, GFS chemicals) were used as
received.

2.2. Synthesis of 2-(2-nitroimidazolyl) ethanamine (NIEM)

NIEM was synthesized in order to conjugate it to the microspheres so
as to impart the microsphere shell with oxygen sensitivity (Fig. 2A).
Briefly, 2-bromoethylamine hydrobromide (1.0 equiv), di-tert-butyl
dicarbonate (Boc30, 1.1 equiv) and 4-dimethylaminopyridine (DMAP,
0.2 equiv) were dissolved in dichloromethane (DCM) at O °C. Triethyl-
amine (TEA, 1.1 equiv) was added dropwise to the solution. After
overnight stirring at room temperature, the mixture was rinsed subse-
quently with saturated NH4Cl, NaHCO3 and NaCl. The organic layer was
dried over anhydrous NapSO4 and evaporated to obtain tert-butyl (2-
bromoethyl) carbonate. Then, tert-butyl (2-bromoethyl) carbonate (1.1
equiv) and 2-nitroimidazole (1.0 equiv) were dissolved in dime-
thylformamide in the presence of K2COs (1.5 equiv) and Nal (0.2 equiv).
The reaction was conducted at 80 °C for 4 h followed by overnight
stirring at room temperature. The product was dissolved in ethyl acetate,
rinsed sequentially with saturated NaHCO3 and NaCl, dried over anhy-
drous NayS0Oy, and filtered. The filtrate was concentrated and purified
by flash chromatography using ethyl acetate/hexane (1/1). Finally, the
product was dissolved in DCM/trifluoroacetic acid, and stirred over-
night at room temperature to deprotect the amine group and obtain
NIEM. The chemical structure of NIEM was confirmed by 'H NMR
((CD3)2S0): 6 7.64 (d, 1H), 7.23 (d, 1H), 4.62-4.65 (t, 2H), 3.32-3.35 (t,
2H)).

2.3. Synthesis of microsphere shell

The microsphere shell was based on NIPAAm, HEMA, acrylate-
oligolactide (AOLA) and N-acryloxysuccinimide (NAS). AOLA and NAS
were synthesized as previously reported [41,42,51]. The polymer poly
(NIPAAm-co-HEMA-co-AOLA-co-NAS) (abbreviated as PNHAN) was
synthesized by free radical polymerization using benzoyl peroxide as an
initiator (Fig. 2B) [41,51-53]. The feed ratio of NIPAAm/HEMA/AOLA/
NAS was 50/5/25/20. The reaction was performed at 70 °C for 20 h
under the protection of nitrogen. The polymer was precipitated in hex-
ane, and purified three times by dissolving in tetrahydrofuran and
precipitating in ethyl ether. The hydrogel poly(NIPAAm-co-HEMA-co-
AOLA) (abbreviated as PNHA) was synthesized using the same poly-
merization method with a feed ratio of NIPAAm/HEMA/AOLA = 86/
10/4. This hydrogel was used to deliver microspheres and MSCs into
ischemic limbs.

2.4. Conjugation of NIEM with PNHAN

NIEM was conjugated to the polymer by reacting with the succini-
mide group in NAS component (Fig. 2B). Briefly, PNHAN, NIEM, and
TEA were dissolved in dimethylformamide and mixed together. The
reaction was conducted at 60 °C overnight. After the solvent was



Y. Guan et al.

evaporated, the product was purified 3 times by dissolving in tetrahy-
drofuran and precipitating in ethyl ether. PNHAN with different NIEM
contents were obtained by changing the ratio of PNHAN and NIEM. The
NIEM conjugated polymer was abbreviated as PNHAN/NIx where x
represents the ratio of 2-nitroimidazolyl (NI) group.

2.5. Characterization of the hypoxia-sensitive polymer

Chemical structures of the polymer before and after NIEM conjuga-
tion were confirmed by *H NMR. Polymer composition was calculated
from the spectra. Water content and degradation of PNHAN with
different NIEM contents were conducted in Dulbecco’s phosphate-
buffered saline (DPBS, Thermo Fisher) under normoxia (21% O,) and
hypoxia (1% O3), respectively. Briefly, the polymer was dissolved in
DCM, and added into a 1.5 mL centrifuge tube. After solvent evapora-
tion, 200 pL of DPBS was added. DPBS was supplemented with 1%
penicillin/streptomycin (Thermo Fisher) to prevent the growth of bac-
teria. After 12 h of incubation at 37 °C, the hydrated weight of polymer
film was measured (w1). The polymer film was then lyophilized and the
dry weight was measured (w5). The water content was calculated as (w;-
W3)/Wo X 100%.

For degradation study, the polymer films were incubated in DPBS
under normoxia (21% O3) and hypoxia (1% O2) for 8 weeks, respec-
tively. At each time point, the samples (n = 4 for each group) were taken
out, washed with DI water, and lyophilized. The sample weight was then
measured. The percentage of weight remaining was calculated as weight
at each time point normalized to the weight before degradation.

2.6. Fabrication and characterization of oxygen-release microspheres

The oxygen-release microspheres were fabricated by coaxial elec-
trospraying. NIEM conjugated PNHAN, and PVP/H,05 were used as
shell and core, respectively. Blends of PNHAN and PNHAN/NI18 with
molar ratio of 0, 3/7 and 9/1 were dissolved in DCM at a concentration
of 5 wt%. The NI content in the polymer shell was 0, 5% and 16%,
respectively. PVP was dissolved in 30% H305. The molar ratio of HyO2
and repeating unit vinylpyrrolidone (VP) was controlled at 4.5/1. The
flow rates of the PVP/H50, complex and PNHAN solution were 0.2 and
1 mL/h, respectively. The coaxial device was charged at a voltage of
+15 kV. The microspheres were collected on a rotating mandrel covered
with aluminum foil charged at —10 kV. Following fabrication, the mi-
crospheres were lyophilized and stored at —20 °C before use. To visu-
alize the core-shell structure of the microspheres, rhodamine B and
fluorescein isothiocyanate (FITC) were added to the PNHAN solution
and PVP/H,03 solution, respectively. The fluorescent images were taken
right after microsphere fabrication using a confocal microscope
(Olympus FV1200) to avoid the diffusion of fluorescent dyes. To char-
acterize morphology and size of the microspheres, scanning electron
microscopy (SEM) was used.

The microspheres were further conjugated with catalase so that the
released PVP/H20; can be timely converted into oxygen at the micro-
sphere surface. In brief, 50 mg of oxygen-release microspheres were
mixed with 6 mL catalase solution (5 mg/mL in DI water), and stirred for
4 h at 4 °C. The mixture was then centrifuged. The microspheres were
washed 3 times with DI water to remove un-conjugated catalase. To
confirm the conjugation, catalase was pre-labeled with FITC, and fluo-
rescent images were taken using a confocal microscope (Olympus
FV1200). The microspheres without catalase conjugation were used as
control. The catalase conjugation efficiency was determined by
measuring the fluorescent intensity of the microspheres and converting
the fluorescent intensity into catalase concentration using a calibration
curve.
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2.7. Characterization of oxygen release kinetics under different
environmental oxygen level

The oxygen release kinetics was tested under 1% or 5% oxygen
condition for 28 days. PDMS membrane encapsulated with an oxygen-
sensitive luminophore Ru(Phyphens)Cl; and an oxygen-insensitive dye
rhodamine B was placed in a 96-well plate [54]. Rhodamine B was used
as a reference. 200 pL of DPBS was then added into each well. The plate
was placed under 1% or 5% oxygen condition for 24 h followed by
adding 50mg of dry microspheres into each well under corresponding
oxygen condition (n = 8 for each group). At each time point, the fluo-
rescence intensity was measured for Ru(Phgphens)Cly (Aexcitation = 470
nm, Aemission = 610 nm) and rhodamine B O‘excitation = 543 nm, Aemission
= 576 nm) using a fluorescent plate reader (Molecular Devices). The
oxygen level measured by Ru(Phyphens3)Cl, represented the oxygen
content in PDMS membrane in real-time. A calibration curve was used to
convert the fluorescence intensity to oxygen level (Appendix. 1). The
residual HyO, concentration in the release medium was determined by
Pierce peroxide assay (Thermo Fisher).

To evaluate bioactivity of the conjugated catalase, oxygen release
from the microspheres with catalase conjugation, and from the micro-
spheres incubated in the release medium containing the same amount of
free catalase (260 gcatalase/MEmicrosphere) Was measured, respectively.

2.8. MSC survival, ROS content, and cellular oxygen level measurement

Rat mesenchymal stem cells (Cell Applications) were cultured in
minimum essential medium alpha («MEM, Thermo Fisher) supple-
mented with 10% fetal bovine serum (FBS, Corning) and 1% penicillin/
streptomycin. To investigate the effect of oxygen release on MSC sur-
vival under hypoxia, 50 mg/mL of microspheres and 2 million/mL MSCs
were encapsulated in 4 wt% PNHA hydrogel at 4 °C. The mixture was
placed in a 37 °C incubator for gelation. Then, the supernatant was
replaced by serum-free tMEM medium pre-incubated in 1% O3 condi-
tion. The constructs were cultured in a 1% O incubator. At each time
point, the constructs (n = 4 for each group) were digested by papain
solution at 60 °C. The double stranded DNA (dsDNA) content was
measured using a PicoGreen dsDNA assay kit (Thermo Fisher). To
visualize the live cells, MSCs were pre-labeled with a live cell tracker,
CM-Dil (Thermo Fisher). To determine cell ROS expression, MSCs were
pre-stained with CM-H;DCFDA (Thermo Fisher). Fluorescent images
were taken using a confocal microscope.

Electron paramagnetic resonance (EPR) was used to determine
intracellular oxygen content. Briefly, MSCs were incubated with lithium
phthalocyanine (LiPc) nanoparticles (10 mg/mL in «MEM) for 1 h to
allow cellular uptake. The cells were then washed with DPBS for 3 times
to remove the free LiPc nanoparticles from cell surface. After trypsini-
zation, the cells (2 million/mL) and microspheres (50 mg/mL) were
encapsulated in the PNHA gel (4 wt%). The constructs were loaded into
EPR tubes (n = 3 for each group). The tubes were placed in a hypoxic
incubator (1% O3, 37 °C) for 48 h. The EPR tests were performed on an
X-band EPR instrument (Bruker), with 0.1 mW for microwave power,
1.0 dB for attenuation, 9.8 GHz for frequency, and 1.5 for modulation
amplitude [52]. The intracellular oxygen content was determined based
on the linewidth of samples, and calibration curve of linewidth vs. ox-
ygen content.

2.9. Implantation of oxygen-release microspheres and MSCs into mouse
ischemic limbs

All animal care and experiment procedures were conducted in
accordance with the National Institutes of Health guidelines. The animal
protocol was approved by the Institutional Animal Care and Use Com-
mittee of The Ohio State University. Wild type C57BL/6 mice (Charles
River Laboratories) at the age of 8-10 weeks were used. Ischemic sur-
gery was performed on one hindlimb, and the contralateral hindlimb
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was used as control. To induce ischemia, unilateral femoral artery and
vein were ligated and cut (Fig. 1). Thirty minutes later, 4 wt% PNHA
solution (Gel group), or PNHA solution with 2 million cells/mL CMDil-
labeled MSCs (Gel/MSC group), or PNHA solution with 2 million cells/
mL CMDil-labeled MSCs and 50 mg/mL oxygen-release microspheres
(Gel/MSC/ORM group) was injected to the gracilis muscle. Four in-
jections were made for each ischemic hindlimb (50 pL/injection). Six
mice were used for each group. At days 1, 7, 14, 21 and 28, the blood
perfusion of the normal and surgery hindlimbs was measured using a
laser Doppler perfusion imager (Perimed). The blood flow recovery
percentage was calculated by normalizing the blood perfusion intensity
in the ischemic hindlimb to the normal hindlimb in the same animal
[55].

2.10. Histology and immunohistochemical staining

Four weeks after surgery, the mice were euthanized. The hindlimbs
with and without surgery were collected. The tissues were fixed with 4%
paraformaldehyde for 48 h, embedded in paraffin, and sectioned into 5-
pm slices. The CM-Dil + MSCs were imaged using a confocal microscope.
Cell density was then quantified from the images. For histological
assessment of skeletal muscle, hematoxylin and eosin (H&E) staining
was performed. Muscle fiber diameter, and density of central nucleus in
muscle fibers were quantified based on the H&E images. For immuno-
histochemical analysis, the tissue sections were first stained with anti-
alpha smooth muscle actin-alpha (a-SMA, Abcam), isolectin (Thermo
Fisher), anti-Ki67 (Thermo Fisher), anti-myosin heavy chain (MHC,
R&D) and anti-F4/80 (Santa Cruz Biotechnology), respectively. The
tissue sections were then incubated with corresponding Dylight488-anti
mouse and 647-anti rabbit secondary antibodies. Cell nuclei were
stained with Hoechst 33342 or DRAQ5. Immunofluorescence images
were taken with a confocal microscope (Zeiss LSM700). Proliferating
MSCs were identified as those CMDil+ and Ki67+ cells. Blood vessels
were isolectin+ lumens. Mature blood vessels were lumens positive to
both isolectin and a-SMA.

2.11. Gene expression of angiogenic and prosurvival growth factors in
ischemic limbs

To determine angiogenic and prosurvival growth factor expression in
the ischemic limbs with or without implantation of MSCs and oxygen-
release microspheres, the expression of bFGF, PDGF-BB and HGF at
mRNA level was characterized using real time RT-PCR. RNA was
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isolated from the ischemic limbs using TRIzol. cDNA was synthesized at
1 pg/reaction using a high capacity cDNA reverse transcription kit
(Invitrogen). The primer sequences are listed in Appendix. 2. Real-time
RT-PCR was conducted using SYBR Green master mix (Invitrogen) on
Applied Biosystems™ QuantStudio™ 5 Real-Time PCR System (384-
well). The fold of change was calculated using a standard AACt method
(n > 6 for each group).

2.12. Statistical analysis

All results were presented as mean + standard deviation. Compari-
sons among groups were performed using one-way ANOVA with post
hoc Tukey test. Statistical significance was set as p < 0.05.

3. Results and discussion
3.1. Synthesis and characterization of oxygen-sensitive polymers

The oxygen-sensitive polymers were synthesized by conjugating
PNHAM with NIEM. The PNHAM was made by free radical polymeri-
zation of NIPAAm, HEMA, AOLA and NAS (Fig. 2B). The molar ratio of
the four components was calculated as NIPAAm/HEMA/AOLA/NAS =
52.5/4.4/22.3/20.8 (Fig. 2C), which was consistent with the feed ratio.
PNHAN was conjugated with NIEM via the succinimide-amine reaction
(Fig. 2B). The conjugation was confirmed by 'H NMR spectrum where
the characteristic peak of NAS at 2.8 ppm became unpronounced after
conjugation (Fig. 2C). Polymers with 9% and 18% of NI group were
synthesized (abbreviated as PNHAN/NI9 and PNHAN/NI18,
respectively).

To investigate whether these polymers were responsive to the envi-
ronmental oxygen level, water content of PNHAN/NI9 and PNHAN/
NI18 at both normoxia (21% O32) and hypoxia (1% Og2) conditions were
measured (Fig. 3A). The results demonstrate that PNHAN/NI9 and
PNHAN/NI18 exhibited a significantly higher water content under
hypoxia than normoxia (p < 0.01). This is largely due to the oxygen-
dependent reductive reaction which converts the hydrophobic nitro
group to the hydrophilic amine group under hypoxia [48,49]. With the
increase of NI content from 9% to 18%, the water content of the poly-
mers in hypoxia appeared to have increased, although statistical sig-
nificance was not reached. The reductive reaction requires a reductant
(i.e. an electron donor). In this experiment, glucose, a reducing sugar, in
DPBS served as reductant. In the studies with cells, many reductase
enzymes produced by cells can act as electron donors, such as xanthine

Fig. 1. Scheme of the design of hypoxia-sensitive oxygen-release microspheres and the animal model of critical limb ischemia (CLI).
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Fig. 2. Synthesis of a hypoxia-sensitive and degradable polymer. (A) Synthesis route of 2-(2-nitroimidazolyl) ethanamine (NIEM); (B) Synthesis of poly(NIPAAm-co-
HEMA-co-AOLA-co-NAS) (PNHAN), conjugation with NIEM and its degradation mechanism; (C) 'H NMR spectrum of PNHAN and PNHAN/NI18.

oxidase and aldehyde dehydrogenase [48]. 37 °C. The degraded polymer can thus be eliminated from the body by
We further studied the degradation of oxygen-sensitive polymer urinary system in vivo.

(PNHAN/NI9) under normoxia and hypoxia conditions (Fig. 3B). Under

aqueous condition, the ester groups in oligolactide can hydrolyze 3.2. Fabrication and characterizations of oxygen-release microspheres
(Fig. 2B). The polymer had 30.7% weight loss after 8 weeks in normoxic

environment. The weight loss was significantly increased to 39.2% in The oxygen-release microspheres were fabricated by co-axial elec-
hypoxic condition (p < 0.001). The higher degradation rate under trospraying. The microspheres assumed core-shell structure as
hypoxia can be attributed to faster hydrolysis caused by enhanced hy- confirmed by confocal images of the shell and core (Fig. 4A). The
drophilicity of the polymer in response to the low oxygen environment. diameter was ~5 pm (Fig. 4B). The shell was a blend of PNHAN and
After complete degradation, the resulting polymer was soluble in DPBS PNHAN/NI18. The NHS group in the PNHAN was used to conjugate
at 37 °C, as its gelation temperature was increased to 63 °C, greater than catalase on the microspheres. The PNHAN/NI18 imparted the
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Fig. 3. Characterizations of the polymer under different oxygen content. (A) Water content of the polymer with different NI conjugation ratios under normoxia and
hypoxia. The samples were incubated in 37 °C DPBS for 12 h; (B) Degradation of the PNHAN/NI9 polymer under normoxia and hypoxia for 8 weeks. *p < 0.05, **p <

0.01, ***p < 0.001.

A

No catalase

Fig. 4. Characterizations of the oxygen-release microspheres. (A) Fluorescent images of the oxygen-release microspheres. The green fluorescence is FITC added to the
core and the red fluorescence is the rhodamine added to the shell; (B) SEM images of the oxygen-release microsphere. Scale bar = 5 pm; (C) Fluorescent image of the
oxygen-release microsphere before and after conjugation with FITC-labeled catalase. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

microspheres with oxygen sensitivity. The ratio of PNHAN and PNHAN/
NI18 were modulated to allow the shell to have NI content of 5% and
16%, respectively. The core of the microspheres was PVP/H;05 com-
plex. The rationale of using PVP/H05 complex instead of pure Hy0> is
that the small molecule HyO; diffuses too fast to achieve long-term ox-
ygen release. Binding HoOy with a high molecular weight PVP can
decrease the diffusion rate [41,42], resulting in continuous oxygen
release. Long-term continuous oxygen supply is critical for the survival
of transplanted cells in ischemic limbs since angiogenesis typically re-
quires more than 3 weeks to establish [37,56,57]. The microspheres
were further immobilized with catalase. Successful conjugation was
confirmed by confocal image where FITC-labeled catalase was in the
shell (Fig. 4C). The catalase loading efficiency was 260 pgcatalase/
MZmicrosphere-

Oxygen was released from the microspheres after the PVP/H504
complex diffused to the shell was converted by the catalase immobilized
on the shell. The oxygen release study was performed at 1% and 5% O,
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conditions, respectively. The oxygen was able to gradually release from
the microspheres during the 4-week experimental period (Fig. 5). The
release rate was dependent on the NI content in the microspheres, and
environment oxygen level. For the microspheres without NI (PNHAN/
NIO/CAT), the oxygen release rate was similar during the first 5 days
regardless of the environmental oxygen level (Fig. 5). The release at 1%
and 5% O conditions peaked at day 14 and day 7 respectively, followed
by slower release till day 28. These results demonstrate that the mi-
crospheres without NI cannot release oxygen in response to environ-
mental oxygen level. In contrast, the microspheres with NI (PNHAN/
NI5/CAT and PNHAN/NI16/CAT) were able to release higher amount of
oxygen under 1% O, than under 5% O; during the 4-week period (Fig. 5,
Appendix. 3). The microspheres with higher NI content released more
oxygen at both oxygen conditions. In PNHAN/NI16/CAT group, the
released oxygen level was significantly higher under 1% O, than 5% O,
starting from day 3 (p < 0.001). When comparing the oxygen release
kinetics of the microspheres with different NI content under the same
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Fig. 5. Oxygen release kinetics. The oxygen release of the microspheres with different NI contents was tested for 28 days under 1% and 5% oxygen content.

oxygen condition, it was found that the release kinetics was similar
among the microspheres with different NI content under 5% O3 condi-
tion (Appendix. 3). However, under 1% Os condition, the oxygen
release rate was dependent on the NI content. A higher NI content led to
a greater level of released oxygen during the 4-week study period. These
results reveal that the microspheres with NI can release oxygen in
response to environmental oxygen level. The oxygen release rate for
individual NI-containing microsphere type is consistent with water
content and degradation results where both were increased under lower
oxygen conditions (Fig. 3). The higher water content and faster degra-
dation rate allowed PVP/H;0, complex to diffuse out quicker, leading to
faster oxygen release. For the microspheres with different NI content
(PNHAN/NI5/CAT and PNHAN/NI16/CAT), the increased water con-
tent likely stimulated polymer degradation. The combined effects of
water content and degradation rate possibly resulted in accelerated
release of oxygen. The hypoxia-sensitive oxygen release is crucial for in
vivo applications because the cells in the more hypoxic environment
require greater amount of oxygen for their basic metabolism [58]. For
the cells in the less ischemic condition, moderate oxygen supply is
adequate for their survival and proliferation. An oxygen-release system
without hypoxia-sensitivity will cause a universal elevation in oxygen
level among all microenvironments. Excessive oxygen will likely cause
overproduction of ROS that may have detrimental effect on cells [59].
In this work, the catalase was directly immobilized on microsphere
surface (Fig. 4C). To determine whether catalase conjugation affected its
bioactivity, the oxygen release from microspheres conjugated with
catalase, and from microspheres incubated with free catalase was
measured respectively. The microspheres with catalase conjugation
released similar amount of oxygen as the microspheres incubated with
free catalase on days 1 and 3 (Appendix. 4, p > 0.05), indicating that
the conjugation did not affect catalase bioactivity in converting HyOo
into molecular oxygen. One of the advantages of the microspheres with
conjugated catalase is that molecular oxygen can be timely and directly
released from the microspheres. This avoids released, relatively high
concentration of HyO to contact with transplanted cells and damage
them. Most of current oxygen release biomaterials release HyO3 first,
and the oxygen release is dependent on Hy0, decomposition [32,33].
The undecomposed H202 may interact with cells causing cell death.
These microspheres were also advantageous than our previously
developed oxygen release system where catalase was mixed with the
oxygen-release microspheres in the hydrogel [41,42]. Catalase may
release from the hydrogel. The released H;O, may not be timely con-
verted into oxygen when the amount of catalase in the hydrogel is low.
In this work, the immobilized catalase efficiently converted the released
H,0, into oxygen. During the 4-week release study period, the release
medium contained less than 10 pM HO, as measured by a peroxide
assay kit. This concentration is too low to trigger cell apoptosis [60,61].

3.3. Effect of oxygen-release microspheres on MSC survival under hypoxic
condition

The survival of transplanted MSCs in ischemic environment is pivotal
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for ischemic limb regeneration [9,62]. To investigate whether the oxy-
gen released from microspheres can improve MSC survival under hyp-
oxia, we loaded MSCs and oxygen-release microspheres together in the
PNHA gel. This hydrogel has been confirmed to be injectable and
biocompatible [41,51]. The constructs were cultured under hypoxic
condition (1% O5) without supplement of FBS. In the constructs without
oxygen-release microspheres (Gel), MSCs experienced extensive death
as the dsDNA content largely decreased during the 28-day culture period
(Fig. 6A). At day 28, dsDNA content was less than 25% of that at day 1.
In the constructs supplemented with oxygen-release microspheres (Gel/
PNHAN/NIO/CAT, Gel/PNHAN/NI5/CAT and Gel/PNHAN/NI16/CAT),
the released oxygen rescued the cells and even supported their prolif-
eration (Fig. 6A). The dsDNA content did not decrease and/or increased
over 4 weeks. This is likely due to the elevation in cellular oxygen
content by released oxygen. The constructs containing microspheres
with lower NI content (Gel/PNHAN/NI5/CAT) exhibited substantially
higher dsDNA content than those containing microspheres without NI
(Gel/PNHAN/NIO/CAT). Further increase of NI content significantly
increased dsDNA content at each time point (p < 0.001, Gel/PNHAN/
NI5/CAT vs. Gel/PNHAN/NI16/CAT). The live cell images confirmed
the dsDNA results (Fig. 6B). These results are in accordance with the
oxygen release kinetics where higher oxygen release amount more
greatly improved cell survival.

To understand the mechanism that released oxygen enhanced MSC
survival under hypoxia, oxygen content in MSCs was measured using
EPR. The MSCs encapsulated in the PNHA gel without oxygen-release
microspheres had an oxygen content of 4.2% after 48 h of culture
under 1% O». The oxygen content was significantly increased to 10.4%
when the MSCs were encapsulated in the PNHA gel with oxygen-release
microspheres (Fig. 6C, p < 0.001). These results demonstrate that the
enhanced cell survival under hypoxia was resulted from increased
intracellular oxygen content. It remains to be investigated whether the
released oxygen changes cell metabolic behaviors, such as oxygen con-
sumption rate, glycolysis rate and fatty acid oxidation under hypoxia.

One of the concerns for released oxygen is that it may increase ROS
content in MSCs leading to cell death. To determine ROS content in the
cells, CM-H,DCFDA staining was performed (Appendix. 5). At days 1,
14 and 28, the groups with oxygen-release microspheres exhibited
similar ROS content (Fig. 6D). Interestingly, the ROS content was
significantly lower than that in the group without oxygen release (p <
0.05 or 0.001). These results demonstrate that the released oxygen did
not raise the oxidative stress in MSCs. There was no significant differ-
ence between Oj-sensitive and insensitive microspheres in ROS pro-
duction under hypoxia (p > 0.05). It is possible that the oxygen released
from these microspheres was consumed by metabolic-demanding MSCs
for survival under hypoxia instead of generating ROS.

Since PNHAN/NI16/CAT microspheres had the fastest oxygen
release, most significantly promoted MSC survival under ischemic con-
dition, and did not induce oxidative stress, they were used in vivo to
investigate whether the implantation of MSCs and oxygen-release mi-
crospheres can promote cell survival and tissue regeneration in ischemic
limbs.
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Fig. 6. Effect of oxygen-release micro-
spheres on MSC survival and ROS produc-
tion under hypoxia. (A) dsDNA content of
MSCs encapsulated in PNHA gel with and
without oxygen-release microspheres during
28 days of culture; (B) Fluorescent images of
live MSCs encapsulated in PNHA gel with
and without oxygen-release microspheres
during 28 days of culture; (C) Cellular oxy-
gen content measurement of MSCs encap-
sulated in PNHA gel with and without
microspheres after 48 h; (D) ROS content
expressed by MSCs encapsulated in PNHA
gel with and without oxygen-release micro-
spheres during 28 days of culture. *p < 0.05,
**p < 0.01, ***p < 0.001.
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3.4. Effect of oxygen release on MSC survival and paracrine effects in
ischemic limbs

To determine whether the oxygen-release microspheres (ORM) can
increase MSC survival in ischemic limbs, the microspheres and live cell
tracker CM-Dil-labeled MSCs were encapsulated in the PNHA gel, and
injected into thigh muscles. Four weeks after implantation, live MSCs
were imaged. The number of CMDil+ MSCs was apparently much higher
in the Gel/MSC/ORM group than in the Gel/MSC group (Fig. 7A&B).
The quantitative live MSC density of the Gel/MSC/ORM group was more
than 3 times of the Gel/MSC group (p < 0.001). Based on the in vitro
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results that the released oxygen increased MSC intracellular oxygen
content (Fig. 6C), it is likely that the oxygen released in vivo also
augmented intracellular oxygen content in the transplanted MSCs,
leading to enhanced cell survival. The oxygen content either in the MSCs
or ischemic tissues remains to be measured since current techniques
cannot non-invasively and long-term detect tissue oxygen content.

To determine whether the released oxygen enhanced MSC prolifer-
ation in the ischemic limbs, Ki67 staining was performed (Fig. 7C). The
Ki67+/CMDil+ cells were identified as proliferating MSCs. The cell
density in the Gel/MSC/ORM group was raised more than 4-fold
compared to that in the Gel/MSC group (p < 0.001, Fig. 7D),
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ischemic limb tissues 28 days after surgery. *p < 0.05, **p < 0.01,
referred to the web version of this article.)

demonstrating that the released oxygen promoted MSC proliferation
besides survival. The Gel/MSC/ORM group also had significantly
greater overall proliferating cell density than the Gel/MSC group (p <
0.001, Fig. 7E). It is possible that the released oxygen also improved host
cell survival. This is consistent with our previous study where delivery of
oxygen into ischemic hearts ameliorated cardiac cell survival [41].
Notably, the groups with MSCs exhibited more abundant Ki67 expres-
sion than the groups without MSCs (Surgery and Gel groups, Fig. 7 C &
D), illuminating that the survived MSCs played an important role to the
host cell survival.
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***p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is

MSCs are known to promote cell survival and tissue regeneration
mainly by paracrine effects [63]. To determine how MSC paracrine ef-
fects were expressed in the ischemic limbs, the prosurvival growth factor
expressions were quantified at the mRNA level at day 28. Among
different prosurvival growth factors, the bFGF and PDGF-BB expressions
were significantly increased in the Gel/MSC and Gel/MSC/ORM groups
compared with Surgery and Gel groups (Fig. 7F). It is possible that these
growth factors promoted host cell survival. The Gel/MSC/ORM group
exhibited significantly higher bFGF and PDGF-BB expressions than the
Gel/MSC group (p < 0.001). Besides bFGF and PDGFBB, the Gel/MSC/
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ORM group also had significantly greater HGF expression (p < 0.001),
whereas the Gel/MSC, Surgery and Gel groups had similar expression (p
> 0.05). The above results reveal that the released oxygen significantly
promoted MSC paracrine effects. Stem cell paracrine effects are depen-
dent on the oxygen level. Studies have shown that a relatively low ox-
ygen condition (5-20%) may increase cell paracrine effects [64-68].
However, an extremely low oxygen condition (<1%) largely decreases
paracrine effects [69]. Our results demonstrate that the amount of
released oxygen was in the range that increases MSC paracrine effects.

3.5. Efficacy of oxygen-release microspheres and MSCs in promoting
vascularization in ischemic limb

To determine whether enhanced MSC survival and paracrine effect,
and increased host cell survival accelerated tissue vascularization, blood
perfusion in the ischemic limbs was monitored by Laser Doppler, and
blood vessels were characterized by immunohistology. The blood
perfusion in the Surgery group was slowly increased during the 4-week
experimental period with 41% blood perfusion at week 4 (Fig. 8 A & B).
The injection of PNHA gel only (Gel group) did not significantly enhance
the blood perfusion. In contrast, the encapsulation of MSCs in the
hydrogel (Gel/MSC group) significantly increased blood perfusion
compared to Gel group at days 14, 21 and 28 (p < 0.05). The fastest
blood flow recovery was found for the Gel/MSC/ORM group where both
MSCs and oxygen-release microspheres were encapsulated in the
hydrogel (Fig. 8 A & B). The blood perfusion was ~90% of that of the
normal limb at day 28. The blood flow result proved that the incorpo-
ration of microspheres could enhance the survival of MSCs and host cells
under ischemia. These results demonstrate that enhanced MSC survival

A

Day 7 Day 14 Day 21
Non-surgery ‘ ‘ ' 1
Surgery
Gel
Gel/MSC

Day 28
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and paracrine effects, and host cell survival accelerated tissue
vascularization.

To visualize the blood vessels in ischemic limbs, isolectin and «SMA
stainings were performed for tissues harvested at day 28 (Fig. 8C).
Consistent with blood perfusion results, the implantation of Gel/MSC
significantly increased the blood vessel density than the Surgery and Gel
groups (p < 0.001, Fig. 8D). The implantation of Gel/MSC/ORM further
increased vessel density to 90% of that of the normal limbs (Fig. 8D).
The co-delivery of MSCs and oxygen-release microspheres also largely
promoted vessel maturation. The isolectin+/aSMA+ mature vessel
density was significantly higher than the delivery of MSCs only (Fig. 8E).
As the transplanted MSCs did not differentiate into isolectin+ endo-
thelial cells or aSSMA+ smooth muscle cells, the enhanced vasculariza-
tion is likely resulted from upregulated bFGF, PDGF-BB, and HGF
expressions (Fig. 7F). These growth factors have angiogenic effect
[7,55,70]. The upregulated PDGF-BB can also recruit smooth muscle
cells to stimulate vessel maturation. Besides paracrine effects, MSCs may
also stabilize blood vessels by acting as pericytes [25-27]. It remains to
be investigated whether delivery of MSCs and oxygen-release micro-
spheres promoted the formation of functional vessels in ischemic limbs,
which can be determined by performing vascular perfusion with
fluorescent-labeled lectin following by visualizing the functional blood
vessels.

3.6. Effect of oxygen-release microspheres and MSCs on skeletal muscle
regeneration and tissue inflammation in ischemic limbs

Vascularization and myogenesis are two goals for ischemic tissue
regeneration. Previous studies have demonstrated that myogenesis
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Fig. 8. Delivery of oxygen-release microspheres and MSCs promoted tissue angiogenesis. (A) Laser Doppler perfusion images of non-surgery group and surgery
groups with different treatments for 28 days; (B) Blood perfusion of ischemic limbs for 28 days. The results were normalized to the non-surgery limb for each animal;
(C) Immunohistochemical staining of isolectin (green) and a-SMA (red) of limb tissue sections 28 days after CLI surgery Nuclei were stained with Hoechst 33342

(blue); (D) Quantification of total blood vessel density; (E) Quantification of mature blood vessel density. *p < 0.05, *
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erences to colour in this figure legend, the reader is referred to the web version of this article.)
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largely depends on vascularization [71]. To determine myogenesis in
the ischemic limbs, H&E and MHC stainings were used (Fig. 9 A & B). In
the Surgery and Gel groups, the skeletal muscle was degenerated as the
muscle fibers were highly isolated (Fig. 9 A & B). The injection of Gel/
MSC and Gel/MSC/ORM promoted skeletal muscle regeneration, as the
muscle fiber diameter was significantly increased compared to the
Surgery and Gel groups (p < 0.001. Fig. 9C). The Gel/MSC/ORM group
exhibited significantly larger muscle fiber diameter than the Gel/MSC
group (p < 0.001. Fig. 9C). In addition, the blood vessel distribution in
the muscle fibers was similar to that in the healthy hindlimbs (Fig. 9B).
Regenerating skeletal muscle contains central nucleus [72]. Consistent
with muscle fiber results, the central nucleus density was remarkably
greater in the Gel/MSC/ORM group than other groups (Fig. 9D). The
above results demonstrate that co-delivery of MSCs and oxygen-release
microspheres significantly promoted skeletal muscle regeneration. It is
speculated that the enhanced MSC paracrine effects, and improved
survival of skeletal muscle cells by released oxygen accelerated myo-
genesis. It is also possible that the MSC paracrine effects activated
muscle resident stem cells to proliferate and differentiate to form new
myofibers [73].

The implantation of MSCs, oxygen-release microspheres and PNHA
hydrogel may lead to immune response and inflammation. Excessive
inflammation has been shown to inhibit the activation of the quiescent
population of muscle-resident stem cells for skeletal muscle regenera-
tion [73]. F4/80 staining was used to investigate tissue inflammation
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(Fig. 10). Compared with the Non-surgery group, the Surgery group had
a significantly higher density of F4/80+ macrophages. The injection of
Gel group, Gel/MSC group, and Gel/MSC/ORM group did not augment
tissue inflammation as these groups had similar density of F4/80+
macrophages as the Surgery group (p > 0.05). These results demonstrate
that the PNHA and oxygen-release microspheres had excellent
biocompatibility.

The above results demonstrate that the oxygen-release microspheres
with hypoxia sensitivity were able to release oxygen in response to
environmental oxygen level. The released oxygen increased cell survival
under ischemia while avoiding excessive oxygenation that may cause
ROS formation and inflammation. Various studies have shown that
excessive oxygenation leads to ischemia/reperfusion injury, character-
ized by high oxidative stress and inflammation [74-80]. The oxygen-
release microspheres in this work have the potential to reduce
ischemia/reperfusion injury.

4. Conclusion

In this study, oxygen-release microspheres whose oxygen release
kinetics was responsive to environmental oxygen level were developed.
The microspheres released oxygen faster in the lower oxygen environ-
ment, and slower in the higher oxygen environment. The released oxy-
gen improved MSC survival without elevating oxidative stress in vitro.
In the ischemic limbs, the oxygen-release microspheres significantly
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Fig. 9. Delivery of oxygen-release microspheres and MSCs enhanced skeletal muscle regeneration. (A) H&E staining of limb tissue sections 28 days after CLI surgery.
Scale bar = 50 pm; (B) Immunohistochemical staining of MHC (red) and isolectin (green) of limb tissue sections 28 days after CLI surgery. Nuclei were stained with

Hoechst 33342 (blue); (C) Quantification of muscle fiber diameter; (D) Quantification of central nucleus density. *p < 0.05,

“*p < 0.001. (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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Fig. 10. Biocompatibility of the oxygen-release microspheres. Immunohistochemical staining of F4/80 (green) of limb tissue sections 28 days after CLI surgery and
the quantification of F4/80 positive cell percentage. Nuclei were stained with DRAQ5 (blue). Scale bar = 50 pm. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

improved MSC survival, proliferation and paracrine effects, and host cell
survival, leading to accelerated tissue vascularization and skeletal
muscle regeneration. The microspheres possessed excellent biocompat-
ibility. These microspheres provided a smart way of delivering oxygen to
ischemic tissues to enhance exogenous and endogenous cell survival.
The environment-responsive oxygen release can avoid excessive oxygen
release that may increase oxidative stress and cause cell death.
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