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Stem cell therapy is one of the most promising strategies to restore blood perfusion and promote muscle
regeneration in ischemic limbs. Yet its therapeutic efficacy remains low owing to the inferior cell survival
under the low oxygen and nutrient environment of the injured limbs. To increase therapeutic efficacy,
high rates of both short- and long-term cell survival are essential, which current approaches do not sup-
port. In this work, we hypothesized that a high rate of short-term cell survival can be achieved by intro-
ducing a prosurvival environment into the stem cell delivery system to enhance cell survival before
vascularization is established; and that a high rate of long-term cell survival can be attained by building
a proangiogenic environment in the system to quickly vascularize the limbs. The system was based on a
biodegradable and thermosensitive poly(N-Isopropylacrylamide)-based hydrogel, a prosurvival and
proangiogenic growth factor bFGF, and bone marrow-derived mesenchymal stem cells (MSCs). bFGF
can be continuously released from the system for 4 weeks. The released bFGF significantly improved
MSC survival and paracrine effects under low nutrient and oxygen conditions (0% FBS and 1% O2)
in vitro. The prosurvival effect of the bFGF on MSCs was resulted from activating cell Kruppel-like factor
4 (KLF4) pathway. When transplanted into the ischemic limbs, the system dramatically improved MSC
survival. Some of the engrafted cells were differentiated into skeletal muscle and endothelial cells,
respectively. The system also promoted the proliferation of host cells. After only 2 weeks of implantation,
tissue blood perfusion was completely recovered; and after 4 weeks, the muscle fiber diameter was
restored similarly to that of the normal limbs. These pronounced results demonstrate that the developed
stem cell delivery system has a potential for ischemic limb regeneration.

Statement of significance

Stem cell therapy is a promising strategy to restore blood perfusion and promote muscle regeneration in
ischemic limbs. Yet its therapeutic efficacy remains low owing to the inferior cell survival under the
ischemic environment of the injured limbs. To increase therapeutic efficacy, high rate of cell survival is
essential, which current approaches do not support. In this work, we tested the hypothesis that a stem
cell delivery system that can continuously release a prosurvival and proangiogenic growth factor will
promote high rates of cell survival in the ischemic limbs. The prosurvival effect could augment cell sur-
vival before vascularization is established, while the proangiogenic effect could stimulate quick angio-
genesis to achieve long-term cell survival. Meanwhile, the differentiation of stem cells into endothelial
and myogenic lineages, and cell paracrine effects will enhance vascularization and muscle regeneration.
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1. Introductions

Atherosclerotic peripheral artery disease (PAD) affects more
than 27 million people in North America and Europe [1,2] PAD
decreases blood perfusion in the tissues and causes tissue ische-
mia. Critical limb ischemia (CLI) represents the most severe form
of PAD. It is characterized by low blood perfusion, severe tissue
ischemia, and degenerated skeletal muscle. Quick restoration of
blood perfusion to salvage existing cells and promotion of muscle
repair represent the optimal goals for CLI treatment [1,3–8] How-
ever, current surgical procedures show limited efficacy [1,8–10]

To improve therapeutic efficacy, approaches like drug delivery
[11] and stem cell therapy [3,12–19] have been explored. The for-
mer involves delivery of growth factors that either stimulate vas-
cularization or promote muscle regeneration into the limbs. For
example, VEGF, PDGFBB and bFGF have been used for vasculariza-
tion [20–22], while IGF-1 has been employed for muscle regenera-
tion [23,24]. Different studies have demonstrated that delivery of
two or more types of growth factors with different functions can
result in a greater therapeutic efficacy than delivery of single
growth factors [11]. Efficacy of the drug delivery approach is
dependent on the amount of bioactive drugs released to the
ischemic limb, duration of the drug release, and sequence of the
release. Overall, current drug delivery approach shows limited suc-
cess due to the rapid release of delivered drugs, loss of bioactivity,
inadequate amount of drug released to the tissue, and inappropri-
ate drug gradients and release sequence [11]. Cell therapy is an
alternative approach. It includes direct injection of stem cells into
the tissue or encapsulating cells in the constructs followed by
injection [1,15,25]. The transplanted stem cells serve two pur-
poses: differentiation to replace damaged host cells, and providing
paracrine effects for vascularization and muscle repair.

Various stem cell types including embryonic stem cells (ESCs)
[26], mesenchymal stem cells (MSCs) [14,15,25,27,28], adipose
tissue-derived cells [29–32], cell lines selected based on the pres-
ence of specific markers [33,34], and induced pluripotent stem
cells (iPSCs) [16] have been used for ischemic limb regeneration.
Among them, MSCs stand out because of their ability to differenti-
ate into myogenic lineages for muscle regeneration, and into
endothelial cells for vascularization [35,36]. MSCs also provide
paracrine effects for ischemic limb regeneration. Among the num-
ber of different growth factors they secrete, IGF-1 promotes myo-
blast proliferation and satellite cell differentiation [11,37,38], and
bFGF, VEGF and PDGFBB stimulate angiogenesis. Therefore, MSCs
have the potential to induce not only vascularization, but also mus-
cle repair in the ischemic limb through direct and indirect effects.

Various animal studies have demonstrated that stem cell ther-
apy could, to some extent, improve blood perfusion in the ischemic
limb and even promote muscle repair in some cases [1,39,40].
However, clinical trials have shown only a transient therapeutic
benefit [1,41]. Overall, current stem cell therapy has a low efficacy
in improving blood perfusion and muscle repair [1,41] One of the
key causes is the poor survival rates of transplanted cells [1,40–42].
Several studies have demonstrated that only �20% of cells
remained in the tissue 24 h after transplantation, and only �3%
remained after 30 days [42–45]. Among the possible triggers for
cell death, such as ischemia, immune response, inflammation and
oxidative stress, ischemia represents the most significant problem
to be solved [1,40–42].

Promoting high rates of both short- and long-term cell survival
under ischemic conditions is one of the key steps to significantly
increase therapeutic efficacy of stem cell therapy for CLI [8]. To
improve cell survival under ischemia, approaches have been used
including blocking the apoptotic signaling pathways of cells
[46,47], preconditioning cells before transplantation [48,49], co-
transplanting with cells rich in paracrine effects [50,51], using
prosurvival cocktails [52], promoting angiogenesis [50], and co-
transplanting with hydrogels [53–56]. While these approaches
increased cell survival to an extent, achieving high rates of both
short- and long-term cell survival remains challenging and
insignificantly addressed. Those approaches that induce endoge-
nous cellular survival mechanisms, co-transplant stem cells with
other cells, and use prosurvival cocktails, can only temporarily
improve cell survival, as adequate vascularization cannot be read-
ily achieved to relieve ischemia for long-term cell survival. The
approaches focusing on promoting angiogenesis show significant
cell death before angiogenesis can occur. While using hydrogels,
such as collagen and hyaluronic acid, can decrease cell apoptosis,
vascularization around matrices for long-term cell survival is chal-
lenging [53–56].

In this study, we hypothesized that a stem cell delivery system
that can continuously release a prosurvival and proangiogenic
growth factor will promote both short- and long-term cell survival
in the ischemic limbs. The prosurvival effect could promote cell
survival before vascularization is established, while the proangio-
genic effect could stimulate quick angiogenesis to promote long-
term cell survival. Meanwhile, the differentiation of MSCs into
endothelial and myogenic lineages, and MSC paracrine effects will
enhance vascularization and muscle regeneration. bFGF was used
due to its prosurvival and proangiogenic effects [22,57–62]. We
investigated how the controlled release of bFGF affected MSC sur-
vival and paracrine effects in vitro under low nutrient and oxygen
conditions, and how the delivery system enhanced MSC survival
and differentiation, muscle regeneration and blood perfusion
recovery in ischemic limbs.
2. Experimental materials and methods

2.1. Materials

All chemicals were purchased from Sigma–Aldrich unless other-
wise stated. 2-hydroxyethyl methylmethacrylate (HEMA) was pur-
chased from TCI and passed through an inhibitor remover column
to eliminate inhibitor. N-isopropylacrylamide (NIPAAm, Alfa
Aesar) was purified by recrystallization for 3 times using hexane.
3,6-Dimethyl-1,4-dioxane-2,5-dione, acryloyl chloride, sodium
methoxide and chondroitin sulfate were used as received.
2.2. Hydrogel synthesis

The hydrogel was synthesized from NIPAAm, HEMA and a
macromer based on acrylic acid and oligolactide (AA-oligoLA).
The macromer was synthesized by a two-step method [63]. In
the first step, OligoLA was generated by ring-opening polymeriza-
tion of lactide using NaOCH3 as an initiator. In brief, 50 g
(0.347 mol) of D,L-lactide was dissolved in 100 mL of CH2Cl2 and
charged into a one-necked flask. One gram (0.019 mol) of NaOCH3

dissolved in methanol was then added. The reaction was con-
ducted at 0 �C for 2 h. The mixture was neutralized with 0.1 M
HCl, and washed with DI water. The oligoLA was obtained by evap-
orating the organic layer at 60 �C. Its structure was confirmed by
1H NMR. The average number of LA units in each oligomer was
2.5. In the second step, oligoLA was esterified using acryloyl chlo-
ride. The oligoLA (32.4 g, 151.3 mmol) was dissolved in 100 mL of
CH2Cl2. Triethylamine triethylamine (23.6 mL, 169 mmol) was
then added. After the solution was cooled down to 0 �C in an ice
bath, acryloyl chloride (13.6 mL, 169 mol) was added dropwise
for 1 h. The mixture was stirred overnight at room temperature,
then rinsed with 0.2 M Na2CO3, 0.1 M HCl and DI water
in sequence. The final product AA-oligoLA was obtained by
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evaporating the solvent at 40 �C and purifying using
chromatography with ethyl acetate/CH2Cl2 as eluent.

Poly(NIPAAm-co-HEMA-co-AA-oligoLA) was synthesized by
free radical polymerization following our previous report [64]. In
general, stoichiometric amounts of NIPAAm, HEMA and AA-
oligoLA (molar ratio 86/10/4) were dissolved in 100 mL of dioxane
in a 250 mL three-necked flask. The initiator benzoyl peroxide was
then added. The polymerization was conducted at 60 �C overnight.
The mixture was precipitated in hexane. The polymer was purified
twice using THF/ethyl ether.

The aqueous hydrogel solution had a sol–gel transition temper-
ature (SGTT) of 26.5 �C as determined by DSC. This allows the
hydrogel to solidify at body temperature. The solid hydrogel
obtained from the 10 wt% solution had a breaking strain >300%
and Young’s modulus of 17.1 ± 3.4 kPa at 37 �C. The final degrada-
tion product poly(NIPAM-co-HEMA-co-Acrylic acid) had a SGTT of
41.2 �C. It can thus dissolve in the body fluid.
2.3. Loading bFGF into the hydrogel, bFGF release kinetics, and
bioactivity of the released bFGF

Hydrogel solution (10% w/v) was prepared by dissolving the
synthesized hydrogel polymer in Dubucceo’s modified phosphate
buffer saline (DPBS, pH = 7.4). The solution was then thoroughly
mixed with heparin and bFGF solutions. The final concentrations
of heparin and bFGF were 1 mg/mL and 50 lg/mL, respectively.
The function of heparin is to preserve bFGF bioactivity [65]. To
measure bFGF release kinetics, 200 lL of the mixture was placed
in a 2 mL microcentrifuge tube. The mixture was incubated in a
37 �C water bath for gelation. The supernatant was then removed
and 200 lL of release medium, DPBS, was added. The bFGF release
study was conducted in the 37 �C water bath for 4 weeks. At prede-
termined time points, the release medium was collected and the
bFGF concentration was measured using a bFGF ELISA kit (Pepro-
tech) (n = 5 for each condition).

The bioactivity of released bFGF was assessed in terms of its
stimulative effect on rat fibroblast proliferation [66]. The cells were
seeded into a 96-well plate at a density of 2 � 105 cells/mL. After
24 h, the culture medium (Dulbecco’s Modified Eagle Medium sup-
plemented with 10% FBS) was removed and replaced by the col-
lected bFGF release medium that was supplemented with 0.5%
FBS. Cell viability was measured by MTT assay after 48 h of culture
(n = 5) [67]. The release medium collected from the hydrogel with-
out bFGF, and 1 ng/mL bFGF solution were used as controls (n = 5).
Relative cell viability was determined by normalizing MTT absor-
bance of the release medium from the hydrogel with bFGF to that
of the release medium from the hydrogel without bFGF.
2.4. Mesenchymal stem cell (MSC) culture and encapsulation of MSCs
into bFGF loaded hydrogel

Rat bone marrow MSCs were cultured in alpha modified mini-
mum essential medium (aMEM) supplemented with 10% FBS and
1% antibiotics. Cells at passages 11–14 were used for encapsula-
tion. Our previous work demonstrated that MSCs of these passages
remained multipotency [68]. Before encapsulation, cells were
labelled with live cell tracker CM-Dil (Life Technologies) following
the protocol provided by the manufacture. To encapsulate MSCs in
the hydrogels with or without bFGF, cell suspension was first
mixed with the hydrogel solution. The final cell density was
10 million/mL. 200 lL of the mixture was then transferred into
each Eppendorf tube followed by incubation in a 37 �C water bath
for gelation for 10 min. After removing supernatant, 200 lL of low
nutrient culture medium (aMEM without FBS) was added to each
tube. The tubes were cultured in an incubator with 1% of oxygen.
The cell/hydrogel constructs without bFGF and cultured under nor-
mal conditions (21% O2 and 10% FBS) was used as a control.
2.5. MSCs survival and proliferation in hydrogel in vitro

MSC survival in the hydrogels with or without bFGF was
assessed by double-stranded DNA (dsDNA, for live cells) content
after 1, 7 and 14 days of culture (n = 4 for each condition at each
time point). The cell/hydrogel constructs were first washed with
DPBS for 3 times and then digested with papain solution at 60 �C
overnight. The dsDNA concentration was quantified by Quant-iT
PicoGreen dsDNA Assay Kit (Life Technologies). To understand
underlying signaling pathways that control bFGF-induced cell sur-
vival, Western Blotting was performed following standard proto-
cols [69] In brief, after 7 days of culture, proteins were extracted
from the Gel/MSCs and Gel/MSCs/bFGF groups using lysis buffers.
The protein samples (50 lg/lane) were then separated by SDS–
PAGE followed by transferring to PVDF membranes through elec-
troblotting. The blots were probed with antibodies against protein
kinase B (Akt), signal transducer and activator of transcription 3
(STAT3), extracellular-signal-regulated kinases 1/2 (ERK1/2),
Kruppel-like factor 4 (KLF4), and b-actin. The blots were then
developed using enhanced chemiluminescence.

MSC paracrine effects in the hydrogels with or without bFGF
were characterized at the gene level by real time RT-PCR. After
14 days of culture, cell/hydrogel constructs were immersed in
TRIzol (Sigma) to isolate RNA. The total RNA was quantified by
Nanodrop (Thermo Fisher Scientific). cDNA was synthesized by
utilizing a cDNA high capacity transcription kit (ABI). Real-time
RT-PCR was performed with a Mastercycler ep gradient S thermal
cycler (Eppendorf) and Platinum Taq DNA Polymerase (Life Tech.)
with primers listed in Table 1. A standard DDCt method was used
to process the data.
2.6. Implantation of MSCs and hydrogels with or without bFGF into
ischemic limbs

Animal surgeries were performed in compliance with National
Institutes of Health and institutional guidelines. Male wild type
C57BL/6 mice (8 to 10 weeks) were anesthetized with an i.p. injec-
tion of ketamine 80 mg/kg and xylazine 5 mg/kg before all surgical
procedures. Hindlimb ischemia was induced by unilateral femoral
artery and vein ligation as shown in Scheme 1. The contralateral
hindlimb was used as control. Thirty minutes after ligation, injec-
tions were made into the gracilis muscle at 4 points (50 lL/injec-
tion). The injection groups included hydrogel without bFGF or
MSCs (Gel group), hydrogel without bFGF but with MSCs (Gel/
MSCs group), hydrogel with bFGF but without MSCs (Gel/bFGF
group), and hydrogel with both bFGF and MSCs (Gel/MSCs/bFGF
group) (n = 5 for each group). For cell tracking purpose, MSCs were
labelled with CM-Dil before injection. The ischemic hindlimbs
without injection and normal hindlimbs were used as the negative
and positive controls, respectively.
2.7. Laser Doppler perfusion imaging

Blood perfusion in ischemic limbs was monitored after induc-
tion of ischemia, and 2 and 4 weeks post-surgery using a laser Dop-
pler perfusion imager (Perimed). The ischemic/normal limb blood
flow ratio was obtained by dividing the blood perfusion intensity
in the ischemic region to the same area in the un-operated con-
tralateral hindlimb [38].



Table 1
Primers used for real time RT-PCR.

Name Forward Reverse

b-actin AAGATCAAGATCATTGCTCCTC GGACTCATCGTACTCCTG
IGF-1 TCAGATCACAGCTCCGGAAGC CTGAGCTGGTGGACGCTCTTC
PDGFB TGTGCTCGGGTCATGTTCAAG ATTCCTGAGGAACTCTATGAAAT
Angpt1 CCATCTCCGACTTCATATTTTCC ATGCTCCACACGTGGAGACG

Liga�on Points

Injec�on Points

Scheme 1. Induction of hindlimb ischemia by unilateral femoral artery and vein
ligation.
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2.8. Histological assessment of skeletal muscle

After 4 weeks of injection, muscle tissues (n = 8 per time point
per injection group) were collected and processed for histological
analyses. The samples were fixed with 4% paraformaldehyde,
chemically dehydrated, embedded in paraffin and sectioned into
4 lm thick slices in sequence. The samples were then stained with
Hematoxylin and Eosin (H&E), and Masson’s Trichrome, respec-
tively. Muscle fiber diameter was quantified from the H&E images
by analysis of 10 random fields of regenerating muscle in the mus-
cle defect using Image J software. Interstitial fibrosis was morpho-
metrically assessed in Masson’s Trichrome staining images.
2.9. MSC survival and differentiation in ischemic limbs

To assess cell survival in ischemic limbs, frozen muscle tissues
were sectioned into 4 lm thick slices. The CM-Dil labelled cells
were imaged by Olympus FV1000 filter confocal microscope. Cell
density was quantified from 20 randomly selected tissue slices.
To determine cell proliferation, and MSC myogenic and endothelial
differentiation, immunohistochemical analysis was performed. The
tissue slices were fixed in 4% paraformaldehyde for 1 h, blocked by
10% goat serum in 0.3% Triton X-100 for 1 h, and then incubated
respectively with primary antibodies of rabbit anti Ki67, mouse
anti myosin heavy chain (MHC) and rabbit anti Von Willebrand
Factor (vWF) overnight at 37 �C. After rinsing with PBS, the corre-
sponding Dylight488-anti mouse and 647-anti rabbit secondary
antibodies were added and incubated for another 1 h. Finally,
Hoechst 33342 was used to counterstain the nucleus. Immunoflu-
orescence images were recorded by an Olympus FV1000 filter con-
focal microscope. Density of the Ki67+ cells was quantified from
these images. MSC myogenic and endothelial differentiation was
identified as MHC+/CM-Dil+ and vWF+/CM-Dil+ cells, respectively.
Blood vessels were identified as tubular structure positively
stained for vWF.
2.10. Statistical analysis

Data were reported as mean ± standard deviation. Multivariate
repeated-measures ANOVAwere performed to test the interactions
between different tested groups. A statistical significance was con-
sidered when p < 0.05.
3. Results

3.1. Bioactive bFGF can be gradually released from the hydrogel

The bFGF was able to continuously release from the hydrogel
during the 28-day release period. The release exhibited a two-
phase profile, i.e., an initial burst release in the first 5 days followed
by a slower release until day 28 (Fig. 1A). The bioactivity of the
released bFGF was evaluated in terms of its stimulatory effect on
fibroblast growth. 1 ng/mL bFGF solution was used as a control
as this concentration significantly stimulated fibroblast growth.
The cells cultured in the release medium collected from the hydro-
gels with bFGF had viability similar to or greater than those cul-
tured in 1 ng/mL bFGF, and significantly higher than those
cultured in release medium from hydrogels without bFGF
(Fig. 1B). This result demonstrates that the released bFGF remained
bioactive.
3.2. bFGF release promoted MSC survival and proliferation in the
hydrogel under low nutrient and oxygen conditions in vitro

When MSCs were encapsulated in the hydrogel without bFGF
and cultured under normal conditions (10% FBS and 21% O2), the
cells showed a remarkable proliferation during the 14-day period,
judged by their dsDNA content (Fig. 2A). To investigate how low
nutrient and oxygen conditions affect MSC survival, the hydrogel
encapsulated with MSCs was cultured under 0% FBS and 1% O2 con-
ditions. A significant cell death was observed during the culture
with 60.7% and 35.1% of survival after 7 and 14 days, respectively.
In the hydrogel encapsulated with both bFGF and MSCs, the cells
did not experience significant death after 7 days (p > 0.05,
Fig. 2A). Interestingly, they even proliferated afterwards. These
results demonstrate that bFGF promoted MSC survival under low
nutrient and oxygen conditions. Live cell images showed that MSCs
were homogenously distributed in the hydrogels, and cell density
change was consistent with the dsDNA results (Fig. 2B).

To understand the underlying mechanism that bFGF enhanced
MSC survival under the low nutrient and oxygen conditions, Wes-
tern blotting was conducted for MSCs cultured in the hydrogels
with and without bFGF. Among the different prosurvival signaling
pathways such as Akt, Erk1/2, KLF4, and STAT3, KLF4 was found to
be upregulated (Fig. 3).
3.3. bFGF release enhanced MSC paracrine effects under low nutrient
and oxygen conditions

The effect of bFGF release on MSC paracrine effects under low
nutrient and oxygen conditions was characterized at the gene level
by real time RT-PCR. Fig. 4 demonstrates that bFGF release signif-
icantly enhanced MSC paracrine effects. MSCs encapsulated in
the hydrogel with bFGF exhibited significantly higher expressions
of angiogenic growth factor Angpt 1 and prosurvival/promyogenic
growth factor IGF-1 than those in the hydrogels without bFGF
(p < 0.05).
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3.4. bFGF release enhanced MSC survival and differentiation in
ischemic limb

To determine whether bFGF release can enhance MSC survival
in vivo, the hydrogel encapsulated with CM-Dil-labeled MSCs
(Gel/MSCs group), and hydrogel encapsulated with bFGF and CM-
Dil-labeled MSCs (Gel/MSCs/bFGF group) were injected into hin-
dlimb after induction of ischemia. Live cell images showed that a
greater density of CM-Dil+ live cells appeared in the Gel/MSCs/
bFGF group (Fig. 5A). The live cell density in the Gel/MSCs/bFGF
group was �3.6 times of that in the Gel/MSCs group (p < 0.05,
Fig. 5B). These results demonstrate that MSC transplantation with
bFGF release significantly increased cell survival in the ischemic
limbs.

MSCs have the potential to differentiate into skeletal muscle
and endothelial cells to participate in ischemic limb regeneration
[39,40]. To investigate whether the transplanted MSCs differenti-
ated into these lineages, immunohistochemical analysis was per-
formed on tissue sections. Fig. 6 demonstrates that some of the
MSCs integrated with the tissues and differentiated into both lin-
eages after 4 weeks of injection. In the Gel/MSCs group, only few
cells differentiated into vWF+ endothelial cells, and no obvious
myogenic differentiation was observed. In the Gel/MSCs/bFGF
group, some of the cells differentiated into endothelial cells and
participated in blood vessel formation, while more cells differenti-
ated into MHC+ skeletal muscle cells and exhibited a distinctive
banding pattern.

3.5. Delivery of MSCs with bFGF promoted host cell proliferation in
ischemic limb

To determine how the injection of hydrogel (Gel group), hydro-
gel with bFGF (Gel/bFGF group), hydrogel with MSCs (Gel/MSCs
group), and hydrogel with both bFGF and MSCs (Gel/bFGF/MSCs
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O2).
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group) affects the cells in the host tissues, immunohistochemical
staining of proliferation-associated protein Ki67 was performed
(Fig. 7). Abundant expression of Ki67 was detected in tissues
injected with Gel/MSCs, Gel/bFGF, and Gel/MSCs/bFGF after
4 weeks, while a less-pronounced increase was observed in the tis-
sue injected with Gel group. The injection of Gel/MSCs/bFGF
resulted in the most significant Ki67 expression compared to the
Gel/MSCs and Gel/bFGF groups (p < 0.05 to Gel/MSCs and Gel/
bFGF).
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3.6. Delivery of MSCs and bFGF stimulated muscle regeneration and
tissue vascularization, and decreased fibrosis in ischemic limb

Induction of ischemia in the hindlimbs led to remarkable mus-
cle degeneration as muscle fibers became largely separated
(Fig. 8A). Injection of hydrogel (Gel group), hydrogel with bFGF
(Gel/bFGF group), and hydrogel with MSCs (Gel/MSCs group)
reduced the degree of muscle fiber separation. Interestingly, injec-
tion of hydrogel with both bFGF and MSCs (Gel/bFGF/MSCs group)
completely averted muscle fibers from separating.

Muscle fiber size changed during the degeneration (Fig. 8A). The
mean muscle fiber diameters determined from H&E images were
used to quantify the change (Fig. 8B). The non-injection group
had remarkably lower diameter than the normal muscle in the
non-surgery group (p < 0.01). Injection of Gel group slightly
increased the diameter (p > 0.5, Gel vs. Non-injection). In contrast,
injection of Gel/MSCs and Gel/bFGF groups significantly elevated
the muscle fiber diameter (p < 0.01), with 35% and 44% of increase,
respectively. The most significant increase was found for Gel/
MSCs/bFGF group where muscle fiber diameter was similar to that
of the normal muscle (p > 0.1), and significantly greater than that
of the Gel/MSCs and Gel-only groups (p < 0.05).

The interstitial fibrosis was associated with the injured muscles
(Fig. 8C). In the non-injection group, the muscles developed sub-
stantial fibrosis. The muscles treated with Gel/MSCs and Gel/bFGF
Gel/MSCs/bFGF

*

Gel/MSCs/bFGF

*

ith bFGF (Gel/MSCs/bFGF), and cultured under low nutrient and oxygen conditions
the Gel/MSCs/bFGF group. *p < 0.05.



FGFb/sCSM/leGsCSM/leG

0

50

100

150

200

250

300

350

Gel/MSCs Gel/MSCs/bFGF

Li
ve

ce
ll

de
ns

it
y

(#
/m

m
2 )

(A)

(B) *

Fig. 5. MSC survival in ischemic limbs after 4 weeks of implantation. Cells were labeled with live cell tracker CM-Dil before implantation. A) Live cell images in Gel/MSCs and
Gel/MSCs/bFGF groups; B) Density of live MSCs calculated from live cell images. *p < 0.05.

Gel/MSCs

Gel/MSCs/bFGF

CM DilMHC vWF Merge

Fig. 6. Differentiation of transplanted MSCs in ischemic limbs after 4 weeks of transplantation. Few CMDil positive MSCs in the Gel/MSCs group were differentiated into
endothelial cells. Some of the MSCs in the Gel/MSCs/bFGF group differentiated into endothelial cells while more cells differentiated into skeletal muscle cells and exhibited a
distinctive banding pattern.

106 Y. Xu et al. / Acta Biomaterialia 31 (2016) 99–113
groups showed decreased fibrosis. An even more-pronounced
reduction of fibrosis was observed in the Gel/MSCs/bFGF group.

A laser Doppler perfusion imaging system was used to quantify
blood perfusion change in ischemic limbs with or without treat-
ment (Fig. 9A). The regional blood flow was reduced dramatically
after induction of ischemia (Fig. 9). Without treatment, the
ischemic limb slowly increased blood perfusion with 40.4% of
recovery after 4 weeks. Injection of Gel significantly stimulated
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vascularization with 60.7% of blood perfusion recovery (p < 0.5).
Incorporation of MSCs in the hydrogel (Gel/MSCs group) only sub-
stantially enhanced blood perfusion recovery compared to the Gel
group (p > 0.5). In contrast, the bFGF releasing Gel/bFGF group
more efficiently recovered blood perfusion with 84.3% of recovery
after 4 weeks. The fastest blood perfusion recovery was found in
the Gel/MSCs/bFGF group, where the blood perfusion reached nor-
mal level after only 2 weeks of injection.
Blood vessel density in the muscle was quantified to further
determine tissue vascularization with or without treatment
(Fig. 10). After 4 weeks of injection, vessel density in the Gel group
was substantially greater than the non-injection group (p > 0.5).
Injection of Gel/MSCs and Gel/bFGF groups significantly increased
vessel densities (p < 0.05), and the Gel/bFGF group demonstrated
significantly greater vessel density than the Gel/MSCs group
(p < 0.05). Consistent with the blood perfusion results, the vessel
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density in the Gel/MSCs/bFGF group was similar to that in the nor-
mal muscles after 4 weeks (p > 0.1).
4. Discussion

The objective of this work was to develop a stem cell delivery
system that augments cell survival under ischemic conditions, thus
enhancing ischemic limb regeneration. Ischemic limbs are charac-
terized by a low nutrient and oxygen, and poorly vascularized
environment. Inferior cell survival in this environment is one of
the key causes that are responsible for the low therapeutic efficacy
of stem cell therapy. Augmentation of cell survival under these
harsh conditions represents a critical need to improve the efficacy.
In this work, we hypothesized that a stem cell delivery systemwith
the following properties will significantly augment cell survival: 1)
it has a prosurvival environment to promote cell survival before
vascularization is established, and 2) it possesses a proangiogenic
environment to quickly vascularize the ischemic limb to improve
long-term cell survival.
The created delivery system was based on MSCs, a degradable
and thermosensitive hydrogel, and bFGF. MSCs have been shown
to differentiate into skeletal muscle and endothelial cells necessary
for ischemic limb regeneration [39,40,70]. The degradable and
thermosensitive hydrogel served as cell carrier. The benefit of
using this type of hydrogel is that gelation is controlled simply
by temperature without using crosslinkers that may initiate toxic-
ity. In addition, the fast gelation rate enables the hydrogel to
quickly immobilize in the tissue after injection so as to efficiently
hold cells, leading to high cell retention [64]. bFGF is a prosurvival
and proangiogenic growth factor [57,61,65,71,72]. In this system,
bFGF is encapsulated in the hydrogel. It can thus gradually release
from the hydrogel (Fig. 1). The released bFGF not only promotes
stem cell survival but also stimulates angiogenesis.

The MSCs encapsulated in the hydrogel experienced extensive
death when cultured in the low nutrient and oxygen conditions
in vitro with 60.7% and 35.1% survival after 7 and 14 days, respec-
tively (Fig. 2A). Addition of bFGF in the hydrogel significantly
increased MSC survival in the first 7 days as no significant cell
death was found (Fig. 2A). The cells even proliferated afterwards.
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Consistent with in vitro results, the released bFGF significantly
enhanced MSC survival in the ischemic limb (Fig. 5). The density
of surviving MSCs was increased by�3.6 times over the MSC trans-
plantation without bFGF (Gel/MSCs group). Besides promoting
MSC survival and proliferation, the released bFGF stimulated host
cell proliferation in the ischemic limb as the density of Ki67+ cells
in the Gel/bFGF group was significantly higher than that in the Gel
and non-injection groups (Fig. 7). These results are consistent with
those reported previously that bFGF can inhibit apoptosis of osteo-
blasts [73] and endothelial cells [74] under ischemic conditions. In
these reports, the improved cell survival is a result of bFGF activat-
ing osteoblast PI3k/Akt pathway [73] and endothelial cell hypoxia-
induced factor-1 (HIF-1) pathway [74], respectively. In this work,
we demonstrated that the prosurvival effect on MSCs is due to
bFGF activating KLF4 pathway, an important protective factor in
disease states and mediator to nitric oxide in ischemic tissues
(Fig. 3).

Release of bFGF alone without using MSCs (Gel/bFGF group) had
a significant influence on ischemic limb vascularization (Figs. 9 and
10). After 2 and 4 weeks of injection, blood perfusion was dramat-
ically increased compared to the hydrogel only group (Gel group).
Consistent with blood perfusion results, the blood vessel density of
the Gel/bFGF group was significantly higher than that of the Gel
group (Fig. 10). These results are in accord with previous report
that bFGF releasing gelatin-PLGA hydrogels stimulated blood
reperfusion recovery in a murine critical limb ischemic model
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[60]. The enhanced vascularization is likely attributed to the angio-
genic effect of bFGF. Controlled release of bFGF from the hydrogel
has the advantage of continuously supplying bioactive bFGF for
angiogenesis without the need for repeated administration due
to its short half live. It is also possible that bFGF salvaged the host
vascular cells as it did for MSCs. Besides promoting vascularization,
the released bFGF enhanced muscle regeneration as demonstrated
in Fig. 8, where the average muscle fiber diameter was increased by
20% compared to the Gel group. bFGF has been shown to promote
skeletal muscle regeneration by stimulating skeletal muscle cell
proliferation [58,61]. Our results in Fig. 7 indirectly confirmed this
effect as the number of proliferating cells was significantly higher
in the Gel/bFGF group.

Delivery of MSCs with hydrogel (Gel/MSCs group) slightly
enhanced blood perfusion recovery and muscle regeneration com-
pared to the delivery of hydrogel alone (Gel group). This is judged
from the substantially increased blood perfusion (Fig. 9), blood
vessel density (Fig. 10), and average muscle fiber diameter
(Fig. 8). The improvement is likely the contribution of MSCs sur-
vived in the ischemic limb. These cells can differentiate into
endothelial cells (Fig. 6). They may also provide paracrine effects
for vascularization and muscle regeneration. MSCs are known to
secrete angiogenic growth factors like VEGF, bFGF and PDGF for
vascularization, and IGF-1 for promyogenesis [75,76]. However,
since the cell survival in this group is low (Fig. 5), the improvement
on blood perfusion recovery and muscle regeneration was limited.

The remarkable blood perfusion recovery and muscle regenera-
tion were found for Gel/MSCs/bFGF group. The blood perfusion was
fully recovered only after 2 weeks of injection (Fig. 9), suggesting
that the ischemia was quickly and completely alleviated. This
result was validated by blood vessel densities in the recovered
and normal limbs, where both limbs had the same density
(Fig. 10). The Gel/MSCs/bFGF group also exhibited remarkably
improved muscle regeneration. The mean muscle fiber diameter
was similar to that of the normal limbs after 4 weeks. The
enhanced blood perfusion recovery and muscle regeneration over
Gel/MSCs and Gel/bFGF groups can be attributed to the increased
MSC survival, differentiation, and paracrine effects. We have
demonstrated in Fig. 5 that MSC survival was significantly aug-
mented with the encapsulation of bFGF in the hydrogel. This
allowed a greater number of MSCs to differentiate into skeletal
muscle and endothelial cells to participate in muscle regeneration
and vascularization, respectively (Fig. 6). Delivery of MSCs with
bFGF can increase cell paracrine effects. Fig. 4 shows that the
expression of angiogenic factor Angpt-1 and promyogenic factor
IGF-1 was significantly upregulated. These growth factors promote
both vascularization and muscle regeneration. Furthermore, the
enhanced paracrine effects can rescue the host cells and increase
their proliferation (Fig. 7), which may further facilitate vasculariza-
tion and muscle regeneration. Collectively, this study demon-
strates that a stem cell delivery system that augments both
short- and long-term cell survival under ischemic conditions can
quickly recover blood perfusion and promote skeletal muscle
regeneration in the ischemic limbs.
5. Conclusions

In this work, a stem cell delivery system capable of augmenting
cell survival in ischemic limbs was created for quick recovery of
blood perfusion and enhancing skeletal muscle regeneration. The
delivery system was based on an injectable, biodegradable, and
thermosensitive hydrogel, bFGF, and MSCs. When tested under
low nutrient and oxygen conditions in vitro, the system signifi-
cantly increased cell survival and paracrine effects. When trans-
planted in the ischemic limbs, the system not only promoted
MSC survival, but also stimulated quick vascularization. The
engrafted MSCs were differentiated into skeletal muscle and
endothelial cells. The blood perfusion was completely recovered
after 2 weeks, and the average muscle fiber diameter was similar
to that of the normal limb after 4 weeks. This stem cell delivery
system may provide a therapeutic option for treatment of a variety
of tissue damages caused by ischemia.
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