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ARTICLE INFO ABSTRACT

Keywords: The efficacy of stem cell therapy is substantially compromised due to low cell survival rate and poor local
Microfluidic technology retention post-delivery. These issues drastically limit the application of stem cells for ischemic limb therapy,
Stem cell

which requires effective blood perfusion and skeletal muscle regeneration. Herein, based on microfluidic tech-
nology, an integrated stem cell and cytokine co-delivery system designed for functional ischemic limb salvage
was constructed by first incorporating the myogenic cytokine, fibroblast growth factor 19 (FGF19), into mi-
crospheres composed of methacrylate gelatin (GelMA). Then adipose-derived stem cells (ADSCs) were highly
absorbed into the porous structure of the microspheres, overcoming the insufficient loading efficiency and ac-
tivities by conventional encapsulation strategy. The fabricated ADSCs/FGF19@psphere system demonstrated a
uniform size of about 180 pm and a highly porous structure with pore sizes between 20 and 40 pm. The resultant
system allowed high doses of ADSCs to be precisely engrafted in the lesion and to survive, and achieved sustained
FGF19 release in the ischemic region to facilitate myoblast recruitment and differentiation and myofibrils
growth. Furthermore, the combination of ADSCs and FGF19 exhibited a positive synergistic effect which sub-
stantially improved the therapeutic benefit of angiogenesis and myogenesis, both in vitro and in vivo. In summary,
a stem cell and cytokine co-delivery system with the properties of easy preparation and minimal invasiveness was
designed to ensure highly efficient cell delivery, sustained cytokine release, and ultimately realizes effective
treatment of ischemic limb regeneration.

Cytokine
Porous microspheres
Ischemic limb salvage

1. Introduction the restoration of ischemic limb damage remains a significant challenge.
As ASO progresses, the lack of blood perfusion causes local tissue ne-

Arteriosclerosis obliterans (ASO), which affects more than 200 crosis; in turn, necrotic tissue generates oxidative stress and an inflam-
million people globally, is an ischemic disease caused by atherosclerotic matory response, which inhibits the establishment of neovasculature [4,
stenosis in the lower extremities, and can progress to tissue loss, ulcer- 5]. Current clinical approaches such as endovascular stent implantation,
ation, or even gangrene in the lower limbs [1-3]. Despite its prevalence, balloon dilation, and vascular bypass can only restore blood patency to a
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certain extent instead of impeding ASO progression. Moreover, these
conventional therapies are mostly focused on blood flow reconstruction,
and they fail to directly regenerate damaged skeletal muscle, leading to
extensive fibrosis formation and permanent impairment of myofibrils
[6-8]. Therefore, novel strategies capable of supporting blood perfusion
reconstruction as well as restoring skeletal muscle functions are urgently
needed in the context of salvaging ischemic limb damage.

Currently, a variety of therapeutic approaches such as stem cells,
growth factors, gene vectors and other angiogenic inducers have been
proposed to rescue ASO-induced limb damage [9-12]. These approaches
can induce angiogenesis by directly promoting neovascularization or
encouraging the recruitment of host angiogenic cells. Among these ap-
proaches, stem cell therapy stands out as an emerging strategy due to its
self-renewal ability, paracrine secretion, and multilineage differential
potential [13,14]. For example, adipose-derived stem cells (ADSCs)
could not only directly differentiate into vascular endothelial cells to
realize neovascularization, but also secrete miRNA-containing or
cytokine-containing vesicles in a paracrine manner to regulate the
proliferation, differentiation and immunomodulation of neighboring
cells [15-21]. For instance, Madonna et al. directly injected ADSCs
suspension into the ischemic lesions and established neovascularization,
as ADSC can mediate the hypoxia-induced release of cytokines (VEGF
and related growth factors) and give rise to angiogenesis [22]. However,
several challenges remain to be addressed before its clinical translation:
i) mechanical damage to cells by injection due to fluid shear stress [23];
ii) cell loss and leakage to surrounding tissues [24]; and iii) low survival
rate due to redox imbalance, immune response, and lack of cell-cell and
cell-matrix interactions [25]. It has been reported that less than 3% of
the injected cells survived and reached the therapeutic sites after their
administration [26]. Such a small number of cells reaching the lesion
would limit the regenerative performance and render therapeutic ben-
efits irreproducible [27,28]. Hence, there is considerable demand for an
injectable stem cell delivery system capable of enhancing the delivery
efficacy of stem cells to maximize their therapeutic potency. The ideal
cell delivery systems should not only allow cells to be transplanted
precisely and efficiently to the targeted site, but also provide cells with a
conducive microenvironment to improve cell engraftment, survival, and
retention.

ASO also leads to significant skeletal muscle loss due to atrophy or
necrosis after ischemia, which is difficult to restore on its own [6]. Even
the neovascularization is mostly completed, the regeneration of skeletal
muscle yet fails to recover. Nonetheless, a recent study showed that the
pharmaceutical treatment of fibroblast growth factor 19 (FGF19) is a
novel strategy to solve muscle-atrophy-related conditions [29]. Skeletal
muscle is a direct target of FGF19 through expression of the p-Klotho
receptor. In vivo, FGF19 has been shown to potently promote myoblast
differentiation and muscle cell growth by phosphorylating S6K1 and
ERK1/2. Mice treated with FGF19 have displayed higher skeletal muscle
mass and better muscle strength [29,30]. These results suggest that
FGF19 possesses appealing advantages in restoring skeletal muscles
after ischemia. However, the systematic administration of FGF19 is a
suboptimal approach for ischemic limb recovery for several reasons,
including: i) its relative short-term efficacy; ii) the inability to localize it
to the ischemic lesion; and iii) its high cost due to the large dosages
needed. Therefore, a long-acting drug delivery system, whereby FGF19
could be released sustainedly and precisely at the location of ischemic
lesions, is preferred. Additionally, the literature also supports that
FGF19 may realize a synergistic effect with stem cell therapy to
comprehensively improve the therapeutic effects of ASO-induced lower
extremity ischemia [31].

Based on the aforementioned considerations, we aimed to design a
growth factor-incorporated stem cell delivery construct via our highly
efficient, microsphere-assisted system. Gelatin methacrylamide
(GelMA) is a photopolymerized hydrogel that demonstrates controllable
biodegradability, excellent biocompatibility, and tunable mechanical
strength. It has been extensively used in the application of tissue
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restoration due to its tunable physiochemical capacity. After photo-
crosslinking, it exhibits stable mechanical property that favors cell
adhesion, proliferation, and planting, which is considered to be an ideal
biomaterial for cell transplanting and cytokine delivery. Leveraging on
inherent bioactivity of GelMA, in this study, we proposed a novel
ischemic limb restoration strategy by combining the efficient delivery of
localized high-density ADSCs together with the in situ sustained release
of FGF19 to promote neovascularization, and skeletal muscle restoration
simultaneously, thereby demonstrating a potential innovative and
promising clinical application of the strategy in the lower extremity
ischemia. Specifically, FGF19 was incorporated into GelMA micro-
spheres leveraging our one-step innovative microfluidic technology to
fabricate FGF19-loaded GelMA microspheres. The ADSCs were then
spontaneously absorbed into the porous structure formed during
lyophilization on the microspheres, in order to construct the ADSC/
FGF19@psphere system. The resultant ADSC/FGF19@ysphere system
was amenable to a minimally invasive injection into the ischemic lesion
site and exhibited outstanding angiogenic and myogenic properties
(Fig. 1). We demonstrated that our microfluidic device could generate
homogenous micro-droplets of GelMA to fabricate microspheres with
properties of narrow particle size distribution and high reproducibility.
In addition, GelMA microspheres allowed high FGF19 loading efficiency
as well as the sustained release of FGF19 in situ, which could generate
myogenesis in a long-acting manner. Further, the freeze-drying GelMA
microspheres with a highly porous structure could serve as a perfect
stem cell carrier, maintaining a microenvironment that favors ADSCs
survival, proliferation, and differentiation. More importantly, this sys-
tem showed considerable enhancement of myogenesis and angiogenesis,
suggesting that co-delivery of ADSCs and FGF19 broke the vicious cycle
of ischemia-muscle atrophy, allowing to exert a synergistic therapeutic
effect for ischemic limbs. Collectively, our data indicate that ADSC/
FGF19@psphere system could be a promising strategy to achieve syn-
ergistic effect on functional ischemic limb salvage.

2. Methods
2.1. Synthesis of GelMA

GelMA was synthesized as described previously [32]. Briefly, the
10% (w/v) gelatin was dissolved into Dulbecco’s phosphate-buffered
saline (DPBS) (Invitrogen, San Diego, CA) at 60 °C. The methacrylic
anhydride (MA) (0.8 mL per g gelatin) was supplemented to react with
gelatin for 3 h under vigorous stirring at 50 °C. Then, the solution was
added into a 5-fold dilution with warm (40 °C) DPBS to stop the reac-
tion. The resultant solution was dialyzed in distilled water at 40 °C for 1
week. Afterwards, the purified solution was freeze-dried for 7 days,
forming a white porous foam, which could be stored at —80 °C for
further use.

2.2. Microfluidic production of FGF19-loaded microspheres

m Bii magnetic resonance spectroscopy (NMR): The degree of
methacrylation was calculated as the ratio of the number of reacted
methacrylamide groups to the number of amine groups. 30 mg GelMA
was fully dissolved in deuteroxide. Using magnetic resonance spectros-
copy (NMR) (Varian Inova 500), these values were obtained by inte-
grating peaks at 5.4 and 5.7 ppm, which corresponded to
methacrylamide groups. (II) Fabrication of FGF19-loaded microspheres:
In order to prepare the FGF19 solution, 50 pg FGF19 was supplemented
into the 5 wt% GelMA solution containing 0.5 wt% photo-initiator,
which served as the dispersed phase. Isopropyl myristate oil served as
the continuous phase. These two phases were injected into different
microchannels and the dispersed phase formed monodisperse droplets.
The flow rates of the water phase and the oil phase were adjusted to
obtain droplets of sizes <200 pm. The collected microdroplets were
photopolymerized into microspheres upon exposure to UV irradiation
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Fig. 1. Schematic illustration of the synthetic process of ADSC/FGF19@puspheres and ischemic limb restoration. Uniform droplets of GelMA hydrogel with
FGF19 were first prepared with the assistant of microfluidic technology, followed by rapid light crosslinking and freeze-drying to obtain FGF19-loaded porous

microspheres. ADSCs were then loaded into the microspheres by absorption

to construct the ADSC/FGF19@usphere. The resultant ADSC/FGF19@psphere was

injected into the ischemic hindlimb, wherein it realized highly efficient ADSCs delivery and sustained release of FGF19 to facilitate the simultaneous neo-

vascularization and skeletal muscle restoration.

(365 nm, 3 min). The FGF19-loaded microspheres were thoroughly
extracted in cleansing water, and then purified in PBS. We used micro-
scope images and Image J software to determine the size of the resultant
FGF19-loaded microspheres.

2.3. Physical characterization of FGF19-loaded GelMA microspheres

(I) Surface morphology: To exam the surface morphology of the
microspheres, scanning electron microscopy (SEM) (S-4800; Hitachi,
Kyoto, Japan) was used. (II) FGF19 release: The in vitro release profile of
FGF19 from GelMA microspheres was investigated for a 7-day period.
500 pL microspheres were placed in tubes containing 500 pL PBS at
37 °C. At predetermined time points, the storage solution was removed
for fluorescence test and replaced with 500 pL PBS. The concentration of
FGF19 released from microspheres was determined using an FGF19
ELISA Kit (R&D systems, Minnesota, USA) according to the manufac-
turer’s protocol. Briefly, 50 pL of the obtained storage solution was

added into a 96-well FGF19 microplate that previously coated with
monoclonal antibody. After three washes with the buffer in the kit, 200
pL of FGF19 conjugate was added into each sample followed by 2 h
incubation. The samples were washed again and 200 pL of FGF19 sub-
strate was added into each well before incubating in the dark at room
temperature for 30 min 50 pL of stop solution was then added into each
well and the optical density was determined using a microplate reader at
485 nm wavelength. The amount of cytokine released at different time
points and the cumulative percentage of released FGF19 relative to the
total amount in each sample were then converted. (III) Swell capability:
The 10 mg freeze-drying microspheres were placed in a 1.5 mL EP tube,
dispersed in 1 mL PBS and left undisturbed for 3 h. To observe the
swelling, 500 pL of the microsphere solution was observed under a light
microscope. After wiping off the moisture of the microspheres, the
weights of microspheres were measured and calculated. (IV) Degrada-
tion: To mimic the physiology environment, 10 mg freeze-drying mi-
crospheres were incubated at 37 °C with 500 pL of PBS containing 2 U
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mL —1 of collagenase type II in 1.5-mL tubes for 7 days. Collagenase-
containing PBS was replaced every day to ensure constant enzymatic
activity. At the pre-determined time points, the PBS was removed from
tubes and the samples were washed twice with sterile deionized water.
Then, the deionized water was removed and the microspheres were
freeze-dried for 24 h for residual weight measurement. The following
equation was used to calculate percentage degradation: D% = %W;OW‘ X

100%. (V) Stiffness: The stiffness measurements on microspheres were
performed by the atomic force microscopy (AFM) assay. AFM assay:
Force measurements on the microspheres were performed using AFM-
assisted nanoindentation as previously described [32]. The AFM
(Bruker Dimension® FastScan™) was used for measurements. A tipless
silicon nitride cantilever (NSG-10) was located and positioned over the
center of the microspheres. The probe velocity was 200 nm/s. The
morphology of the microspheres was measured in PeakForce Tapping
mode, and the force-displacement curves were recorded. All tests were
performed at 25 °C and 40% relative humidity.

2.4. Biocompatibility of the microspheres

(D) Cell culture: Murine adipose-derived stem cells (ADSCs) and
mouse myoblasts (C2C12) were purchased from Cyagen Biotechnology
Co., Ltd (Suzhou, China). The cells were cultured in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) at 37 °C in a humidified incubator containing 5% COs. The me-
dium was replaced every 2 days, and the cells of passages 3 to 4 were
harvested for subsequent experiments. (II) Loading of ADSCs into mi-
crospheres: Before loading the cells, the microsphere scaffolds were
immersed in 75% alcohol until the alcohol was completely volatilized
and irradiated under UV light for 12 h for sterilization. Then, 200 pL of
ADSCs suspension (5 x 10%/mL) was mixed with 10 mg of microspheres
and the mixture was transferred to ultra-low attachment plates (Corn-
ing, NY, USA). The ADSCs and the microsphere scaffold were co-
incubated at 37 °C for 8 h to allow cell attachment to the microsphere
scaffold. (III) Cell adhesion: To observe cell adhesion on microspheres,
staining of F-actin and cell nuclei was performed using phalloidin
(Beyotime, Shanghai, Chin) and DAPI (Sigma), respectively. Staining
was conducted according to the manufacturer’s instructions. Briefly,
after washing by PBS, the samples were fixed by 4% paraformaldehyde
for 40 min, permeabilized by 0.1% Triton X-100 for 30 min, and blocked
by 1% BSA for 40 min. Samples were incubated in phalloidin solution for
40 min, and then in DAPI solution for 5 min at 37 °C. The positively
labelled cells were detected using a fluorescence microscope. (IV) Cell
survival and proliferation: After the ADSCs had co-incubated with the
microsphere scaffold for the stipulated time, the microspheres were
stained with the Calcein-AM/Propidium iodide. (V) Live/Dead cell
Double Staining Kit (Abnova Diagnostics, Dongguan, China), following
the protocols provided by the manufacturer to determine the ADSCs
survival on the microsphere scaffold. The morphology and cell distri-
bution of the microspheres were observed under a fluorescence micro-
scope. Considering further cell proliferation on the microsphere scaffold,
the ADSCs viability was detected by the Cell Counting Kit-8 (CCK-8)
assay (Beyotime, Shanghai, China). To show that the microsphere did
not limit the proliferation of ADSCs, ADSCs or ADSCs-laden micro-
spheres were cultured in new plates for 1, 2, 3, 5, and 7, separately. After
incubation with CCK-8 Detection Kit for 2 h, drawing 100 pL of culture
medium (containing 10% CCK-8 solution) from each group to a new 96-
well plate. The absorbances were detected at a wavelength of 450 nm
with a microplate reader.

2.5. Angiogenic and migration activity of ADSCs on microspheres

Six groups of ADSCs with different densities (low density: 1 x 10°
cells, medium density: 5 x 10° cells, and high density: 1 x 10° cells)
were attached to 10 mg blank microspheres and FGF19-loading
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microspheres, respectively. The following steps were implemented. (I)
Quantitative real-time PCR (qRT-PCR): After the cell attachment, total
RNA was extracted from all of the samples using Total RNA Isolation
Reagent (Trizol; Invitrogen Life Technologies Inc., Carlsbad, CA, USA)
according to the manufacturer’s protocol. Using HiScript Reverse
Transcriptase (Vazyme Biotech Co. Ltd., Nanjing, China) to synthesize
cDNAs. RT-PCR was performed on an ABI7900 RT-PCR system (Applied
Biosystems; Foster City, CA, USA) by using SYBR Green (Vazyme Biotech
Co. Ltd., Nanjing, China) following the instructions provided by the
manufacturer. Relative mRNA expressions were normalized against
B-actin, and relative gene expressions were determined using 2742, (I)
Western blot analysis: Cells were harvested in RIPA lysis buffer (Beyo-
time, Haimen, China) following the manufacturer’s protocol. A BCA
Protein Assay kit (ThermoFisher Scientific, Waltham, MA, USA) was
used to quantify the protein content. Proteins were separated on 10%
SDS-PAGE gel, and transferred to PVDF membranes (Millipore Corp.,
Burlington, MA, USA). The membranes were incubated with antibodies
to collagen I (1:1000; Servise), collagen IV (1:1000; Abcam), laminin
(1:1000; Abcam), fibronection (1:1000; Abcam), HGF (1:1000; Affinity),
VEGF (1:1000; Abcam), bFGF (1:1000; Affinity) and f-actin (1:2000;
Abcam). Signals were detected using an enhanced chemiluminescent
reagent (Pierce, Rockford, IL, USA). (III) Scratch wound healing assay:
Control (1 x 10° ADCSs only) and 1 x 10° ADSCs attached to the
microsphere scaffold were seeded in 6-well plates (Costar, 3596),
respectively. After incubation with DMEM until the ADSCs on the
microsphere adhered to the plate, the residual microspheres were
washed off by DMEM, a sterile pipette tip was used to inflict a 0.8 mm
linear scratch wound in the center of the cell monolayer. The wounds
were monitored under the phase contrast microscope, and measure-
ments of the scratch width were calculated using ImageJ v. 1.50 (Na-
tional Institutes of Health, Bethesda, MD, USA). (IV) Transwell assay: To
investigate whether the migration efficiency of ADSCs was affected by
the microspheres, an 8 pm transwell plate (Corning, 3422) was used. The
ADSCs harvested from a conventional plate and microsphere were
seeded in the upper chamber, and DMEM medium was added into the
lower chamber, respectively. After 12 h of incubation at 37 °C, ADSCs
were stained with 0.5% crystal violet solution, and the cell intensity was
measured.

2.6. Effects of FGF19-loaded microspheres on myoblasts

(I) Cell culture: The mouse myoblast (C2C12 cell line) was purchased
from Cyagen Biotechnology Co., Ltd (Suzhou, China). The cells were
cultured in DMEM (High Glucose) (Gibco, Life Technologies, Grand Is-
land, NY, USA) supplemented with 10% FBS (Gibco) and 1% P/S (Pall
Corporation) at 37 °C in a humidified incubator containing 5% CO2. The
medium was replaced every 2 days, and the cells of passages 3 to 4 were
harvested for subsequent experiments. (II) gRT-PCR: To explore whether
FGF19-loaded microspheres could promote the myogenic RNA content
of myoblasts, 3 typical myogenic genes (Pax7, MyoD, and Myf5) in
C2C12 cells co-cultured with FGF19-loaded microspheres for 3 or 5 days
were detected. Total RNA was extracted from all of the samples using
Trizol (Invitrogen Life Technologies Inc., USA), according to the man-
ufacturer’s protocol. Using HiScript Reverse Transcriptase (Vazyme
Biotech Co. Ltd.) to synthesize cDNAs, qRT-PCR was performed on the
ABI7900 RT-PCR system (Applied Biosystems, Foster City, CA, USA)
using SYBR Green (Vazyme Biotech Co. Ltd.), following the instructions
provided by manufacturer. Relative mRNA expressions were normalized
against p-actin, and relative gene expressions were determined using
2~AACt (111) Western blot analysis: For the above C2C12 cells, total
proteins were collected. Cells were harvested in RIPA lysis buffer
(Beyotime, Haimen, China) following the manufacturer’s protocol. A
BCA Protein Assay kit was used to quantify the protein content. Proteins
were separated on 10% SDS-PAGE gel, and transferred to PVDF mem-
branes (Millipore Corporation, MA, USA). The membranes were incu-
bated with antibodies to Pax7 (1:1000; Abcam), MyoD (1:1000;
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Affinity), Myf5 (1:1000; Abcam) and p-actin (1:2000; Abcam). Signals
were detected using an enhanced chemiluminescent reagent (Pierce,
Rockford, IL, USA). (IV) Transwell assay: To investigate whether FGF19-
loaded microspheres could promote the migration function of myoblasts
in vitro, an 8 pm transwell plate (Corning, 3422) was utilized. Briefly,
10° C2C12 cells were seeded in the upper chamber. Then, FGF19-loaded
microspheres and blank microspheres were added to the medium and
maintained for 3 or 5 days. After that, the cells were collected, and the
cell intensity was measured. (V) Phosphorylation of ERK1/2 and ribo-
somal protein S6 kinase (S6K1): To investigate the mechanism by which
FGF19 promotes myoblast function, the primary rabbit anti-S6K1
(1:1000; Abcam), anti-phosphorylated S6K1 (p-S6K1) (1:1000; Cst),
anti-ERK (1:1000; Affinity), anti-phosphorylated ERK (p-ERK) (1:1000;
Affinity) and mouse anti-B-actin (1:2000; Abcam) were used in the test.
Briefly, C2C12 cells were co-cultured with FGF19-loaded microspheres
or blank microspheres for 3 days. Cells were harvested in RIPA lysis
buffer (Beyotime, Haimen, China) following the manufacturer’s proto-
col. A BCA protein assay kit was used to quantify the protein content.
Proteins were separated on 10% SDS-PAGE gel, and transferred to PVDF
membranes (Millipore Corporation, MA, USA). The membranes were
incubated with antibodies to p-S6K1, S6K1, p-ERK and ERK at 4 °C
overnight. Signals were detected using an enhanced chemiluminescent
reagent (Pierce, Rockford, IL, USA).

2.7. Synergistic effect of FGF19 and ADSCs

To mimic the environment in which the fabricated ADSC/
FGF19@psphere system exerts its therapeutic effects of angiogenesis
and myogenesis, we used the transwell assay to investigate the pro-
moting effect of the ADSC/FGF19@ypsphere system on myoblasts and
the activities of ADSCs. (I) Transwell migration assay: To investigate
whether the combined use of ADSCs and FGF19 had a stronger pro-
moting effect on the myogenesis of C2C12 cells compared to the use of
ADSCs or FGF19 alone, an 8 pm transwell plate (Corning, 3422) was
utilized to mimic the microenvironment in vivo. Briefly, 10° C2C12 cells
were seeded in the upper chamber. The lower chamber contained the
following: i) blank control, ii) blank microspheres, iii) FGF19@pspheres,
iv) ADSC@ypspheres, and v) ADSC/FGF19@upspheres. After 24 h to allow
transmigration, the C2C12 cells were collected and stained with 0.5%
crystal violet solution, and the cell intensity was measured. (II) Trans-
well co-culture assay: a 0.4 pm transwell plate was utilized to mimic the
microenvironment in vivo, and i) blank control, ii) blank microspheres,
iii) FGF19@pspheres, iv) ADSC@puspheres, and v) ADSC/
FGF19@pspheres were added to the upper chambers, respectively, and
10° C2C12 cells were seeded in the lower chambers and maintained for 2
days. Then, the C2C12 cells in the lower chamber and the ADSCs in the
upper chambers were collected. (III) Western blot analysis: To analyze
the myogenic activity of the C2C12 cells in the different groups, the
proteins were collected. Briefly, C2C12 cells were harvested in RIPA
lysis buffer (Beyotime, Haimen, China) according to the manufacturer’s
protocol. A BCA protein assay kit was used to quantify the protein
content. And proteins were separated on 10% SDS-PAGE gel, and
transferred to PVDF membranes (Millipore Corporation, MA, USA). The
membranes were incubated with antibodies to MyoD (1:1000; Affinity)
and p-actin (1:2000; Abcam). Signals were detected using an enhanced
chemiluminescent reagent (Pierce, Rockford, IL, USA). (IV) Immuno-
fluorescence staining: The ADSCs in groups iv) and v) were harvested
and immunofluorescently stained with CD31 and MyhC, and examined
under a fluorescence microscope.

2.8. In vivo ischemic limb restoration via ADSC/FGF19@ypsphere

(I) Mice ischemic hindlimb model: The in vivo experiment was
approved by the Animal Ethics Committee of Zhongshan Hospital Fudan
University (Shanghai, China). The mice ischemic hindlimb model was
performed as previously described [33]. Briefly, after the male C57BL/6
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mice (8-10 weeks) mice were anesthetized by inhalation of sevoflurane,
a 1 cm skin incision was made between the inguinal ligament and the
knee joint to expose the femoral artery. The femoral artery was ligated
with a 5-0 silk suture and excised. In the treatment scheme, the mice
ischemic models were divided into 4 groups: (a) blank control (n = 10),
(b) FGF19@psphere (n = 12), (c) ADSC@psphere (n = 12), and (d)
ADSC/FGF19@uysphere (n = 12). The different treatment mixtures were
suspended in PBS, and 100 pl suspensions (density of ADSCs: 5 x
10%/mL) were rapidly injected into 3 different sites of the ischemic
hindlimb using a 24-gauge needle. We used PBS in the blank control
group. (II) Blood perfusion evaluation: Blood perfusion of the hindlimbs
was performed on a Laser Doppler blood flow meter (MoorLDI2-HIR;
Moor Instruments Ltd, Devon, UK). Briefly, with the mice in the supine
position under anesthesia, the doppler blood flow signals were detected
by 180 x 200 pixels from the lower abdomen to the knee joint. Then, 2
rectangle areas (20x 30 pixels) were drawn between the inguinal liga-
ment and the knee joint of the ischemic limb and normal limb respec-
tively, and were selected as the representative regions of interest (ROI)
to calculate the perfusion values. The perfusion ratio between the
ischemic side and the normal side was used as the indicator of the suc-
cessfully induced model (perfusion ratio <0.2) and blood perfusion re-
covery. A Laser Doppler blood flow meter was used on post-operative
days 0, 3, 7, 14, and 21 post-operation. (III) Histological evaluation: At
21 days after surgery, the hindlimb muscles from the ischemic zone were
collected for histological analyses. After being fixed with para-
formaldehyde solution and dehydrated, all of the muscles were
embedded in paraffin and cut into 5 pm sections and the H&E and
Masson’s staining were then performed according to standard protocols
to examine muscle degeneration and fibrosis formation. The patholog-
ical changes were observed under the microscope. (IV) Immunofluo-
rescence staining for angiogenesis and myogenesis quantifications:
Ischemic hindlimb muscles of all of mice in the groups were collected 21
days after the treatment. The tissue sections (10 pm) were immuno-
fluorescently stained with VEGF (Abcam, USA) and MyoD (Abcam, USA)
and examined using a fluorescence microscope. For quantitative anal-
ysis, 5 images were randomly selected from each slide and the immu-
nofluorescence optical density was analyzed using ImageJ software. (V)
Strength of grip: Muscle strength was recorded using a grip-test meter
system (XR501, XinRuan, Shanghai, China). Mice were allowed to hold
on to a metal grid with the ischemic paws and were gently pulled
backwards until the animals could no longer hold the grid. Each mouse
was given four trials, and average values were used to represent the
muscle-grip strength of an individual mouse. Investigator was blinded to
the animal-group treatment. (VI) Skeletal muscle contractility: The
skeletal muscle contractility test was prepared as previously described
[34-36]. Briefly, tibialis anterior muscles were collected from each
group (n = 6), and were mounted vertically between two parallel wire
electrodes. Then, the tendons were attached to the clips and connected
to a force transducer (JZ101, Yilian Medicine, Shanghai, China). The
muscles were kept moist using 37 °C Ringer’s solution. Electricity (250
Hz, 25 V for 1 s) was used to evoke tetanic muscle contraction. The
interval between each contraction was at least 5 min. The differences
between the maximum contraction force and baseline were recorded,
and then normalized to muscle mass. (VII) Tissue inflammation: In the
tissue inflammation scheme, fifteen mice ischemic models were
randomly divided into 5 groups. Three mice were injected with saline at
the ischemic site as controls. The others were injected with blank mi-
crospheres, FGF19@psphere, ADSC@psphere, and ADSC/FGF19@y-
sphere. On day 3, the ischemic hindlimb skeletal muscles and plasma
were collected. After being fixed with paraformaldehyde solution and
dehydrated, all of the muscles were embedded in paraffin and cut into 5
pm sections and the H&E staining was then performed according to
standard protocols to examine tissue inflammation. The levels of in-
flammatory factors (TNF-a, IL-6, and IL-1p) in the plasma were detected
by ELISA Kits followed by the manufacturer’s protocol.
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2.9. Statistical analysis

All quantitative results were obtained from at least triplicate sam-
ples. Data were expressed as mean + standard deviation. One-way
analysis of variance (ANOVA) or the unpaired Student’s t-test were
applied to test the significance of the differences between the groups
using GraphPad Prism 6.0 (GraphPad Software Inc., San Diego, CA,
USA) software. A p < 0.05 was considered a significant difference.

3. Results and discussion

To break the vicious cycle of ischemia-muscle atrophy-ischemia in
ASO-induced lower extremity ischemia, our present work aimed to
realize neovascularization and skeletal muscle restoration through our
ADSC/FGF19@psphere system. This system was designed to achieve
vasculogenesis and myogenesis simultaneously while exerting the syn-
ergistic therapeutic effect of FGF19 and ADSCs, which would have a
grand clinical application in ASO-induced lower extremity ischemia.
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3.1. Microfluidic GelMA microspheres serve as FGF19 and ADSCs
carriers

In order to construct the FGF19-loaded stem cell carriers, we chose
GelMA as our starting material, as GelMA has previously exhibited sig-
nificant cell adhesive properties and drug loading capability previously.
The degree of methacrylation of GelMA was determined by NMR. Based
on the NMR analysis, the GelMA exhibited a high degree of meth-
acrylation, 61% (Supplementary Fig. 1). In the first step, FGF19-loaded
microfluidic GelMA microspheres were fabricated by adopting our
previous protocol with necessary modifications [37]. We added 50 pg
FGF19 into the GelMA solution before entering the microfluidic device
to ensure that it was incorporated into the microspheres. The GelMA
microdroplets with a uniform size of about 180 pm were successfully
obtained under pre-determined fabrication parameters (concentration,
velocity, etc.) (Fig. 2B). The size of the lyophilized microspheres was
177 pm. After immersed in PBS for 24 h, the microspheres showed a
slightly larger size of 179 pm due to a small amount of swelling. The
particle sizes were normally distributed and showed good dispersibility
(Fig. 2J and K). To evaluate the microsphere stiffness, the mechanical
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Fig. 2. Characterization of FGF19-loaded GelMA microsphere. A) Schematic diagram of microfluidic technology to fabricate porous microspheres and loading of
ADSCs. B) Gross view of FGF19-loaded GelMA microspheres. C) SEM images of the freeze-drying FGF19-loaded GelMA microspheres from the overall view. D) Image
of FGF19-loaded GelMA microsphere cultured with ADSCs for 1 h in low attachment plate. E) Gross view of ADSCs growth after adhesion to FGF19-loaded GelMA
microspheres. F) Fluorescence microscopic confocal image of microspheres loaded with ADSCs stained by rhodamine phalloidin. G) Live/Dead assay of ADSCs
loading on FGF19-loaded GelMA microspheres at low magnification. Live cells (green) are labelled with calcein AM and dead cells (red) are labelled with ethidium
homodimer. H&I) Live/Dead assay of ADSCs loading on FGF19-loaded GelMA microspheres at high magnification and brightfield view. J) Particle size distribution of
freeze-drying microspheres. K) Particle size distribution of re-swelled microspheres. L) Microsphere force-displacement curve measured using nanoindentation
assisted by atomic force microscopy. M) The swelling ratio of FGF19-loaded GelMA microspheres. N) The degradation profile of FGF19-loaded GelMA microspheres.
0) Release curves of FGF19 releasing from GelMA microspheres.
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behavior was measured by the atomic force microscopy with a nano-
indentation technique (Fig. 2L). According to their force-displacement
behavior curves, their elastic modulus was calculated using Hertz con-
tact mechanics theory. The elastic moduli of freeze-drying and
re-swelled microspheres were 25.6 kPa and 14.7 kPa, respectively.
Moreover, these microspheres demonstrated a highly porous structure
with pore sizes between 20 and 40 pm after freeze-drying, which pro-
vided an enormous surface area for stem cell loading and adhesion
(Fig. 2C). The GelMA FGF19-microspheres rapidly absorbed a large
amount of liquid as the weight of microspheres increased by 41-fold
after 30 min soaking in aqueous solution (Fig. 2M). The stability of
FGF19-loaded microspheres was then assessed by monitoring their
degradation behavior in aqueous solution. According to the degradation
analysis, the mass loss of FGF19-microspheres increased with time, with
complete degradation obtained by day 7 in 2 U mL™! collagenase so-
lution (Fig. 2N), which suggests that FGF19-microspheres could respond
well to the biological environment. According to the results of the
morphology of the degradation process using SEM, it could be observed
that the microspheres could maintain their basic structure in the early
stage (within 3 days), and the degradation rate was accelerated with the
gradual reduction of the mass (Supplementary Fig. 2). In the follow-up
release experiment, a classical two-stage release curve of FGF19 was
observed: a relatively fast release phase in the first 3 days, followed by a
more sustained second phase. After 7 days, FGF19 achieved a release
rate of over 95% (Fig. 20). It has been reported that FGF19 can improve
muscle loss and achieve muscle protection at an early stage [29,30].
Therefore, the fast release curve of the FGF19-loaded in this microsphere
system may be beneficial to muscle tissue recovery.

Such large liquid absorbance capability, combined with the porous
structure formed during freeze-drying makes the microspheres excellent
carriers for stem cell delivery as the stem cells can be easily absorbed
onto the microspheres from their suspension [32]. The ADSCs and
FGF19-loaded GelMA microspheres were co-cultured in low-attachment
plates so that the microsphere surface served as the only adsorbable
surface for cells (Fig. 2D). Cells in low-attachment plates maintained a
spherical unattached appearance, but the ADSCs expanded into polyg-
onal shapes after attachment to the microsphere surface. Then, the
ADSC-loaded microspheres were transferred onto normal culture plate
to allow ADSC to migrate. ADSCs on the microspheres were observed to
climb out of the microspheres and proliferate approximately to the mi-
crospheres. The migrated cells exhibited similar morphology to standard
cultured ADSCs, suggesting the ADSCs maintained their status on the
microspheres (Fig. 2E). This indicates that the FGF19-loaded GelMA
microspheres did not affect the growth and migration ability of cells.

Using the internal porous structure of GelMA microspheres, drugs
and bioactive factors can be loaded by physical doping, and the purpose
of minimally invasive delivery and the controlled release of drugs can be
achieved at the lesion site [25]. The microspheres have efficient cell
adhesion ability, which is conducive to the carrying of stem cells and
improves the efficiency of therapy [32]. At the same time, microspheres
scaffolds containing cytokines and stem cells can improve the level of
the repair system. In this study, the engineered microspheres were
delivered to the site of the lesion by intramuscular injection, which
reduced the trauma caused by treatment and promoted the efficiency.

3.2. ADSCs maintained excellent proliferative and migration capability in
GelMA microspheres

It was observed that almost all ADSCs automatically attached onto
the microspheres after overnight culture on the ultralow attachment
plates. In the evaluation system of stem cell delivery, cell survival,
proliferation and migration capability are 3 important indicators
popularly used in the biomaterials community. Firstly, we showed that
ADSCs distributed homogenously on the surface of the microspheres and
exhibited well-organized F-actins (Fig. 2F), indicating that GelMA mi-
crospheres provided ADSCs a good surface to adhere. Then, we used
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live-dead staining to characterize the survival of ADSCs on micro-
spheres. Large amounts of living cells were clearly observed on the
surface of the microspheres. No dead cells were detected on the micro-
spheres as dead cells tend to detach from microsphere surface once they
lose their integrity (Fig. 2G-I). Cell survival on the microspheres could
be maintained for at least 21 days (Supplementary Fig. 3), demon-
strating cyto-compatibility of the microspheres. Next, ADSCs were
cultured on the conventional plates and GelMA microspheres, respec-
tively in order to compare cell proliferation rate on different substrates
with the CCK-8 assay. The results showed that ADSCs grown on GelMA
microspheres had similar proliferative activity in the first 3 days
compared to those grown on culture plates. With the extension of the
incubation time (5 and 7 days), the cell viability kept on increasing on
microspheres (Fig. 3A). Due to the large specific surface area of the
microsphere compared to 2-dimensional (2D) plates [25,38,39], it is
rational to speculate that when implanted in vivo, GelMA microspheres
as ADSC carriers may provide sufficient surface area for cell expansion
and survival.

We next used the transwell assay and the scratch wound healing
assay to investigate ADSCs migration ability after grown on micro-
spheres. We observed that both the number of migrated cells and the
closure of the wound showed no statistical significance between the two
groups, respectively. The ADSCs grown on GelMA microspheres had
similar migration ability to those grown on culture plates (Fig. 3B-E),
indicating that ADSCs maintained their functional activity on the mi-
crospheres. The normal migration capability of ADSCs on GelMA mi-
crospheres provided the foundation for regulating homeostasis and
mediating tissue repair.

Taken together, these results demonstrated that the GelMA micro-
sphere was a promising ADSCs carrier, as it exhibited the following
advantages: i) ADSCs could be loaded conveniently without complicated
operations; ii) GelMA microspheres showed high cell loading capacity,
enabling abundant ADSCs density at the lesion; and iii) ADSCs could
maintain functionality and proliferatively activity on the GelMA
microspheres.

3.3. ADSCs exhibited great angiogenesis capability on GelMA
microspheres

We found that ADSCs on GelMA microspheres exhibited good
biocompatibility and high cell-loading capacity. We subsequently
investigated the relationship between ADSCs loading density on GelMA
microspheres and the angiogenic potential of ADSCs, and whether
FGF19-loading microspheres could promote the angiogenic potential of
ADSCs comparing to blank microspheres, as ADSCs largely exert their
therapeutic effects via angiogenic enhancement derived from paracrine
secretion.

Firstly, the expression of major extracellular matrix (ECM) compo-
nents was analyzed after allowing ADSCs to grow on GelMA micro-
spheres and FGF19-loading microspheres at different seeding densities
for an extended culture time. As shown in Fig. 3F, the gene expression of
key ECM components proportionally increased when the cell density on
the blank microspheres increased. The same trend could also be
observed in FGF19-loading microspheres, but the expression levels were
higher. This observation was further confirmed via Western blot. In the
blank microspheres, semi-quantification of protein expression showed
that fibronectin, laminin, and collagen I and IV expression in the high-
density group increased by 3.8, 3.7, 2.6, and 4.2 folds, respectively,
compared to the low-density counterpart (Fig. 3H). Moreover, compared
with blank microspheres, these protein expressions were further
increased by 15%, 16%, 11%, and 28%, respectively, when the high
densities of ADSCs were loaded into the FGF19-loading microspheres,
suggesting that the FGF19-loading microspheres allowed high-density
cell survival, which led to higher production of ECM proteins. Simi-
larly, the secretion of angiogenic factors (e.g., HGF, bFGF, and VEGF)
was also proportional with the density of ADSCs seeded on the
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Fig. 3. Proliferation, migration and angiogenesis performance of ADSCs on GelMA microspheres. A) The proliferation curves of ADSCs seeded on culture plate
and GelMA microspheres. B) ADSCs grown on indicated substrates were subjected to a transwell migration assay and C) the results of statistical evaluation results. D)
ADSCs grown on indicated substrates were used for an in vitro scratching wound healing assay, and E) the results of statistical evaluation results. F) qRT-PCR assay
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microspheres, and the ADSCs on FGF19-loading microspheres could
secret more angiogenic factors than that on blank microspheres (Sup-
plementary Fig. 4).

The premise that ADSCs exert a therapeutic effect resets on their
ability to successfully survive and graft locally after being delivered
[24]. To achieve this, the presence of ECMs is required to establish
strong cell-cell and cell-ECM interactions, shielding cells from me-
chanical insult during injection and forming a functional stem cell niche
[40,41]. We expect the microsphere-assisted ADSCs delivery system
developed here provided a platform that equipped the ADSCs in vitro for
better therapeutic effects thanks to the abundant accumulation of ECMs
(e.g, fibronectin, laminin, and, collagen I and IV) (Fig. 3F-H), which
effectively increased ADSCs retention and engraftment. Moreover, the
paracrine secretions of angiogenic factors, such as HGF, bFGF and VEGF,
also increased correspondingly (Fig. 3F-H), which validated the signif-
icant angiogenesis capability of the ADSCs on the microspheres, and
FGF19-loading microspheres further promoted the angiogenesis capa-
bility of ADSCs. In short, ADSCs exerted their angiogenesis capability on
the FGF19-loading microspheres, and the FGF19-loading microspheres
loaded with a high density of ADSCs showed high cell viability, as they
not only produced abundant ECMs to provide structural support for their
retention and survival but also secreted angiogenic factors to promote
neovascularization. Therefore, the delivery of ADSCs via the
FGF19-loading microspheres as a carrier holds great promise for appli-
cations to lower extremity ischemia re-vascularization.

3.4. FGF19-loaded GelMA microsphere promoted functionality of
myoblasts in vitro

Given that FGF19 possesses a strong myogenic effect, we then
explored how the microsphere behaved as a carrier to achieve the sus-
tained release of FGF19 and maintained its bioactivity in vitro. To verify
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the pro-myogenic effect of FGF19 released from the microspheres,
C2C12 cells (myoblasts) were co-cultured with plain GelMA micro-
spheres and FGF19-loaded GelMA microspheres.

Both MyoD and Myf5 are two important regulators in myogenic
differentiation; Pax7 is an inducer in skeletal muscle development and
remodeling. QqRT-PCR was performed to evaluate the expression levels of
MyoD, Myf5 and Pax7 (Fig. 4A). After 3 days of culture, the genes (MyoD
and Pax7) expression of C2C12 cells on the FGF19-loaded microspheres
were significantly higher than those on the plain microspheres. In
addition, the expression of MyoD, Myf5 and Pax7 on day 5 were further
upregulated and significantly higher in the FGF19-loaded microsphere
group. Correspondingly, the Western blot results also showed that the
expression of MyoD, Myf5 and Pax7 in the FGF19-loaded microsphere
group increased by 364%, 223% and 158% respectively compared to
plain microsphere group on day 5 (Fig. 4B and C). In short, the sustained
release of FGF19 from the microspheres substantially promoted
myogenic markers expression to regulate myogenesis. In addition, the
C2C12 migration assay via transwell inserts showed that the migrated
C2C12 cells were significantly higher in the FGF19 group. On day 5, the
number of migrated C2C12 cells in the FGF19 group were 40% higher
than the control group (Fig. 4D and E), indicating that the FGF19-loaded
GelMA microspheres displayed a great myoblast recruitment capacity.

It has been reported that S6K1, a downstream target of mTOR, reg-
ulates muscle cell growth. ERK1/2 is a well-established target of FGF19
and its downstream targets are also known to regulate mTOR [29,30].
We next detected the phosphorylation levels of S6K1 and ERK1/2 in two
groups of C2C12 cells by Western blot (Fig. 4F). In the FGF19-loaded
microsphere group, we observed a higher level of phosphorylated
S6K1 and ERK1/2, which again validated that the FGF19-loaded mi-
crospheres could effectively promote myoblast growth. Taken together,
these results suggested that FGF19-loaded GelMA microspheres were
able to facilitate myoblasts migration, differentiation and cell growth in

Fig. 4. The effect of FGF19@puspheres on the
migration and myogenesis of C2C12. A) qRT-PCR
assay was used to evaluate the C2C12 cells gene
expression of myogenic factors (Pax7, MyoD and
Myf5) after treatment with or without FGF19 for 3
and 5 days, with p-actin serving as a normalization
control. B) Western blotting was used to assess Pax7,
MyoD, and Myf5 protein expression after treatment
with or without FGF19 for 3 and 5 days. C) Western
blotting data of the levels of Pax7, MyoD, and Myf5 in
different groups. Data are shown relative to B-actin.
D) C2C12 cells in the indicated treatment groups
were subjected to a transwell migration assay, and E)
the statistical evaluation results. F) A representative
Western blot (3 biological replicates run per gel) of
the ERK, p-ERK, S6K1 and p-S6K1 from C2C12 cells
treated or not treated by FGF19. The graph indicates
the signaling proteins stimulated by FGF19. *p <
0.05, **p < 0.01 and ***p < 0.001.
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vitro, underscoring its potential to enhance myogenesis in vivo.

3.5. ADSC/FGF19@uspheres exhibited synergy effects in angiogenesis
and myogenesis

After confirming that GelMA microspheres could be successfully
used for efficient ADSCs delivery, as well as for bioactive FGF19 loading
and sustained release, we next sought to investigate whether the com-
bination of ADSCs and FGF19 (ADSCs + FGF19) with the GelMA
microsphere could realize myogenesis and angiogenesis simultaneously.
More importantly, we intended to assess whether such doubling of ef-
fects would achieve a synergy which could augment the regenerative
outcomes of limb ischemia.

To investigate whether the co-delivery of FGF19 and ADSCs on the
microspheres produced a stronger myogenic effect than the single
treatment, we cultured C2C12 cells with microspheres loaded with
different variants in a transwell migration assay and a transwell co-
culture assay to mimic the ADSC-FGF19-myoblast interaction in vivo
(Fig. 5A). The migrated C2C12 cells recruited by the different treatment
groups in the transwell migration assay were presented in Fig. 5B.
Although only a few migrated cells appeared on the membrane in the
blank control and the plain microsphere groups, C2C12 cells in the
ADSCs + FGF19 group covered large areas of the membrane and dis-
played strong viability and healthy morphology. Quantification of
migrated C2C12 cells suggested that significant enhancement of
recruitment efficacy was demonstrated in the ADSCs + FGF19 group, as
the migrated cells were 15% and 31% higher than the ADSCs group and
FGF19 group, respectively (Fig. 5C). Next, we detected the expression of
MyoD in C2C12 cells harvested from different groups in transwell co-
culture assay. After co-cultured with various microsphere groups for 3
days, the ADSCs + FGF19 group showed the highest myogenic activity,
as the expression of MyoD was significantly upregulated and increased
by over 200% compared to the other cell/protein-loaded groups (Fig. 5D
and E), supporting that ADSCs and FGF19 acted synergistically in
myogenesis in vitro.

As we have mainly focused on the influence of the ADSC-FGF19-
microsphere system on the myogenic differentiation of C2C12 cells,
we have not addressed the question of whether the presence of FGF19 in
the system would affect the lineage determination of ADSC down the
roads, as we speculated that the enhanced expression of angiogenic and
myogenic-related factors of ADSCs in the system may be one of the
mechanisms for the synergy effect. Our preliminary experiments found
that ADSCs treated with FGF19 underwent enhanced differentiation of
both vasculogenic and myogenic lineages (Supplementary Fig. 5).

Hence, we monitored the differentiation-related factors expression of
ADSCs seeded on plain microspheres and FGF19-loaded microspheres by
CD31 and MyhC immunofluorescence staining. The green fluorescent
signal of CD31 was clearly detected in the ADSC/FGF19@psphere
group, while weak fluorescence signals were observed in the ADSCs
loaded GelMA microsphere group (Fig. 5F). Quantitative analysis
showed that the ADSC-FGF19-microsphere microenvironment signifi-
cantly increased the expression of CD31 in ADSCs (10 folds higher than
the plain microsphere group) (Fig. 5H), suggesting ADSCs acquired an
enhanced vasculogenic differential and neovascularization potential.
Similarly, the MyhC, a myogenic differential regulator, signal was more
obvious in ADSC/FGF19@psphere group compared to the weak fluo-
rescence signals in the ADSCs loaded GelMA microsphere group
(Fig. 5G). The expression of MyhC in the ADSC/FGF19@ypsphere group
increased by 6 folds compared to the ADSCs loaded GelMA microsphere
group (Fig. 5H), which revealed that the ADSC-FGF19-microsphere
microenvironment also enhanced the myogenic differential potential
of the ADSCs. We speculate that the synergistic effect of myogenesis
observed in the above experiment may be related to it, and ADSCs may
promote the myogenesis of C2C12 cells via paracrine secretion under the
effect of FGF19. In short, we found that ADSC/FGF19@psphere not only
enabled the ADSCs and FGF19 to act synergistically on myoblasts
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differentiation, but also enhanced the differentiation potential of ADSCs
in both vasculogenic and myogenic directions.

3.6. ADSC/FGF19@uspheres substantially improved blood perfusion and
muscle strength of hindlimb ischemia in vivo

To validate the feasibility of using ADSC/FGF19@uspheres for hin-
dlimb ischemia treatment in vivo, we ligated and clipped the left femoral
artery to establish a mouse hindlimb ischemia model. The ischemic sites
were injected with plain microspheres, FGF19@pspheres, ADSC
@pspheres and ADSC/FGF19@pspheres, respectively (Fig. 6A). The
blood perfusion levels of the ischemic limbs were monitored using a
dynamic non-invasive Laser Doppler blood flow meter at various time
points within the 3-week post-surgical period. On day 0, no significant
blood flow signal was detected in all groups, indicating the successful
establishment of the ischemic model. A similar observation was ob-
tained on day 3. However, a more obvious blood signals appeared in the
ADSC-containing groups while the control and FGF19 groups remained
at low signal levels. On day 21, the FGF19 and control groups had the
least degree of blood perfusion recovery. The perfusion ratio of the
control group only reached 60%, which was due to the host’s endoge-
nous repair mechanism. Blood perfusion in blood perfusion in the
ADSC/FGF19@pspheres group was more continuous and almost
recovered to the level before the ligation (perfusion ratio >90%)
(Fig. 6B).

To determine if the ADSCs/FGF19@uspheres could improve the
muscle functions, the grip strength and the muscle contraction force of
the ischemic hindlimbs were measured by a grip-test meter system
within the 3-week period and ex vivo after tetanic stimulation, respec-
tively. On day 0, a grip strength of less than 20gf was detected in all
mice. Accompanied by the prolonged restoration time, the grip strength
in the ADSC-containing groups increased and reached 30gf on day 21,
while the FGF19 and control groups remained at less than 25gf (Fig. 7A).
The hindlimbs treated with ADSCs/FGF19@pspheres showed 3.9, 3.0,
and 1.2-fold increases in muscle mass-normalized contraction force as
compared to control, FGF19, and ADSCs treatments (Fig. 7B).

In summary, our data suggested ADSC/FGF19@psphere system
effectively ameliorated tissue ischemia and promoted skeletal muscle
functions, as it effectively promoted neovascularization, generated
blood reperfusion, and improved the grip strength and contraction force
of the ischemia hindlimb in vivo.

3.7. Histological evaluation of animal experiment

To evaluate the tissue inflammation after implantation, the mice that
received saline and different microspheres treatments were sacrificed on
day 3. We performed H&E staining to observe the histologic changes and
ELISA to detect the levels of inflammatory factors. Except for a slight
increase in IL-6 in mice treated with FGF19@psphere, no severe in-
flammatory response was observed after microspheres transplantation
(Supplementary Fig. 6). To evaluate the regenerative therapeutic per-
formance of the ADSC/FGF19@psphere system in vivo, mice that
received different microspheres treatments were sacrificed at day 21,
and the skeletal muscles of the ischemic hind limbs were harvested.
Firstly, we performed H&E staining to observe the myofibrils restoration
after treatment (Fig. 8A). The H&E staining results showed the extensive
necrotic and atrophic myofibers (red squares) in the ischemic regions in
the control and FGF19 groups. On the contrary, treatment with the
ADSC@pspheres and ADSC/FGF19@pspheres achieved successful
maintenance of the large muscle fibrils. Notably, more myoblasts (black
arrows) were observed in the ADSC/FGF19@ypspheres group, suggesting
that the ADSC/FGF19@pspheres substantially mobilized the myogenic
activity and maintained muscle function after ischemia. Masson’s tri-
chrome staining (Fig. 8A) showed a large area of fibrosis in the control
and FGF19 groups (black squares). In contrast, the ischemic limbs
treated with ADSC@pspheres and ADSC/FGF19@pspheres displayed
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Fig. 5. A synergy myogenic perfor-
mance of ADSC/FGF19@pusphere in
vitro. A) Schematic illustration of inves-
tigation of the synergy effect of ADSCs
and FGF19. In migration scheme, C2C12
cells were seeded in the 8 pm upper
chambers and different microspheres
were put in the lower chambers. In co-
culture scheme, the different micro-
spheres were put in the 0.4 pm upper
chambers and C2C12 were seeded in the
lower chambers. B) The migrated C2C12
cells in the migration scheme of different
groups, and C) the results are presented
as the number of the migrated cells.
D&E) In co-culture scheme, western
blotting was used to assess MyoD protein
expression of the C2C12 cells in different
groups, and the data are shown relative
to B-actin. F) Laser scanning confocal
microscopy images of fluorescently
labelled MyhC (green) in ADSCs seeded
on the blank microspheres and
FGF19@pspheres, and G) the results of
relevant statistical analysis. H) Laser
scanning confocal microscopy images of
fluorescently labelled CD31 (green) in
ADSCs seeded on the blank microspheres
and FGF19@pspheres, and I) the results
of relevant statistical analysis. *p < 0.05,
#*p < 0.01 and ***p < 0.001.
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Fig. 6. Dynamic evaluation of blood perfusion recovery in vivo. A) Schematic of the ADSC/FGF19@pspheres treatment. B) Representative photographs of limb
ischemia modeling. C) Injection of microspheres into the ischemic region. D) Blood perfusion ratio curves of the ischemic regions after different treatments. Blood
perfusion ratios were normalized to the average blood perfusion in the ROI region of the normal hindlimb. E) Representative laser Doppler images obtained after
ADSC/FGF19@yspheres and other indicated treatments injection treatments on days 0, 3, 7, and 21, respectively. The white squares indicate the blood perfusion

changes in the ischemic lesions.

minimal fibrosis. Quantitative analysis showed that the fibrotic area in
the control group was 1.6-, 4.3- and 14.4-fold larger than the FGF19,
ADSCs and ADSC + FGF19 groups, respectively (Fig. 8B), indicating the
ADSC/FGF19@upspheres reduced tissue fibrosis, which substantially
prevented irreversible scarring and even loss of muscle function in the
ischemic limb.

In order to further verify the in vivo activation of the myogenic
molecules during the skeletal muscle restoration process after the ADSC/
FGF19@ypspheres implantation, immunofluorescence staining on MyoD
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was conducted in the ischemic regions of the 4 groups (Fig. 8A, C). The
positive expression of MyoD in the 4 groups was indicated by the red
fluorescence signals. It could be observed that MyoD was weakly
expressed in the sham group as a control. The expression of MyoD in the
other 3 groups was much higher than that in the control group. The
ADSC + FGF19 group presented with the strongest expression of MyoD
in terms of both areas and density. According to the quantitative analysis
of the integrated optical density, the expression of MyoD in the ADSC +
FGF19 group was 4.9-fold of that in the control group. After ADSC +
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Fig. 8. In vivo treatment of ADSC/FGF19@puspheres generates skeletal muscle restoration and angiogenesis after ischemia (Day 21). A) H&E staining:
Images of H&E staining indicate the myogenic performance of different treatment groups. The red squares highlight the atrophic and damaged myofibrils. The black
arrows indicate the presence of myoblasts. Masson’s trichrome staining: images of Masson’s trichrome staining indicate the anti-fibrosis performance of the different
treatment groups. The black squares represent the collagen deposition. MyoD staining: images of MyoD staining indicate the myogenic activity after different
treatments. VEGF staining: images of VEGF staining indicate the angiogenic activity after different treatments. The white arrows highlight the new vessels. B)
Percentage of the skeletal muscles cross section associated with muscle fibers. C) Quantitative analyses of mean fluorescence intensities of MyoD in different
treatment groups. D) Quantitative analyses of newly regenerated myofibers. E) Quantitative analyses of fibrotic area in Masson’s trichrome staining. F) Quantitative
analyses of mean fluorescence intensities of VEGF in different treatment groups. *p < 0.05, **p < 0.01, and ***p < 0.001. (Control: n = 4; FGF19, ADSC, ADSC +

FGF19: n = 6).

FGF19 treatment, the number of newly regenerated myofibers was 7.9,
6.6, and 1.7-fold higher than that of control, FGF19, and ADSC groups,
respectively. These data further validated the robust skeletal muscle
restoring effect of this system, and the synergy effect of myogenesis was
also observed in vivo. Furthermore, in order to verify the in vivo
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angiogenesis performance in the ischemic tissues of the ADSC/
FGF19@ypsphere system, we used immunofluorescence staining on
VEGF in the ischemic regions of the four groups (Fig. 8A). Red fluores-
cence signal density indicated the expression level of VEGF. We found
that the ADSC + FGF19 group, compared to the control, FGF19 and
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ADSC groups, the in vivo expression of VEGF was more significant. While
the VEGF fluorescence signal was rarely detected in the control group,
the ADSC + FGF19 group showed the strongest fluorescence signal.
According to the quantitative analysis, the expression of VEGF in the
ADSC + FGF19 group increased by 152%, 7%, and 12% compared to the
control, FGF19 and ADSC groups, respectively (Fig. 8D), which
confirmed that ADSC/FGF19@psphere system exhibited significant
angiogenesis properties in the ischemic regions.

Collectively, our in vivo data validated that the ADSC/
FGF19@psphere system simultaneously promoted angiogenesis and
myogenesis, and it outperformed the single treatments. Compared with
ADSCs or FGF19 alone, we found that the ADSC/FGF19@psphere
treatment accelerated the re-perfusion in the ischemic region (Fig. 6B).
Besides, it minimized the fibrotic and atrophic areas, as the fibrotic areas
of ADSCs + FGF19: ADSCs: FGF19 = 1:3.3:9 (Fig. 8B), which reduced
permanent damage to skeletal muscle structure and function. Moreover,
tissues with great myogenic performance showed consistent elevations
in angiogenic performance (MyoD: +4.9-fold and VEGF: +1.5-fold
Fig. 8D), which demonstrated the therapeutic benefit was superior
compared to that of ADSCs and FGF19 alone. The above results sup-
ported ADSC/FGF19@psphere system broke the vicious circle of
ischemia-muscle atrophy-ischemia, and substantially doubled the
regenerative effect of limb ischemia. Inspired by this, we speculated this
strategy could further be applied to different fields and clinics, whereby
functional cells and cytokines could be delivered and act synergistically
to regulate local homeostasis and mediate treatment in situ.

4. Conclusion

In summary, we designed a cytokine-incorporated stem cell delivery
system to restore both blood flow and muscle damage in ischemic limbs.
The system was based on sustained FGF19 release in situ, combined with
the highly efficient delivery of ADSCs via microfluidic assisted micro-
sphere fabrication technique. Our data demonstrated that the sustained
delivery of pro-myogenic FGF19 at the lesion substantially promoted
myoblasts recruitment, myogenic differentiation and myofibril growth.
Meanwhile, the enhancement of the efficiency of ADSCs delivery made
ADSCs produce more ECMs and angiogenic factors, which endowed this
system with significant angiogenic properties. More importantly, FGF19
and ADSCs acted synergistically in this system. Herein, rapid presence of
blood re-perfusion, minimal fibrosis, and a high level of skeletal muscle
restoration in the ischemic regions were achieved after the treatment of
ADSC/FGF19@pspheres. In conclusion, an effective synergistic capa-
bility of myogenesis and angiogenesis in vivo was realized after ADSC/
FGF19@psphere treatment, which enabled further development of
biomaterial-assisted in situ regenerative therapy.
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