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ARTICLE INFO ABSTRACT

Keywords: Stem cell therapies have made great progress in the treatment of diabetic wounds during recent decades, while
Sfeﬂf Cel'l their short in vivo residence, alloimmune reactions, undesired behaviors, and dramatic losses of cell functions
Bio-inspired still hinder the translation of them into clinic. Here, inspired by the natural components of stem cell niches, we
Microfluidics . o . . . . . is

X X presented novel microfluidic hydrogel microcarriers with extracellular matrix (ECM)-like composition and
Microcarrier . . . . . . .
Wound healing adipose-derived stem cells (ADSCs) encapsulation for diabetic wound healing. As the hydrogel was synthesized
Hydrogel by conjugating hyaluronic acid methacryloyl (HAMA) onto the Fibronectin (FN) molecule chain (FN-HAMA), the

laden ADSCs in the microcarriers showed improved bioactivities and pro-regenerative capabilities. Based on
these features, we have demonstrated that these ADSCs microcarriers exhibited significant promotion of neo-
vascularization, follicular rejuvenation, and collagen deposition in a mouse diabetic wound model. These results
indicated that the stem cell niche-inspired FN-HAMA microcarriers with ADSCs encapsulation have great clinical

potential for diabetic wound treatment.

1. Introduction

Diabetic wound is characterized by delayed wound healing and the
persistence of their therapeutic impediments [1-3], which poses an
economic and medical burden worldwide. Long-lasting diabetic wounds
are prone to infection, leading to severe sepsis or septicemia, causing
amputation and even death as adverse outcomes [4-6]. Current strate-
gies like debridement, decompression, and revascularization remain
suboptimal, as evidenced by poor therapeutic effects and high recur-
rence rates [7-9]. As an alternative stratagem, stem cells, especially
adipose-derived stem cells (ADSCs), have gained significant attention
due to their strong differentiation potential and paracrine activities
[10-12]. Thus, the ADSCs therapies show promise to ameliorate diabetic
wound healing [13,14]. Although with many successes, most of these
therapies are through direct ADSCs administration, which usually leads
to alloimmune reactions, undesired behaviors, and dramatic losses of
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cell functions [15,16]. To overcome these limitations, hydrogel encap-
sulation has become an attractive approach [17-20] and diverse
hydrogel scaffolds have been developed for stem cell delivery [21,22].
However, these bulk hydrogel delivery systems are usually suffering
from poor gas permeability and inefficient diffusion of biomolecules due
to their large volume, which commonly induces inferior cell viability
and limited therapeutic efficacy [23-25]. Therefore, new ADSCs carriers
with increased diffusional transport, improved in vivo cell persistence
and fitness are still anticipated [26].

Here, inspired by natural stem cell niches, we proposed novel
microfluidic microcarriers with extracellular matrix (ECM)-like
composition and ADSCs encapsulation for diabetic wound healing. ECM
components within the stem cell niches, such as structural and func-
tional protein, are essential for the modulation of cell characteristics and
maintenance of cell bioactivity [27-29]. As one of the main ECM pro-
tein, fibronectin (FN) have demonstrated its unique effects in
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Fig. 1. Schematic of the fabrication of FN-HAMA microcarriers with ADSCs encapsulation and their application in promoting diabetic wound healing.

modulating mechanotransduction events, which could significantly in-
fluence the behavior (e.g., morphology, adhesion, differentiation) of
stem cells [30-32]. In addition, FN could be tailored to various polymers
for enhancing cell adhension on hydrogel materials [33]. Generally,
droplet microfluidic technology allows for the fabrication of mono-
disperse hydrogel microcarriers with precisely tunable sizes and large
surface area [34-37]. The resultant microcarriers enable the microen-
capsulation of stem cells and supply a much biocompatible environment
for their survival, proliferation, and differentiation [38,39]. Thus, it is
conceivable that the combination of FN-engineered microcarriers and
microfluidics-based cell encapsulation would offer exciting possibilities
for stem cell niches reconstruction and provide an unprecedented
strategy to solve existing difficulties in clinical ADSCs therapies. To our
knowledge, although FN-modified polymers have been broadly engaged
in biomedicine [40-43], research on the treatment of diabetic wound
healing with the stem cell niche-mimicking ADSCs microcarriers has
never been reported.

In this study, by conjugating hyaluronic acid methacryloyl (HAMA)
onto the FN molecule chain (FN-HAMA), we fabricate the desired pho-
tocurable microcarriers with therapeutic ADSCs encapsulation (FN-
HAMA@ADSCs) for the hard-healing diabetic wounds regeneration
(Fig. 1). These microcarriers with mono-dispersity and injectability were
fabricated by using microfluidic emulsification technology. Due to the
incorporation of FN, the hydrogel components of the microcarriers were
imparted with good cell adhesion and cytocompatibility. Thus, an
optimal pre-culture of the engineered ADSCs microcarriers allowed for
improved pro-regenerative capabilities and enhanced biomass produc-
tion, which eventually provided better in vivo outcomes. Importantly, it
was demonstrated that these ADSCs microcarriers exhibited significant
promotion of neovascularization, follicular rejuvenation, and collagen
deposition in a mouse diabetic wound model, suggesting desirable
wound repair. These distinguishing features indicated that the FN-
HAMA microcarriers could bring significant value to stem cell thera-
pies for clinical diabetic wound healing.

2. Methods
2.1. Synthesis and characterization of HAMA
Briefly, hyaluronic acid (Mw:10 kDal.0 MDa, Bloomage Biotech-

nology) (4 g) was dissolved in phosphate-buffered saline (PBS) (Invi-
trogen) (200 mL) at room temperature using a magnetic stirrer. To the
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HA solution, 15 mL of methacrylic anhydride (Sigma) was slowly added
dropwise, stirred vigorously at 0 °C for 24 h, and the pH was conditioned
with 1 M NaOH (Aladdin) solution and maintained between 8 and 9. The
solution was then dialyzed with a 12-14 kDa membrane for one week to
remove unreacted methacrylic anhydride. Finally, the dialysis-
completed HAMA solution was lyophilized.

The extent of methacrylation was determined using 1H NMR (Varian
Inova 500). The characteristic peak of the methacrylamide moiety of
hyaluronic acid was located. The degree of methacrylation was derived
by calculating the ratio of the number of reacted methacrylamide groups
to the number of unreacted amine groups in the hyaluronic acid.

2.2. Synthesis of FN-HAMA

Firstly, HAMA was dissolved in PBS at a concentration of 5% (w/v)
and stirred at room temperature until completely dissolved. To obtain
FN-HAMA with 25%, 50% and 75% grafting ratio, equimolar amounts of
NHS (Sigma) with EDC (Sigma) were added to the solution at 0.25 mM,
0.50 mM and 0.75 mM, respectively, and stirred for 30 min at room
temperature. Next, fibronectin (Med Chem Express) was added at a
concentration of 50 pg/ml and the solution was stirred at room tem-
perature overnight. Finally, the solution was lyophilized and placed at
—80 °C for further use. Then the molecular mass of the FN-HAMA with
different grafting ratios were measured by gel permeation chromatog-
raphy (GPC).

2.3. EN persistence

To examine FN persistence time, composite hydrogels fabricated
through physical mixing and covalent grafting were made into uni-
formly sized blocks and placed in 6-well plates. 5 wt% HAMA solution
with fibronectin (50 pg/ml) was used in the physical mixing group, and
5 wt% FN-HAMA (75% grafting ratio) solution was used in the covalent
grafting group. The solution in the supernatant was collected after 24,
48, 72, and 96 h of incubation in PBS to assess the retention of FN.
Quantification was performed using the bicinchoninic acid colorimetric
assay (MicroBCA Assay Kit, Beyotime Biotechnology). Briefly, standards
and samples mixed with working reagents are loaded into a 96-well
microplate. The microtiter plate was then sealed and incubated for 2 h
at 37 °C. Following incubation, the microtiter plate was allowed to cool
at RT for 20 min, protected from light. Measure the absorbance at 562
nm using a plate reader (BIOTEK).
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2.4. Culture of ADSCs

ADSCs (Catalog #7510, ScienCell) isolated from human adipose
tissue were used in this study. a-Minimal Essential Medium (MEM)
supplemented with 10% FBS, 100 U/mL penicillin G, and 100 mg/mL
streptomycin (Procell) were used for cell culture. The medium was
replaced every 2-3 days. Cells of 4-6 generations were used in the
experiments.

2.5. Cell adhesion in FN-HAMA

5% (w/v) FN-HAMA containing 1% (w/v) HMPP (Sigma) was added
to the disc and cured under UV light and FN-HAMA hydrogel was formed
(5 mm thick, 3 cm length). After being lyophilized, the hydrogel films
were plated in a 6-well plate. GFP-labeled ADSCs were then inoculated
onto the hydrogel films at a density of 4 x 10°/ml. After 48 h, the
hydrogel films were washed with PBS and the adhered cells were
observed by CLSM.

2.6. Fabrication and characterization of FN-HAMA microcarriers

FN-HAMA microcarriers were fabricated through using a micro-
fluidic device consisting of one square glass and two circular capillaries
arranged on a glass slide. The diameters of the inner and outer capil-
laries were 580 pm and 1 mm, respectively. After being tapered with a
micropipette puller (Sutter Instrument), the inner capillarity was pol-
ished to achieve an diameter of approximately 200 pm. These round
capillaries for internal phase input and final emulsion collection were
assembled coaxially in a 1-mm inner diameter square capillary tube (AIT
Glass). All equipment connections are epoxy sealed. Pregel solution
containing 1% HMPP (w/v) and 5% FN-HAMA (w/v) were configured as
the inner phase. Paraffin containing 5% span 80 was configured as the
outer phase. A glass syringe (SGE Analytical Science) was used to inject
each fluid into the microfluidic device through polyethylene tubing
(Scientific Commodities Inc.) and a syringe pump (Harvard PHD 2000
Series) was used for pumping. To obtain a suitable microcapsule size, the
flow rate of the oil phase was kept at 50 pm/min, while the water phase
was regulated from 1 pm/min to 10 pm/min. The flow rate ratio varied
from 0.02 to 0.1 and the diameter of the microspheres varied from 150
pm to 280 pm. The droplets were solidified under UV light (365 nm, 7 w)
for 20 s and collected with paraffin, and the formed FN-HAMA micro-
carriers are washed by centrifugation to remove the excess paraffin. The
inverted microscope (AE2000, Motic) was used to observed the real-
time images of the fabrication process. AOS Imaging Studio V3.4.2
software was used to measure the diameter of FN-HAMA microcarriers.

To further observe the distribution of FN in FN-HAMA microcarriers,
FN-HAMA was prepared with Alexa Fluor 750-labeled FN. The labeling
procedure was performed according to the instructions. Briefly, FN-
HAMA was dissolved PBS (5%, w/v) and Alexa Fluor™ 750 NHS Ester
(0.1%, v/v, Invitrogen) was added. The FN-HAMA solution was stirred
overnight at room temperature. Microcarriers were prepared using
Alexa Fluor 750-labeled FN-HAMA and observed under CLSM.

2.7. Physical characterization of the FN-HAMA microcarriers

In vitro degradation of FN-HAMA microcarriers was evaluated using
enzyme-promoted degradation. 500 pL of the samples were incubated at
37 °C with 500 pL of DPBS containing 20 U/mL of hyaluronidase in 1.5
mL Eppendorf tubes for 16 days. Hyaluronidase-containing DPBS was
replaced every day to ensure constant enzymatic activity. At pre-
determined time points, the DPBS was removed from tubes. Then, the
samples were washed twice with sterile deionized (DI) water, lyophi-
lized, and weighed. Degradation rate (%) = (Wo — Wy)/Wy x 100%.

For swelling characterization, the FN-HAMA microcarriers were
lyophilized to obtain their dry weight (Wd). These samples were sepa-
rately immersed in DI water, and their weights were monitored daily
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until the equilibrium swelling weight (Weq) was obtained. The experi-
ments were performed in triplicate under the same conditions. The
swelling ratio (%) = Weq/Wd x 100%.

2.8. In vitro biological effects of FN-HAMA microcarriers

2.8.1. Encapsulation of the ADSCs

Cell suspensions containing 1% HMPP (w/v), 5% FN-HAMA (w/v),
and 10%/ml ADSCs were configured as the inner phase. Paraffin con-
taining 5% span 80 was configured as the outer phase. The flow rate of
the oil phase was kept at 50 pm/min, and the water phase was kept at 5
pm/min. The solidification and washing steps are the same as in 2.6.

2.8.2. Cell viability

To monitor the viability of cells encapsulated in microcarriers, the
live-dead assay was performed using a commercially available kit
(Beyotime). Briefly, FN-HAMA@ADSCs were cultured for 3, 7, and 14
days and then seeded at a concentration of 100 microcarriers/well on 6-
well plates. The staining working solution was configured with 0.1% (v/
v) Calcein AM and 0.1% (v/v) propidium iodide and was added 1 ml to
each well. After incubation for 30 min at 37 °C, the FN-HAMA@ADSCs
were observed by fluorescence microscopy. HAMA@ADSCs and FN/
HAMA@ADSCs were set as control. Cell viability was quantified by
calculating the proportion of live cell fluorescence intensity using Image
J. Cell proliferation was quantified with live cell fluorescence intensity
normalized to the total cell fluorescence intensity on day 3 of the
HAMA@ADSCs group.

2.8.3. Cell stemness

To assess the effect of FN-HAMA microcarriers on cell stemness
maintenance, flow cytometric assays were performed to test cell surface
markers expression. After two weeks of culture, ADSCs released from the
microcarriers were collected and incubated with the antibodies of
CD105, CD90, CD73, CD45, and CD34. The flow cytometric analysis was
conducted with BD FACSCalibur flow cytometer (BD Biosciences). The
data was analyzed with FlowJo version 10. Cells with CD105, CD90,
CD73 positivity above 95% and CD45, CD34 positivity below 5% were
considered to possess stemness.

2.8.4. Angiogenic potential

To evaluate the pro-angiogenic capacity of the FN-HAMA@ADSCs,
HUVEC cells were used for in vitro tube formation assays. Then 100
pL per well of Matrigel was added to a 48-well plate and incubated at
37 °C for 30 min before seeding the cells. The supernatants of each group
were prepared as follows: For the ADSCs group, the culture supernatants
of 1 x 10° cells with 72 h of monolayer culture were collected. For the
microcarrier groups, microcarriers loaded with 1 x 10° ADSCs were
incubated for 72 h and their culture supernatants were collected by
centrifugation at 100xg for 5 min. Each well was seeded with 2 x 10*
HUVEC cells and cultured with 500 pL supernatants of ADSCs,
HAMA@ADSCs, FN/JHAMA@ADSC and FN-HAMA@ADSCs, respec-
tively. After 24 h, HUVEC cells were labeled with Calcein AM and tube
formation on each well was examined under CLSM. The total tube
length, number of meshes and number of junctions were analyzed by the
ImagelJ.

2.8.5. Gene expression

qPCR assays were performed to examine the expression level of HIF-
1, FGF2, VEGF, and Ang-1 by ADSCs loaded in the microcarriers. We
used SteadyPure Universal RNA Extraction Kit (Accurate Biology) to
extract RNA from HAMA@ADSCs, FN/HAMA@ADSC and FN-
HAMA@ADSCs. The Evo M-MLV RT Kit (Accurate Biology) was used
for reverse transcription to reverse transcribe RNA to cDNA. Gene
expression of HIF-1, FGF2, VEGF, and Ang-1 were determined by
quantification. Real-time polymerase chain reaction analysis (QRT-PCR,
QuantStudio 7 Pro systems, Invitrogen, USA) with gene primers. The
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relative gene expression levels of ADSCs were obtained accordingly by
normalizing the internal control f-actin. Primer sequences are listed
below (F: forward, R: reverse primer). HIF-1 F 5-GAACGTCGAAAA-
GAAAAGTCTCG-3'; HIF-1 R 5-CCTTATCAAGATGCGAACTCACA-3';
FGF2 F 5-AGAAGAGCGACCCTCACATCA-3’; FGF2 R 5'-CGGTTAGCA-
CACACTCCTTTG-3’; VEGF F 5-AGGGCAGAATCATCACGAAGT-3’;
VEGF G 5-AGGGTCTCGATTGGATGGCA-3’; Ang-1 F 5'-
CTGGGCGTTTTGTTGTTGGTC-3’; Ang-1 R 5- GGTTTGGCATCA-
TAGTGCTGG-3’; GAPDH F 5'- GGAGCGAGATCCCTCCAAAAT-3’; R 5'-
GGCTGTTGTCATACTTCTCATGG -3’.

2.8.6. Growth factor secretion

ELISA was performed to verify the secretion of VEGF, HGF, and FGF2
by ADSCs laden in HAMA, FN/HAMA or FN-HAMA microcarriers by
collecting the supernatant of microcarriers cultured for 7 days. ELISA
assays were performed with Human Insulin ELISA Kit (Elabscience)
according to the instructions.

2.9. In vivo evaluation of FN-HAMA microcarriers

2.9.1. Wound healing evaluation

For in vivo experiment, 1 ml of FN/HAMA@ADSCs and 1 ml of FN-
HAMA@ADSCs containing 1 x 10° ADSCs were fabricated and incu-
bated for one week. The unloaded FN-HAMA microcarriers with equal
volume were also prepared. At the same time, 1 x 10® ADSCs were
seeded and cultured for one week. The unloaded FN-HAMA micro-
carriers, FN/JHAMA@ADSCs, FN-HAMA@ADSCs, and ADSCs were
resuspended with 1 mL PBS, respectively. To establish type I diabetic
mice, streptozotocin (100 mg/kg) was injected intraperitoneally into
male Balb/c mice (aged 6-8 weeks, weighed~20 g) after 24 h of fasting.
1 week later, the blood glucose of each mouse was confirmed. To induce
diabetic wounds, the back of each mouse was shaved and two circular
full-thickness skin wounds of 8 mm in diameter were created on both
sides of the spine. After being divided into five groups (three mice per

uv
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Fig. 2. Fabrication and characterization of the FN-
HAMA hydrogel. (a) The synthesis of FN-HAMA pre-
polymer and the fabrication of FN-HAMA hydrogels.
(b) GPC of FN-HAMA with different graft ratios. (c)
Frequency sweep of the FN-HAMA hydrogel with
75% graft ratio. (d) CLSM images (Scale bar: 100 pm)
and SEM images of FN-HAMA hydrogels with
different graft ratios. (e) Release kinetics of FN within
96 h from FN-HAMA and FN/HAMA hydrogels,
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—+—FN-HAMA

seee

respectively. (f) Representative bright-field and fluo-
rescent photographs of adherent GFP-labeled ADSCs
in HAMA, FN/JHAMA, and FN-HAMA hydrogels after
48 h of incubation. Scale bar:100 pm *p < 0.05, **p
< 0.01, ***p < 0.001, ****p < 0.0001, not significant
(ns).
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group), the mice were treated with PBS, ADSCs, FN-HAMA, FN/
HAMA@ADSCs and FN-HAMA@ADSCs. 500 pL of the PBS, cell sus-
pension, and microcarrier suspension were injected around the wound
edges, perspectivity. The wound area was recorded daily. On day 9, the
remaining wound tissue was collected, sectioned, and subjected to
immunofluorescence staining (CD 31) and histological staining (H&E or
Mason staining).

2.9.2. Cell distribution

In addition, to evaluate the cell distribution in vivo, we conducted
cell tracking experiments using the in vivo image system. Firstly, ADSCs
were transduced with a recombinant retroviral vector expressing the
mCherry fluorophore. After that, the mCherry-labeled ADSCs were
loaded into microcarriers as described above. The mice were divided
into three groups (three mice for each group) after modeling and
received the treatment of mCherry-labeled ADSCs, FN/HAMA@
mCherry-labeled ADSCs, and FN-HAMA@ mCherry-labeled ADSCs. Mice
were imaged with the in vivo imaging system (IVIS System, Perki-
nElmer) immediately (0 h) and 72 h after treatment, respectively.

2.9.3. In vivo biocompatibility studies

Major organs were also harvested and subjected to H&E staining to
detect the toxicity of the applied material. All animal experiments were
approved by the Animal Investigation Ethics Committee of Nanjing
Drum Tower Hospital and performed in accordance with ethical
guidelines. The approval number issued by the Laboratory Animal
Welfare Ethics Committee of Drum Tower Hospital was 2020AE01109.

2.10. Statistical analysis

All experiments described above were repeated three times. The
experimental data were presented as mean + standard error of the
mean. Student’s t-test, one-way ANOVA and two-way ANOVA were used
to conduct the statistical analysis with Origin 8. Differences were
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Fig. 3. Fabrication and characterization of FN-HAMA@ADSCs. (a) Microscope image of the FN-HAMA droplets generated in the microfluidic device. (b) Bright-field
image of monodisperse FN-HAMA droplets. Scale bar: 100 pm. (c) Particle size distribution of the FN-HAMA microcarriers. (d) SEM images of the whole view (Scale
bar: 50 pm) and the enlarged view (Scale bar: 50 pm) of FN-HAMA microcarriers. (e) CLSM image of Alexa 750 labeled FN-HAMA microcarriers. Scale bar: 50 pm. (f)
Representative fluorescent photographs of ADSCs laden in the FN-HAMA microcarriers on days 3, 7, and 14. Live and dead cells were labeled with Calcein AM and
propidium iodide. Scale bar: 100 pm. (g) Quantification of cell proliferation of laden ADSCs. (h) Quantification of the flow cytometric results. *p < 0.05, **p < 0.01,

**¥%p < 0.001, ****p < 0.0001, not significant (ns).

considered statistically significant at p-values less than 0.05 and statis-
tical differences were considered at *p < 0.05, **p < 0.01, ***p < 0.001,
¥k < 0.0001, not significant (ns), and p > 0.05.

3. Results and discussion
3.1. Synthesis and characterization of FN-HAMA

HAMA was synthesized according to conventional procedures. The
degree of substitution of methacryloyl was detected as 75% by 1H nu-
clear magnetic resonance spectroscopy (1H NMR) (Fig. S1). Then, the
synthetic HAMA was conjugated to FN backbone by N-Hydrox-
ysuccinimide/1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide NHS/
EDC) coupling chemistry, enabling the promotion of cell adhesion and
cytocompatibility of the resultant FN-HAMA hydrogels (Fig. 2a). The
FN-HAMA monomer with different graft ratio (25%, 50%, and 75%)
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were characterized by gel permeation chromatography (GPC) (Fig. 2b).
FN-HAMA hydrogels were then fabricated with a photo-initiator under
UV light (inset picture of Fig. 2c). The formed FN-HAMA hydrogel
showed a storage modulus (G') constantly larger than the loss modulus
(G"), typical behavior of a hydrogel network, ensuring a stable physio-
logical environment for loaded ADSCs (Fig. 2¢). The excellent resistance
to deformation possessed by FN-HAMA can maintain the biological ac-

tivity of encapsulated cells for the treatment of diseases.

To further understand FN-HAMA hydrogels’ porosity and internal

morphology, we observed the vacuum-dried microgels under scanning
electron microscopy (SEM) and confocal laser scanning microscopy
(CLSM). FN-HAMA hydrogels with different graft ratios exhibited highly
uniform porous structures (Fig. 2e). As the graft ratio increased, a denser
network was obtained, which is vital for providing mechanical support
to cell growth. Thus, FN-HAMA hydrogel with a 75% grafting ratio was
chosen for further study.
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Fig. 4. Pro-angiogenesis of FN-HAMA@ADSCs. (a)
Representative fluorescent images of the tubule
network structure of HUVEC after co-culture with
ADSCs and different microcarriers. Scale bars:100
pm. (b, ¢, d) Quantitative assessment of the formed
tubule. (e) Normalized gene expression levels of
encapsulated ADSCs in microcarriers. (f) Levels of
growth factors released from microcarriers as quan-
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As a significant functional protein in the ECM, FN has been consid-
ered a major regulatory component affecting cell adhesion ability and
bioactivity, and stable maintenance is essential for fibronectin to func-
tion effectively [27]. Therefore, we examined the persistence time of FN
in FN-HAMA hydrogels, HAMA hydrogels with physically incorporated
FN (FN/HAMA) were used as control. At 96 h, a 70% release of FN was
observed for FN/JHAMA hydrogels, while FN-HAMA hydrogels with
chemical conjugation only reached a loss of less than 5%, indicating
prolonged and stable retention of functional FN molecules (Fig. 2d).
Next, we detect the regulatory effect of FN-HAMA hydrogels on cell
adhesion. As expected, the FN-HAMA hydrogels showed significantly
promoted cell adhesion compared to HAMA hydrogels without the
addition of FN as well as FN/HAMA hydrogels with the physical blend of
FN (Fig. 2f, S2). This phenomenon should be attributed to the superior
adhesive support of FN on cells, which corroborates previous studies
that highlighted the significant role of fibronectin in modulating cell
regenerative capabilities [27,44].

3.2. Microfluidic fabrication of FN-HAMA microcarriers

Currently, mesenchymal stem cells (MSCs) are attractive in
biomedicine because of their regenerative and immunomodulatory
functions. Here, ADSCs were loaded within FN-HAMA microgels for the
treatment of diabetic wounds. In a typical experiment, stem cell niche-
inspired microcarriers were fabricated by an oil-in-water emulsion
using the microfluidic device shown in Fig. S3. The aqueous phase
consists of 5 wt% FN-HAMA prepolymer, and 1 wt% 2-hydroxy-2-meth-
ylpropiophenone (HMPP) was pumped into the internal capillary, and
the oil phase consists of 5% Span80 in paraffin oil was pumped into the
external capillary. As a result, FN-HAMA droplets were formed when the
aqueous phase was sheared by the oil stream (Fig. 3a). The FN-HAMA
droplets are monodispersed with a controllable diameter varied from
150 pm to 280 pm by tuning the flow velocities of aqueous and oil phases
(Fig. S4). To ensure sufficient encapsulated cells and surface contact
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area, droplets with a diameter of 200 pm were chosen for further studies
(Fig. 3b and c¢).

3.3. Morphology and degradation behavior of FN-HAMA microcarriers

After lyophilization, the FN-HAMA microcarriers showed a spherical
form with a porous structure using SEM analysis, allowing a satisfactory
exchange of water and nutrients (Fig. 3d). In a swollen state, this
interconnected porous architecture was also observed by CLSM using
fluorescently labeled FN-HAMA prepolymers (Fig. 3e). Besides, FN-
HAMA microcarriers displayed sufficient water retention capacity with
a swelling ratio of 1100 wt% after incubation in deionized water, a
prerequisite for the survival of encapsulated cells (Fig. S5). Meanwhile,
the degradation of FN-HAMA microcarriers in a hyaluronidase solution
(20 U/mL) was assessed. A gradual mass decrease was observed with
increasing time and a 53% degradation was obtained by day 16 (Fig. S6),
indicating the cell growth microenvironment provided by FN-HAMA
microcarriers was maintained throughout the wound healing process.
The degradation curve suggested that the hyaluronic acid would even-
tually be degraded, and the released stem cells may remain in the tissue
and continue to play an immunomodulatory role to reduce scar
formation.

3.4. Biocompatibility of FN-HAMA microcarriers

It is well known that the good biocompatibility of microcarriers is the
primary prerequisite to ensuring the activity of the loaded cells. Both
ADSCs cultured with HAMA, FN/JHAMA, and FN-HAMA microcarrier
extracts and released from the microcarriers after 2 weeks exhibited a
typical spindle morphology, suggesting the excellent cytocompatibility
of the microcarriers (Fig. S7). We further encapsulated the ADSCs into
the stem cell niche-inspired FN-HAMA microcarriers (details are in
“Methods™) and demonstrated the cell proliferation and viability. Under
optical microscope (OM) and CLSM observation, ADSCs exhibited
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Fig. 5. In vivo diabetic wound healing evaluation of the FN-HAMA@ADSCs. (a) Schematic description of animal experiments. (b) Representative photos of diabetic
wounds treated with PBS(i), FN-HAMA (ii), ADSCs(iii), FN/HAMA@ADSCs(iv), FN-HAMA@ADSCs(v) on day 0, 3, 6, and 9. Scale bar: 2 mm. (c¢) Wound area tracing
analysis corresponding to photographs shown in Fig. 5b. (d) Representative images of H&E staining of the wound areas on Day 9. Scale bar:100 pm.(e) Statistical

analysis of histological dermal thickness. (f) Statistical evaluation of the number of hair follicles. (g) Quantitative analysis of the wound areas

**¥%p < 0.001, ****p < 0.0001, not significant (ns).

significant proliferation and uniform distribution in the microcarriers,
revealing a biocompatible micro-environment offered by FN-HAMA
microcarriers (Fig. 3f, S8). In contrast, the fluorescence intensity of
live cells in HAMA microgels was consistently lower than both FN/
HAMA and FN-HAMA microcarrier groups during two weeks of culture.
The fluorescent quantitative data were highly consistent with the CLSM
results (Fig. 3g, S9). This favorable pro-proliferative effect should
mainly be ascribed to the stem cell niches mimicking polysaccharide/
peptide components of FN-HAMA microcarriers and the stable
anchoring of FN as demonstrated above. Aside from cell viability, cell
stemness has been demonstrated as another vital factor affecting ther-
apeutic efficiency [45,46]. Cell stemness refers to the self-renewal
ability and differentiation potential of stem cells. When stem cells
were differentiated, their cell stemness and pro-regenerative functions,
such as the secretion of various growth factors, were lost. Indeed, sta-
bilization of cell stemness was indispensable for any stem cell-based ther-
apy. Therefore, flow cytometry was conducted to evaluate the stemness
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of ADSCs in varied microcarriers. After 30 days of co-culture, the surface
protein expression of ADSCs released from microcarriers showed no
statistical difference compared with ADSCs seeded on tissue culture
plate (TCP), demonstrating the cell stemness maintenance ability of
bioinspired FN-HAMA microcarriers (Fig. 3h).

3.5. In vitro proangiogenic effect of FN-HAMA@ADSCs

It is well known that revascularization is a crucial part of the tissue
repair and reconstruction process. A tube formation assay was con-
ducted to investigate whether the ADSCs-loaded microcarriers could
induce angiogenesis and cell migration. Compared with the ADSCs
group, all microcarrier groups exhibited more vital pro-angiogenic
ability (Fig. 4a). Notably, HUVEC co-cultured with FN-HAMA@ADSCs
demonstrated the most robust tube-forming ability with the highest

number of meshes, junctions, and maximum total tube length (Fig. 4b, c,
and 4d).
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Quantitative analysis of the blood vessel density on
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0.0001, not significant (ns).
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To further investigate the intrinsic mechanism of pro-angiogenesis
induced by FN-HAMA@ADSCs, we performed PCR experiments to
detect the relative expression of the genes related to angiogenesis,
including HIF-1, FGF2, VEGF, and Ang-1. Notably, the relative expres-
sion of these genes was considerably up-regulated post encapsulation in
FN-HAMA microcarriers, indicating the signaling modulation function
of the stem niche-like microenvironments (Fig. 4e). ELISA assays were
further performed to measure the supernatant levels of growth factors.
The results showed that FN-HAMA@ADSCs could stably produce and
release the highest levels of VEGF, HGF, and FGF2 compared to ADSCs
and FN/JHAMA@ADSCs (Fig. 4f), contributing to the enhanced pro-
regenerative and angiogenesis function.

3.6. Promoted diabetic wound repaired in vivo by FN-HAMA@ADSCs

As the favorable biocompatibility and angiogenesis promotion abil-
ity of FN-HAMA@ADSCs microcarriers were well established, a mouse
type I diabetic wound model was used in this study to further validate
their therapeutic effects in vivo. As schemed in Fig. 5a, all mice were
induced into hyperglycemic status by intraperitoneal injection of
Streptozocin, followed by the fabrication of 8 mm diameter wounds on
the back bilaterally. Then, these mice were distributed into five groups
and given treatment with PBS, blank FN-HAMA microcarriers, ADSCs,
FN/HAMA@ADSCs, and FN-HAMA@ADSCs, respectively. During the
healing process, the wound area was monitored every 3 days. Generally,
the diabetic trauma was in a chronic inflammatory state with impaired
healing due to microangiopathy and neuropathy. It was evident that the
FN-HAMA@ADSCs group showed a significantly faster regeneration rate
compared to the ADSCs group with direct injection, implying the critical
role of microcarriers as a physical barrier for transplanted stem cells.
Moreover, the FN-HAMA@ADSCs group outperformed the FN/
HAMA@ADSCs group due to their closer stem cell niche-mimicking
environment (Fig. 5b,c,5g), corresponding well with in vitro results.

To evaluate the in vivo cell distribution, we delivered the mCherry-

Hkk ok

skoksk

Groups
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labeled ADSCs to the wounds and tracked them using in vivo image
system. It was shown that the fluorescence signal could be detected in all
the groups, suggesting the existence of ADSCs after 72 h of treatment. In
addition, the FN-HAMA@ADSCs group show the slowest decay of
fluorescence intensity, indicating the enhanced cell engraftment ach-
ieved by FN-HAMA microcarriers (Fig. S10).

The repair of the diabetic wounds was further evaluated by
hematoxylin-eosin (H&E) staining (Fig. 5d, S11). A poor tissue recon-
struction occurred in PBS and microcapsule treated groups, as demon-
strated by the thin skin thickness and the absence of significant hair
follicle rejuvenation. Directly injected ADSCs slightly improved the
healing process with an increase in skin thickness, revealing the po-
tential pro-regenerative capability of ADSCs. In consistency with the
wound area tracing analysis, FN-HAMA@ADSCs treated group showed
considerably enhanced dermal thickness (Fig. 5e) and apparent follic-
ular rejuvenation (Fig. 5f) due the simultaneous presence of ADSCs and
FN anchoring microcarriers, revealing their practical value in facili-
tating tissue reconstruction.

To explore the mechanism of the ameliorated wound healing with
FN-HAMA@ADSCs treatment, we performed Masson staining to eval-
uate the collagen deposition in the wound bed (Fig. 6a and c). Increased
collagen synthesis along with directional alignment was observed in FN-
HAMA@ADSCs treated group, reflecting the improved ECM remodeling,
which is crucial for accelerated wound healing. Notably, although dense
color was observed in the ADSCs group, the college bundles were
sparsely and disorderly distributed, indicating poor tissue reconstruc-
tion. Furthermore, angiogenesis of wound tissue was assessed by
immunofluorescent staining of CD31 (Fig. 6b). It was shown that the
number and density of neovasculature labeled with CD31 were notably
increased in the FN-HAMA@ADSCs treated groups, suggesting the
angiogenesis effects aroused from the abundant growth factor produced
by ADSCs (Fig. 6d). Also, no toxicity from all applied materials was
observed in treated mice (Fig. S12). Taken together, the stem cell niche
mimic FN-HAMA@ADSCs microcapsule could significantly improve
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tissue proliferation and regeneration by enhancing angiogenesis and
collagen deposition, thus accelerating diabetic wound healing.

4. Conclusions

Stem cell niches are specific microenvironments inhabited by stem
cells, and providing a microenvironment similar to the stem cell niche
for transplanted stem cells is expected to enhance cell viability and
promote therapeutic efficacy. FN is one of the functional proteins of
stem cell niches, responsible for regulating cell adhesion and stemness.
In this study, we have developed a natural stem cell niche-inspired
microcarrier based on HAMA-conjugated FN with encapsulation of
therapeutic ADSCs for diabetic wound healing. HAMA hydrogel pos-
essed excellent water retention and biocompatibility, and the chemically
anchored FN in the hydrogel network reproduced the regulatory func-
tions of stem cell niches, therefore improving the cell adhension and
viability and maintaining the cell stemness of ADSCs after preculture. In
addition, the FN-HAMA microcarriers showed extraordinary regulatory
effects on ADSCs to produce multiple growth and paracrine factors (e.g.,
VEGF, HGF, FGF2), therefore facilitating the migration and angiogenesis
of HUVECs. More importantly, an accelerated diabetic wound healing
process with promoted neovascularization, follicular rejuvenation, and
collagen deposition was achieved using the FN-HAMA microcarriers.
Therefore, the stem cell niche-inspired FN-HAMA@ADSCs microcarriers
could offer a new way to deliver stem cells while keeping their stemness.
This could be useful for hard-healing diabetic wound healing and for a
wide range of regenerative medicines.
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