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Cell-Delivering Injectable Hydrogels with Tunable
Microporous Structures Improve Therapeutic Efficacy for

Volumetric Muscle Loss

Hana Yasue, Tetsushi Taguchi, Taka-Aki Asoh, and Akihiro Nishiguchi*

Volumetric muscle loss (VML) is a traumatic or surgical injury to the skeletal
muscles that causes irrecoverable functional loss, leading to chronic deficits
and long-term disability. Although cell transplantation is a potent therapeutic
approach, treating VML remains challenging because of the poor graft
survival of cell suspensions injected into defects. Here, the development of
tunable micropore-forming injectable hydrogels is reported to deliver
mesenchymal stem cells (MSCs) for VML treatment. The molecular
modification of gelatin with hydrogen-bonding functional groups induces
liquid-liquid phase separation when mixed with chemically crosslinkable
gelatin to form injectable hydrogels with tunable microporous structures.
MSCs encapsulated in porous hydrogels show higher cell adhesion,
spreading, proliferation, and secretion of paracrine signals than those
encapsulated in non-porous hydrogels. Porous hydrogels enhance cell
infiltration and myoblast differentiation. Additionally, porous hydrogels
improve the graft survival of transplanted MSCs in VML mouse models and
ameliorate therapeutic efficiency. This controlled microstructure-containing
injectable hydrogel may serve as a cell-delivering scaffold to improve the
efficacy of cell transplantation therapies in regenerative medicine.

loss of muscle mass due to car accidents,
sports injuries, or battlefield injuries hin-
ders the inherent muscle regeneration pro-
cess and does not heal without therapeu-
tic intervention.!>] Such traumatic or sur-
gical loss of skeletal muscles is defined as
volumetric muscle loss (VML), which im-
pairs muscle strength and contractility.[®!
VML causes chronic deficits and long-
term disabilities that affect health, mobil-
ity, and quality of life.’”% The current stan-
dard treatment for VML involves the trans-
fer of muscle flaps and other surgical in-
terventions; however, these methods are
highly invasive and result in undesirable
aesthetic and functional outcomes.[1%12]
To overcome these limitations, regener-
ative medicine has emerged as an at-
tractive option for muscle tissue regen-
eration. Regenerative medicine aims to
heal tissues, both structurally and func-
tionally, by transplanting patient-derived

1. Introduction

Skeletal muscle has a high tissue regenerative capacity after trau-
matic damage.l'l However, severe damage resulting in >15%
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cells. In particular, cell transplantation us-

ing mesenchymal stem cells (MSCs) has

been highlighted because of their growth
factor-secreting  functions,['*)  multipotency™ and im-
munomodulatory abilities.['] Despite the high therapeutic
ability of MSCs and their potential treatment against VML,
injecting a cell suspension into the defects often results
in poor graft survival, which remains a barrier to clinical
translation.!®]

Injectable hydrogels can be used as cell-delivering carriers
to promote the engraftment and therapeutic efficiency of cell
transplantation. Injectable hydrogels are catheter- or syringe-
deliverable biomaterials that form hydrogels through liquid-to-
solid transitions. Injectable hydrogels protect cells from me-
chanical stress during injection and support the transplanted
cells as scaffolds at defect sites.['’] In particular, gelatin-based
injectable hydrogels have been widely used in numerous stud-
ies owing to their biocompatibility, biodegradability, and abil-
ity to support cell functions such as cell growth, differenti-
ation, and tissue regeneration.'®°] Injectable hydrogel-based
cell delivery approaches for muscle tissue regeneration have
also been developed.?*-!l However, injectable hydrogels often
possess densely crosslinked polymer networks without micro-
sized pores, resulting in limited nutrient/gas exchange, prolif-
eration, poor integration with host tissues, and delayed muscle
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Figure 1. Schematic image of the treatment of volumetric muscle loss (VML) using porous hydrogel. Mesenchymal stem cells (MSCs) encapsulated in
porous hydrogels were transplanted into VML defects. Thiol group-modified gelatin (GTH), vinyl sulfone group-modified gelatin (GVS), and UPy-modified
gelatin (GUPy) formed hydrogels, and GUPy was dissolved after transplantation to form interconnected microporous structures. The micropores worked
as a scaffold and promoted the proliferation and secretion of paracrine signals of graft cells and induced the infiltration and differentiation of host cells.

tissue regeneration.!?2-24l Although there are several approaches
for creating porous scaffolds, including electrospinning,2>-7]
freeze-drying,[?#-21 and biofabrication,[*] these are not injectable
and have drawbacks, such as invasiveness for transplantation,
poor operability, and low tissue adhesion. To balance both in-
jectability and porosity, several strategies, including the use of
porogens, 3132 granular gels,**! and peptide nanofibers,** have
been reported; however, these approaches often lack intercon-
nected micropores for cell-cell interactions, mechanical strength
of gels, and tunability of microstructures.

In this study, we developed injectable hydrogels with tunable
microporous structures for stem cell transplantation to treat VML
(Figure 1). The molecular modification of gelatin with hydrogen-
bonding functional groups, 2-ureido-4['H]-pyrimidinone (UPy)
units, induces liquid-liquid phase separation (LLPS) when mixed
with UPy-unmodified, chemically crosslinkable gelatin to form
porous injectable hydrogels with microcapillary network-like
pores.*>3¢] The microstructures in the hydrogels were con-
trolled by LLPS, and the chemical crosslinking and dissolu-
tion of UPy-modified gelatin (GUPy) provided microporous hy-
drogels. Porous hydrogels with controlled internal structures
promote donor cell spreading, proliferation, and secretion of
signaling molecules, which are essential for muscle tissue re-
generation. Moreover, porous structures enhance the cellular
infiltration and differentiation of myoblasts, which may lead
to their rapid integration into host tissues. In VML mouse
models, the porous injectable hydrogels improved graft sur-
vival and therapeutic efficacy against muscle tissue defects.
These findings demonstrate that this injectable hydrogel with
interconnected microporous structures has immense poten-
tial as a cell-delivery carrier for regenerating injured muscle
tissues.
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2. Results and Discussion

2.1. Structural and Mechanical Properties of Hydrogels

Porous hydrogels were engineered in two steps. First, the LLPS
hydrogels were formed by mixing Thiol group-modified gelatin
(GTH), vinyl sulfone group-modified gelatin (GVS), and GUPy.
GUPy induced LLPS formation via hydrogen-bonding-driven
self-association, and GTH and GVS were chemically cross-linked
via Michael addition to form a hydrogel with an LLPS struc-
ture (Figure 2a). Second, GUPy was dissolved after injection
into a physiological environment to obtain microporous struc-
tures. The microstructures inside the hydrogels can be tuned
by controlling the LLPS behavior of gelatin. The introduction
of UPy units into the gelatin was confirmed by '"H NMR spec-
troscopy (Figure S1, Supporting Information). Confocal laser
scanning microscopy (CLSM) observations showed that the hy-
drogel composed of GTH, GVS, and GUPy (porous hydrogel)
had micrometer-sized capillary-like LLPS structures, whereas
there were no microporous structures in the hydrogel com-
posed of GTH, GVS, or phosphate-buffered saline (PBS) (non-
porous hydrogel) (Figure 2b). This result suggests that GUPy
with hydrogen-bonded moieties induces LLPS by functioning
as a self-assembling patch, enabling the fabrication of micro-
porous hydrogels. Furthermore, the internal structure of the
porous hydrogels was analyzed using 3D analysis software. The
3D-reconstructed images showed that the porous hydrogels pos-
sessed interconnected 3D pores within the hydrogels (Figure 2c;
Movie S1, Supporting Information). Rheological measurements
revealed that after mixing the pre-solution of GTH, GVS, and
GUPy, the porous hydrogels turned from liquid to gel within a
few minutes, and the storage modulus (G’) reached a plateau at
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Figure 2. Characterization of LLPS hydrogels. a) Schematic illustration of the preparation of porous hydrogels. Mixing chemically crosslinkable
gelatin with GUPy induced LLPS. LLPS hydrogels formed microporous structures in situ after the injection. b) CLSM images of hydrogels of non-
porous (GTH+GVS) and porous hydrogels (GTH+GVS+GUPy). GTH-fluorescein (green) and GUPy-Cy5 (violet) were used for the visualization.
) 3D-reconstructed internal structures of porous hydrogels. Higher magnification of images was shown on the right. d) Rheological measurement
of non-porous and porous hydrogels. e) Shear storage modulus of hydrogels. The measurements were repeated using different samples (n = 3). f)
Diffusion test of BSA into porous hydrogels. Rhodamine-labeled BSA was added to porous hydrogels of GTH-fluoresceine (green). Data was analyzed by
the two-tailed Student’s t-test. n.s. denotes not significant. Scale bars represent 50 um for (b, c-left) and 20 um for (c-middle, f), and 2 um for (c-right).

~200 Pa after 1 h (Figure 2d). The G’ of non-porous and porous
hydrogels were almost the same (Figure 2e). The swelling ra-
tios of the non-porous and porous hydrogels in PBS were 15.3
and 17.5%, respectively (Figure S2, Supporting Information). Ad-
ditionally, the non-porous and porous hydrogels were degraded
by collagenase within a day, indicating their biodegradability.
(Figure S3, Supporting Information).

To investigate the effect of the internal microporous structures
of the hydrogels on mass transport, protein diffusion was evalu-
ated using rhodamine-labeled bovine serum albumin (BSA) by
CLSM imaging. CLSM observations showed that the porous hy-
drogels promoted BSA diffusion into the voids formed by the dis-
solution of GUPy during incubation (Figure 2f). This result indi-
cates that the interconnected micropores in hydrogels may play
an important role in supplying nutrients and oxygen to encapsu-
lated cells to maintain cellular functions such as survival, which
mimics blood capillary networks.

2.2. Cellular Behavior in Microporous Hydrogels
Three LLPS-induced hydrogels with different pore sizes were pre-

pared to verify the effect of the microporous structure on the
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cell morphology. The pore size was tuned by varying the GUPy
concentration and using various biopolymers such as hyaluronic
acid sodium salt (HA). CLSM observations showed that LLPS was
formed in all three hydrogels, and microsized pores were pro-
duced after incubation in PBS (Figure 3a). Pore size of porous
hydrogels can be tuned in the range of 8-22 um, while no micro-
pores were observed in non-porous hydrogel (Figure 3b). Porous
hydrogels with different micropore sizes were defined as small
micropores (GTH [10 wt.%], GVS [10 wt.%], and GUPy [15 wt.%],
volume ratio 1:1:2), medium micropores (thiol group-modified
GUPy [GUPyTH] [10 wt.%), vinyl sulfone group-modified GUPy
[GUPyVS] [10 wt.%], and HA [2 wt.%], volume ratio 1:1:1), and
large micropores (GTH [10 wt.%], GVS [10 wt.%], and GUPy
[10 wt.%], volume ratio 1:1:2), respectively. Regarding hydrogel
with medium micropores, HA was mixed with GUPyTH and
GUPyVS instead of gelatin to produce uniform microfibrous
structures.?®] The intermolecular interactions between gelatin
and the sequential LLPS behavior can be tailored by the UPy
units; therefore, this method can be used to control the inter-
nal microgeometry of hydrogels. However, the overall porosities
were comparable among the hydrogels because the volume frac-
tion of porogens (GUPy and HA) in each hydrogel was almost
the same (Figure S4, Supporting Information).
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Figure 3. Porous hydrogels enhanced cell adhesion and spreading. a) CLSM images of non-porous and porous hydrogels with small, medium, and
large micropores. GTH-fluorescein, GUPy-Cy5, GUPyTH-Cy5, and HA-fluorescein were used for the visualization. Hydrogels were immersed in PBS for
24 h. b) Pore size of non-porous and porous hydrogels. The 50 points were counted from CLSM images obtained from three replicates. c,d) Low (top)
and high (bottom) magnification of CLSM images of MSCs encapsulated in non-porous and porous hydrogels. GTH-fluorescein (green), GUPyTH-Cy5,
phalloidin (red), and DAPI (blue) were used for the visualization. e) Gross images of MSCs encapsulated in porous hydrogels. Cells were cultured for
2 days. f,g) Cell area and aspect ratio of MSCs in hydrogels (n = 3). h) Proliferation of MSCs encapsulated in non-porous and porous hydrogels (n =
4). i-k) Quantification of VEGF, FGF-2, and HGF secretion from MSCs encapsulated in non-porous and porous hydrogels (n = 4). “p < 0.01, ™
0.0001 analyzed by the one-way (f,k) and the two-way (h) analysis of variance (ANOVA) with Tukey’s multiple comparison post hoc test. “*p < 0.001,
*p < 0.0001 analyzed by Kruskal-Wallis followed by Dunn’s multiple comparison test (b,g,i,j). n.s. denotes not significant. Scale bars represent 50 um
for (a), (c), 20 um for (d), and T mm for (e).
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Mouse MSCs were encapsulated in hydrogels with differ-
ent micropore sizes, and their cellular behavior was observed
using CLSM. To improve the therapeutic efficacy of MSCs
transplantation, the effect of hydrogel pore size on cell func-
tion must be understood. CLSM observations demonstrated that
most of the cells in non-porous hydrogels adhered to the hy-
drogels but were not elongated, whereas hydrogels with LLPS
structures formed micropores during culture without a washing
step, and cells in porous hydrogels showed higher cell spread-
ing (Figure 3c). In addition, observation of the localization of
cells and the gel matrix showed that cells in non-porous hydro-
gels were restricted from spreading by the chemically crosslinked
gelatin scaffolds, whereas cells in porous hydrogels elongated
along the pores formed by the dissolution of GUPy or HA
(Figure 3d). Microporous hydrogels achieve rapid cell spread-
ing in short-term cultures without enzymatic matrix degradation.
Among porous hydrogels, small micropores (8 pm) facilitated
substantial cell spreading throughout the hydrogel (Figure 3e).
To quantify cell morphology, the cell adhesion area and aspect ra-
tio were measured. Hydrogels with smaller micropores exhibited
the largest cell adhesion areas among the non-porous, medium,
and large micropore hydrogels. Cell spreading was not directly
proportional to pore size but peaked at an optimal pore size
(Figure 3f). Moreover, small micropores induced higher cell elon-
gation than non-porous and large micropores (Figure 3g). These
results indicate that the pore size has a significant impact on cell
adhesion, which is in good agreement with a previous report.l>’]

In addition, cell-delivering injectable hydrogels must closely
communicate with encapsulated donor cells and host cells sur-
rounding the defects to improve graft cell survival. To explore the
effect of the microporous structures of the hydrogels on MSCs,
MSCs were encapsulated in each type of hydrogel, and the pro-
liferation and secretion of cytokines were evaluated. The num-
ber of cells in the hydrogel with small micropores showed the
largest increase compared to that in the non-porous and other
porous hydrogels, indicating that small microporous structures
enhanced cell proliferation (Figure 3h). Regarding the paracrine
signaling of growth factors, MSCs are known to produce many
bioactive molecules related to the healing process of injured
skeletal muscles, such as insulin-like growth factor (IGF), trans-
forming growth factor-g (TGF-g), VEGF, FGF-2, and HGF.[>3]
Especially, vascular endothelial growth factor (VEGF), fibroblast
growth factor-2 (FGF-2), and hepatocyte growth factor (HGF) are
crucial for muscle regeneration because of their angiogenic and
proliferative properties.>**#!l The secretion of cytokine, VEGF,
and HGF, from MSCs encapsulated in each hydrogel, was quan-
tified using ELISA (Figure 3i-k). Importantly, FGF-2 from MSCs
increased when cells were cultured in a hydrogel with small mi-
cropores compared to other hydrogels (Figure 3j). Moreover, the
amount of secreted FGF-2 per cell was 25.2 pg mL~!/10* cells in
the small porous hydrogel, which was the highest among the hy-
drogels. This suggests that porous hydrogels with small microp-
ores upregulate the FGF-2 secretory ability of MSCs (Figure S5b,
Supporting Information). In contrast, the amount of VEGF and
HGF secreted per cell in small micropores was comparable to
that in other hydrogels, including non-porous hydrogels, partially
because the hypoxic conditions in non-porous hydrogels may
upregulate VEGF and HGF expression in MSCs (Figure S5a,c,
Supporting Information).[*?l This method of tuning the internal
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structure of hydrogels using LLPS enabled the formation of hy-
drogels with various pore sizes. Hydrogels with small micropores
enhanced cellular adhesion, spreading, proliferation, and secre-
tion of FGF-2. Therefore, porous hydrogels with small microp-
ores were used in subsequent experiments.

2.3. The Effect of Microporous Structures on MSCs and
Myoblasts

To regenerate skeletal muscle tissue, the scaffold must allow cell
infiltration, alignment, and fusion to form a functional muscle
construct.[?2%3] For this reason, it is important to design hydro-
gel environments that support cell infiltration from host tissues
and their differentiation on defect sites. To address the effects of
microporous structures on host cells, mouse myoblasts (C2C12)
were used as a model. C2C12 cells were seeded onto the hydro-
gel and cultured for 4 days to evaluate their infiltration into the
hydrogels. CLSM observations showed that the porous hydrogels
induced faster infiltration of myoblasts than the non-porous hy-
drogels in the cell invasion assay (Figure 4a). This result indi-
cated that the microporous structure facilitated cell infiltration
from the interface with the host tissues, which led to rapid in-
tegration of the hydrogels into the host. Myoblast differentiation
was evaluated by myosin heavy chain (MHC) staining as a marker
of skeletal muscle differentiation and maturation. Myoblasts en-
capsulated in porous hydrogels exhibited intense MHC fluores-
cence and fused to form myotubes, whereas fused cells were not
observed in non-porous hydrogels (Figure 4b). The myotubes cul-
tured in porous hydrogels were significantly longer than those
cultured in non-porous hydrogels and were almost the same as
those cultured in 2D culture. These results suggest that the inter-
connected micropores function as voids for cell infiltration and
enhance the differentiation and fusion of myoblasts toward mus-
cle tissue maturation, thereby contributing to the regeneration of
functional skeletal muscle tissues.

2.4. Graft survival of MSCs in VML Model

Hydrogel biodegradability was evaluated prior to cell transplanta-
tion. Optimal biomaterials should support cell survival and pro-
liferation and exhibit optimum biodegradation rates compatible
with myogenesis. Gelatin is a naturally occurring polymer with
excellent biocompatibility and biodegradability. Gelatin-based
chemically crosslinked hydrogels may possess sufficient me-
chanical strength and a controlled biodegradation rate. To eval-
uate their biodegradability, the hydrogels were subcutaneously
implanted into mice. Histological observations showed that the
porous hydrogels were mostly degraded 28 days after implanta-
tion (Figure S6, Supporting Information). Many cells (e.g., neu-
trophils and macrophages) infiltrated the host tissue into the hy-
drogels through the porous structures, suggesting that porous
structures may promote the integration of hydrogels into the
host.

VML therapy remains a challenge in regenerative medicine
because of the poor graft survival of cell suspensions injected
into the body. To address whether porous hydrogels improve
cell engraftment in VML, MSCs encapsulated in hydrogels
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Figure 4. Effects of microporous structures of hydrogels on the functions of MSCs and myoblasts. a) CLSM images of the infiltration of myoblasts
seeded onto hydrogels. The depth of cells was quantified using 3D-analysis software (n = 3). b) CLSM images of myoblast differentiation cultured on

2D and in hydrogels. Myotube length was quantified using Image| (n = 50)

“¥p < 0.00071 analyzed by the Mann-Whitney U test (a) and Kruskal-Wallis

followed by Dunn’s multiple comparison test (b). n.s. denotes not significant. Scale bars represent 50 um.

were transplanted into a VML mouse model. The VML mouse
model was established by cutting the tibialis anterior (TA) mus-
cles (Figure 5a). Dil-stained MSCs were suspended in PBS,
encapsulated in non-porous or porous hydrogels, and injected
into the defect. One week after transplantation, graft survival was
analyzed using CLSM. Although the fluorescence intensity of
MSCs transplanted with a cell suspension (MSCs alone) or non-
porous hydrogels was unevenly distributed within the defects,
MSCs delivered via the porous hydrogels remained localized at
the injection sites (Figure 5b). The area of MSCs in the porous
hydrogels was significantly larger than that in the cell suspen-
sions (Figure 5c). This result suggests that microporous struc-
tures support cell graft survival by providing an adhesion scaf-
fold for MSCs, whereas densely crosslinked polymer networks in
non-porous hydrogels hinder their integration with host tissues.

2.5. Muscle Tissue Regeneration by MSC Delivery Using Porous
Hydrogels

Despite numerous studies on muscle tissue regeneration using
MSCs, owing to their secretory functions, their therapeutic ef-
ficiency remains a challenge because of poor graft survival.l!®]
To address the therapeutic efficiency of the porous structures,
MSCs were transplanted into the VML defects using hydrogels
(Figure 6a). The weight of the TA muscles 4 weeks after the trans-
plantation of MSCs with porous hydrogels was 1.4 times higher
than that of the defect group, 1.3 times higher than that of non-
porous hydrogels, and comparable to that of the sham group
(without muscle defects) (Figure 6b). From the hematoxylin and
eosin (HE)- and Masson’s trichrome (MT)-stained cross-sectional
images, the TA muscle treated with porous hydrogels showed
1.6 and 1.4 times fold increases in muscle tissue area compared
to the defect groups and non-porous hydrogels, respectively, and
was comparable to that of the sham group (Figure 6¢c—e). Cross-
sectional images stained with MT showed that the reconstructed
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tissues within the porous hydrogels were composed of muscle
fibers, whereas muscle defects treated with cell suspensions or
non-porous hydrogels lacked tissue formation even four weeks
after treatment. Wound healing is a dynamic process that over-
laps in time and space and involves activation of the blood co-
agulation cascade and inflammatory pathways (inflammation),
cell infiltration and angiogenesis (tissue formation), maturation,
and matrix degradation (tissue remodeling).[**! Micropores in in-
jectable hydrogels may serve as an adhesive matrix to induce
cell infiltration and accelerate wound healing. Although several
studies have been conducted on muscle tissue regeneration us-
ing porous scaffolds, muscle tissue regeneration has only been
achieved using cell-delivered injectable hydrogels with LLPS-
induced tunable microporous structures. This method allows for
the creation of interconnected microporous structures and im-
proves the survival of transplanted MSCs and therapeutic efficacy
against VML by enhancing cell-material interactions.

3. Conclusion

In this study, injectable hydrogels with tunable microporous
structures were developed to deliver MSCs for the treatment
of VML. Porous hydrogels with a pore size of ~8 um signifi-
cantly promoted the spreading, proliferation, and cytokine se-
cretion of MSCs. Interconnected micropores with appropriate
pore sizes improve the functions of MSCs by providing an ad-
hesion scaffold and supplying oxygen and nutrients to the en-
capsulated cells. Furthermore, the porous structures supported
cell infiltration and myoblast differentiation, indicating that mi-
cropores may rapidly integrate into host tissues. Notably, porous
hydrogels improved cell engraftment in the VML mouse model,
and MSCs contributed to muscle tissue regeneration. These re-
sults suggest that stem cell transplantation using porous hy-
drogels enables active communication with host tissues post-
transplantation, resulting in an improved therapeutic efficiency
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Figure 5. Graft survival of transplanted MSCs using the mouse VML model. a) Dil-stained MSCs suspended in PBS (MSCs alone) or encapsulated in
non-porous and porous hydrogel were transplanted to TA muscle defects. b) CLSM images of transplanted MSCs (n = 4). MSCs were stained with Dil
before the injection. On day 7 after the transplantation, tissues were collected and observed by CLSM. c) Area of transplanted MSCs (n = 4). “*p < 0.01
analyzed by the one-way ANOVA with Tukey’s multiple comparison post hoc test (c). Scale bars represent T mm (top) and 50 um (bottom) for (b).

for VML. The limitation of this injectable hydrogel is its oper-
ability during injection, as more than two solutions must be
mixed using a spray device. Therefore, the development of single-
syringe-type injectable hydrogels for cell delivery remains chal-
lenging. This injectable hydrogel with a tunable microstructure
could serve as a scaffold to improve the therapeutic efficacy of cell
transplantation.

4. Experimental Section

Materials: The 1,6-diisocyanatohexane, 2,4,6-trinitrobenzenesulfonic
acid sodium salt dihydrate (TNBS), and divinyl sulfone were pur-
chased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan).
Tris (2-carboxyethyl)phosphine  hydrochloride  (TCEP-HCI), collage-
nase, and PBS were purchased from Nacalai Tesque Inc. (Kyoto, Japan).
Porcine skin-derived gelatin, 2-amino-4-hydroxy-6-methylpyrimidine,
y-thiobutyrolactone, 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB), flu-
orescein isothiocyanate (FITC), RPMI1640 medium, and fetal bovine
serum (FBS) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Rhodamine-labeled BSA, penicillin—streptomycin (P/S), trypsin,
rhodamine-labeled phalloidin, anti-MHC antibody, and 4’,6-diamidino-
2-phenylindole (DAPI) were purchased from Thermo Fisher Scientific
(Waltham, MA, USA). N-hydroxysuccinimide (NHS)-tethered Cy5 was pur-
chased from Lumiprobe (Hunt Valley, MD, USA). The Mouse Quantikine
ELISA kits for VEGF, FGF-2, and HGF were purchased from R&D Systems
(Minneapolis, MN, USA). Dialysis membranes (molecular weight cutoff
[MWCO] value:12 000-14 000) were purchased from Repligen (MA, USA).
Liberase and DNase | were purchased from Merck (Frankfurt, Germany).
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Dimethyl sulfoxide (DMSO) was purchased from Fujifilm Wako (Osaka,
Japan). HA was purchased from Seikagaku Corporation (Tokyo, Japan).
HA-fluorescein was purchased from Creative PEG Works (Durham, NC,
USA). C57BL/6 mouse bone marrow-derived MSC were purchased from
Cyagen (Santa Clara, CA, USA). The MSC growth medium (MesenCult
Expansion Medium) was purchased from Veritas (Tokyo, Japan). The
C2C12 cell was purchased from the European Collection of Authenticated
Cell Cultures.

Synthesis of UPy Units:  The UPy units were synthesized as described
previously.[*’! Briefly, 2-amino-4-hydroxy-6-methylpyrimidine (33.0 mmol,
4.1 g) was dispersed in 1,6-diisocyanatohexane (148.6 mmol, 25.0 g). The
reaction was performed at 100 °C for 16 h with stirring. After the mixture
was cooled to 25 °C, 10 volumes of n-hexane were added to precipitate
the product. The precipitate was collected via filtration and washed three
times with n-hexane. The product was vacuum dried to obtain UPy units
with isocyanate groups.

Synthesis of Gelatin Derivatives: ~ Porcine-skin-derived gelatin was used
to synthesize gelatin derivatives, including gelatin GUPy, GTH, GVS,
GUPyTH, and GUPYVS as previously described.[33-36 Briefly, to synthe-
size GUPy, gelatin (amino group: 311 umol g~! in gelatin) was reacted
with the UPy units (48% equivalent to the amino groups in gelatin) in
DMSO at 6 wt.% at 50 °C under stirring for 24 h. The products were
purified by precipitation with 20 volumes of a cold solvent mixture of
ethanol and ethyl acetate (v/v = 1/1) and washed with ethanol. The prod-
ucts were vacuum dried to obtain GUPy. The number of amino groups
in the gelatin derivatives was measured using TNBS to estimate the de-
gree of substitution (D.S.) of the UPy units, as previously described.[4°]
The synthesis of GUPy was characterized by 'H-nuclear magnetic reso-
nance ('"H NMR, DMSO-dg, ECZ 400S, 400 MHz, JEOL, Tokyo, Japan).
To synthesize GTH and GUPyTH, gelatin and GUPy were reacted with y-
thiobutyrolactone (230 mol% equivalent to the amino groups in gelatin
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Figure 6. Therapeutic efficacy of porous hydrogels against VML models. a) Gross view of TA muscles of the control, sham, MSCs alone, non-porous and
porous hydrogels at 28 days after transplantation. b) Quantification of TA muscle weight after 4 weeks of transplantation (n = 4). ) Low magnification
cross-sectional HE images of TA muscles. d) High magnification cross-sectional images stained with HE (left) and MT (right). e) TA muscle area
estimated from HE images of Figure 6¢c (n = 4). “p < 0.05, “*p < 0.01 analyzed by the one-way ANOVA with Tukey’s multiple comparison post hoc test.
n.s. denotes not significant. Scale bars represent 500 um for (c) and 250 um for (d).

and GUPy) in DMSO at 6 wt.% at 50 °C under stirring for 24 h. After the ad-
dition of TCEP-HCI (1 mmol L™1), the products were purified via precipita-
tion with 20 volumes of a cold solvent mixture of ethanol and ethyl acetate
(v/v = 1/1) and washed with ethanol. The products were vacuum dried
to obtain GTH and GUPyTH. The D.S. of the thiol groups in the gelatin
derivatives was calculated using Ellman’s method.[*’] To synthesize GVS
and GUPYVS, GTH (thiol group: 227 umol g~') and GUPyTH (thiol group:
138 umol g~') were dissolved in ultrapure water (1 wt.%) at 50 °C under
stirring. Divinyl sulfone (191 mol%, equivalent to thiol groups in GTH and
GUPyTH) was added to the solution. The reaction was performed at 50 °C
for 24 h with stirring. After adding TCEP (1 mmol L™) to the solution,
the products were dialyzed in ultrapure water using a dialysis membrane
(molecular cutoff: 10 kDa) for 3 days. GVS and GUPyVS were obtained by
freeze-drying. The D.S. of the vinyl sulfone groups in the gelatin derivatives
was calculated by determining the number of thiol groups in the GVS and
GUPyVS.

Synthesis of GTH-fluorescein, GUPy-Cy5, GUPyTH-Cy5.5, and HA-
fluorescein:  GTH-fluorescein, GUPy-Cy5, GUPy-Cy5, GUPyTH-Cy5.5, and
HA-fluorescein were synthesized as previously described. Briefly, GTH was
dissolved in DMSO to synthesize GTH-fluorescein, and FITC (1 mol%
equivalent to the amino groups in sG) was added to the solution. After
precipitation, washing, and drying in the same manner as for the synthe-
sis of GTH, the products were further dialyzed using a dialysis membrane
(molecular weight cutoff: 10 kDa) for 3 days. After freeze-drying for 3 days,
GTH-fluorescein was obtained. For the synthesis of GUPy-Cy5, gelatin
(3 g) was dissolved in DMSO (60 mL) at 50 °C for 2 h and cooled to room
temperature. After adding NHS-tethered Cy5 (6.3 mg, 8.8 mol) and UPy
units (116 mg, 45%) to the solution, the reaction was continued for 16 h
at room temperature. The products were dialyzed using a dialysis mem-
brane (molecular weight cutoff:10 kDa) for 3 days. After freeze-drying for
3 days, GUPy-Cy5 was obtained. GUPyTH-Cy5.5 was synthesized by react-
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ing GUPy-Cy5.5 with thiobutyrolactone in the same manner as described
above.

Preparation of Hydrogels: To prepare hydrogels with small and large
micropores, GTH (SH groups: 227 umol) and GVS (VS groups: 223 umol)
were dissolved in PBS at 10 wt.% at 50 °C under stirring. GUPy (D.S. of
UPy: 42%) was dissolved in PBS at 10 wt.% for large micropores and 15
wt.% for small micropores at 50 °C under stirring. The pH of each solu-
tion was adjusted to 7.4, 6.0, and 7.4 with 1 mol L=! NaOH. The solu-
tion was maintained at 37 °C until further use. Solutions of GTH (100 pL),
GVS (100 pL), and GUPy (200 uL) were mixed by pipetting up and down
10 times carefully to avoid foaming. The turbid solution was placed on
a substrate and incubated for 10 min at 37 °C to obtain hydrogels with
small and large micropores. To prepare hydrogels with medium microp-
ores, GUPyTH and GUPyVS were dissolved in PBS at 10 wt.% at 50 °C
under stirring. HA was dissolved in PBS at 2 wt.% at 25 °C under stir-
ring. The pH of each solution was maintained at 7.4, 6.0, and 7.4 by using
1mol L=" NaOH, and the solution was kept at 37 °C until use. Solutions of
GUPyTH (100 uL), GUPyVS (100 pL), and HA (100 uL) were mixed in the
same way as the mixing method for hydrogels with small and large micro-
pores. The turbid solution was placed on the substrate and incubated at
37 °C for 30 min to obtain hydrogels with medium micropores. To prepare
non-porous hydrogels, mixed solutions of GTH (100 uL), GVS (100 pL),
and PBS (200 uL) were used.

Confocal Laser Scanning Microscopy (CLSM) Observation: GTH-
fluorescein and GUPy-Cy5 were used to visualize LLPS structures. To visu-
alize the small and large hydrogels, the GTH-fluorescein, GVS, and GUPy-
Cy5 solutions were mixed using a pipette in a 1:1:2 volume ratio and placed
on a coverslip. To visualize the medium-sized hydrogels, GUPyTH-Cy5 and
HA-fluorescein solutions were mixed using a pipette at a 1:1:1 volume ra-
tio. Three hydrogels were prepared for each observation. After incubation
for 10 min at 37 °C, the samples were observed by CLSM (CLSM 900 with
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Airyscan2, Zeiss, Germany). Three CLSM images of each hydrogel type
were used to analyze the pore diameter. For pore diameter analysis, 50
points of each hydrogel type were counted from the CLSM images us-
ing Image]. The overall porosity was quantified by binarizing three CLSM
images using Image] and IMARIS 10.2 software (Oxford Instruments,
UK).

Rheological Measurement: The rheological measurements were per-
formed using a rheometer (MCR301; Anton Paar GmbH, Graz, Austria).
Solutions of GTH, GVS, and PBS, or GUPy, were mixed in a 1:1:2 volume
ratio at 37 °C to prepare and placed on the stage of the rheometer (pre-
warmed to 37 °C) to form GTH+GVS+PBS hydrogels (non-porous hydro-
gels) and GTH+GVS+GUPy hydrogels (porous hydrogels). A jig with a
diameter of 10 mm was placed in the gap of T mm. Time-dependent rhe-
ological properties were measured at 37 °C at a frequency of 10 rad s~'
with a 1% strain in the oscillatory mode.

Swelling Ratio:  The swelling ratio of the hydrogels was measured after
immersion in PBS at 37 °C. A pre-gel solution (100 uL) of non-porous and
porous hydrogels was added to a 2 mL tube. After the gelation at 37 °C
for 1 h, PBS (pH = 7.4) was added to each tube and incubated for 24 h
at 37 °C. After incubation, the gels were collected and weighed (W;). The
swollen gels were desalted by incubation in water for 1h, freeze-dried, and
weighed (W,). The swelling ratio was calculated as follows:

Swelling ratio = (W, — W,;/W,) (1)

where W, and Wy represent the weight of swelled and dried gels, respec-
tively.

Degradation Test: A pre-gel solution (100 pL) of non-porous and
porous hydrogels was added to a 2 mL tube. After gelation at 37 °C for
1h, PBS (1 mL) with or without 1 mg mL™" of collagenase (120 U mL™")
was added and incubated at 37 °C for 1, 4, 8, and 24 h. After the incubation,
the supernatants were discarded, and ultrapure water was added and in-
cubated at 25 °C for 1 h for desalination. The resulting gel was freeze-dried
and weighed.

Diffusion Test: A mixture of GTH-fluorescein, GVS, and GUPy-Cy5 so-
lution (20 pL, volume ratio; 1:1:2) was added to an 8 well chamber slide.
After incubation for 10 min, PBS (0.3 mL) containing rhodamine-labeled
BSA (1 mg mL™") was added to each dish. After 24 h of incubation, the
gels were observed using CLSM.

Encapsulation of Cells in Hydrogel: GTH and GVS were dissolved in
PBS at 10 wt.% at 50 °C under stirring. GUPy was dissolved in PBS 20
wt.% at 50 °C under stirring. The pH was adjusted to 7.4, 6.0, and 7.4,
using 1 mol L' NaOH. Solutions of GTH, GVS, and GUPy were filtered
with a 0.45 pm filter for sterilization. The solution was maintained at 37 °C
until further use. MSCs were cultured in growth medium (MesenCult Ex-
pansion Medium). C2C12 cells were cultured in RPMI supplemented with
10% FBS and 1% P/S. Cultured cells were treated with trypsin and col-
lected as pellets after centrifugation at 2500 rpm for 2 min. After remov-
ing the supernatant, a mixture of GTH, GVS, and GUPy solution (20 pL,
volume ratio: 1:1:2) was added to the pellet of each cell and mixed using
a pipette. The 1 x 10° cells were encapsulated in 20 uL of hydrogels for
MSCs and C2C12 cells. The mixture was then placed on a chamber cover
(10 x 10 mm) and incubated for 30 min at 25 °C for gelation. The medium
(400 uL) was added and cultured for 2 d at 37 °Cin a 5% CO, incubator.

Fluorescence Staining: The cells were then fixed in 4% paraformalde-
hyde for 1 h. After washing with PBS, the cells were permeabilized with
0.2% Triton-X for 30 min. The cells were treated in a blocking solution (1%
BSA/PBS) for 1 h. For actin staining, cells were stained with rhodamine-
labeled phalloidin (1:100) overnight at 4 °C. After washing with PBS three
times, cells were stained with DAPI for 1 h at 25 °C. For MHC staining,
cells were stained with anti-MHC antibody (1:100) for overnight at 4 °C.
After washing with PBS for 24 h, cells were stained with goat anti-mouse
1gG with Alexa488 as a secondary antibody (1:400) overnight at 4 °C. After
washing with PBS for 24 h, cells were stained with DAPI for Th at 25 °C. The
cellular morphology was observed using CLSM, and the area of the cells
was quantified by binarizing three CLSM images using Image) software. To
quantify the aspect ratio of the cells, cell boundaries were manually traced
for each individual cell, and the aspect ratio (major axis to minor axis)
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was quantified using Image] software. Three CLSM images were used for
the analysis, and three randomly selected cells were measured from each
image.

Cell Proliferation Test: MSCs (6 x 10* cells) were encapsulated in non-
porous and porous hydrogels (20 uL) and cultured for 1, 2, and 3 days.
After culturing, the hydrogels were degraded using Liberase (0.1 mgmL™")
for 30 min. The cells were collected by centrifugation at 2500 rpm for 2 min,
and the number of cells was counted using a hemocytometer on days 0,
1,2, and 3.

Quantification of VEGF, FGF-2, and HGF Secretion: MSCs (1 x 10°
cells) were encapsulated in non-porous and porous hydrogels (20 uL) and
cultured for 1 day. Supernatants were collected and used to quantify VEGF,
FGF-2, and HGF secretion by ELISA according to the manufacturer’s
protocol.

Cell Infiltration Test: Non-porous and porous hydrogels (100 uL) were
added into a cell culture insert (24 well, 8 um pore, PET, Corning, USA) to
form hydrogels on the permeable membrane. C2C12 cells (1 x 10* cells)
were suspended in growth medium (RPM11640 with 10% FBS and 1% P/S)
(100 uL) and seeded onto hydrogels. The medium (2 mL) was added to the
insert and the well plate, and the cells were cultured for 4 days. The sam-
ples were fixed with 4% paraformaldehyde and stained with rhodamine-
labeled phalloidin (1:100). Cellular infiltration was observed using CLSM,
and the cell infiltration depth was quantified using IMARIS 10.2 software.

Differentiation Test: C2C12 cells (2 x 10° cells) were encapsulated in
non-porous and porous hydrogel (20 pL) and cultured for 3 days in growth
medium and 7 days in the differentiation medium (DMEM supplemented
with 2% horse serum) at 37 °C and 5% CO,. C2C12 cells were cultured
in a 2D well plate. The samples were stained with an anti-MHC antibody
and observed using CLSM, and the myotube length was quantified using
Image| software.

Biodegradability Test: ~ All the animal experiments were approved by the
Animal Care and Use Committee of the National Institute for Materials Sci-
ence (No.80-2024-01). GTH, GVS, and PBS or GUPy solutions were ster-
ilized by filtration and mixed in a 1:1:2 volume ratio. The pre-gels of non-
porous and porous hydrogel were placed in a silicone mold with 1T mm
thickness, followed by incubation for 1 h at 25 °C for gelation. The gels
formed in the mold were then dissected into 8 mm discs and subcuta-
neously implanted into the mice. Mice (7-week-old male C57BL/6) mice,
Jackson Laboratory, USA) were anesthetized by inhalation of 2% isoflu-
rane. The backs of mice were disinfected with 70% ethanol. The gels were
subcutaneously implanted into the backs of mice. At 0, 3, 7, 14, and 28
days after implantation, the mice were euthanized by exsanguination, and
tissues were collected. The samples were then fixed in 10% formalin buffer
solution for 3 days and sectioned. Images of HE-stained tissues were
scanned using a digital slide scanner (NanoZoomer S210, Hamamatsu
Photonics, Hamamatsu, Japan). Changes in the hydrogel thickness were
quantified using a nanozoomer.

Evaluation of Cell Survival: To prepare the VML models, the TA mus-
cles were injured according to a previous report.[*8] Mice (8-week-old male
BALB/c-nu, The Jackson Laboratory Japan, Inc.) were anesthetized by in-
haling 2% isoflurane. The skin on the lower legs of each mouse was dis-
infected with 70% ethanol and opened using sterilized scissors and fine
forceps. Approximately 20% of the TA muscle was excised from both legs
to create volumetrically defective muscles, each measuring 2 x 5 x 2 mm?.
Before injection, mouse MSCs were stained with Dil, according to the
manufacturer’s protocol. MSCs (2 x 10° cells) were dispersed in 20 L
of PBS or encapsulated in non-porous and porous hydrogels were trans-
planted into the defects using a pipettor. The skin was closed using a 4-
0 suture. The mice were administered intraperitoneally carprofen (5 mg
kg™1) for analgesia and antibiotic amikacin (1 mg kg™'). At day 7 after
transplantation, tissues were collected, and Dil-labeled transplanted cells
were observed by CLSM.

VML Treatment: The VML was created by excising the TA muscle from
both legs of the mice (8-week-old male BALB/c-nu), each with a defect
size of 2 X 5 x 2 mm?. Mouse MSCs (2 x 10° cells) were dispersed in
10 uL of PBS and encapsulated in non-porous hydrogel and porous hy-
drogel were transplanted into the VML defects using a pipettor. Sham and
non-treated (defect) groups were used as positive and negative controls,
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respectively. The skin was closed using 4-0 suture. The mice were adminis-
tered carprofen (5 mg kg™') intraperitoneally for analgesia and antibiotic
amikacin (1 mg kg™"). Each group was sacrificed at 4 weeks to evaluate the
in vivo recovery of muscle tissue. The obtained TA muscles were weighed
and fixed in 10% formalin buffer solution for 3 days, embedded in paraf-
fin, sectioned, and stained with HE and MT. The stained TA muscle was
transversely cut at the midpoint, and the cross-sectional area was defined
as the muscle area. Tissue images were scanned using a digital slide scan-
ner and analyzed using Image| software.

Statistical Analysis:  The results are expressed as mean + SD. ANOVA
preliminary conditions were verified using the Shapiro-Wilk test. Two-
tailed Student’s t-test, one-way ANOVA, or two-way ANOVA followed by
Tukey’s multiple comparison post hoc test were conducted for data that fol-
lowed a normal distribution for differences among the groups. The Mann—
Whitney U test or Kruskal-Wallis test, followed by Dunn’s multiple com-
parison test, was used for non-normally distributed data for differences
among the groups. Experiments were repeated multiple times as inde-
pendent experiments. The data shown in each figure is complete dataset
obtained from independent representative experiments. None of the sam-
ples were excluded from the analysis. Statistical significance is indicated
were performed using GraphPad Prism software (version 8.0; GraphPad
Software).
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