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ABSTRACT: Chronic wounds caused by diabetic or venous diseases remain
a social and healthcare burden. In this work, a new strategy is proposed in

Injecti
which injectable thermosensitive chitosan/collagen/f-glycerophosphate (/- SR
GP) hydrogels were combined with three-dimensional mesenchymal stem Physicll &P Composite
cell (3D MSC) spheroids to accelerate chronic wound healing by enhanced B - Crosslinking v gl
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vascularization and paracrine effects. Chitosan/collagen/f-GP solution mixed : = i
> T P

with 3D MSC spheroids was rapidly transformed to a gel at body temperature
by physical cross-linking, then overlapped the wounds fully and fitted to any
shape of the wound. The results showed that the combination therapy ol
exhibited a markedly therapeutic effect than the hydrogel-loaded two- N
dimensional (2D) MSCs or 2D MSCs alone. The hydrogel could provide an ORI
environment conductive to the attachment and proliferation of encapsulated

MSCs, especially accelerating the proliferation and paracrine factor secretion of 3D MSC spheroids. These results supplied a novel
alternative approach to treat chronic wounds caused by diabetic or venous diseases.
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1. INTRODUCTION

Optimal wound healing is involved in a complex physiological
process in which different types of cells participate and
communicate with each other via diverse chemokines and
cytokines, leading to cell proliferation, the generation of
neovascularization and granulation tissue, and then epidermis
formation.' ™ However, chronic wounds caused by diabetes
become hard to heal due to their compromised wound healing
processes.”* To date, typical treatment for chronic wounds
includes the application of bioengineered artificial skin
substitutes, topical delivery of an antioxidant, anti-inflamma-
tory and antibacterial agents, and topical delivery of
mesenchymal stem cells (MSCs) to speed up wound healing

matrix (ECM) in the dermal tissue and provides intrinsic cell-
binding motifs and nanoarchitecture that assist in cell
adhesion, migration, and proliferation.lS’16 A chitosan-mixed
collagen hydrogel has been demonstrated as an efficient
candidate for stem cell transplantation.”'”'® To enhance the
mechanical properties, f-glycerophosphate (f-GP), an organic
and nontoxic compound, has been used as a physical cross-
linker in chitosan/collagen solution, which can cause a sol—gel
transition at physiological pH and temperature.'®'” Thermo-
sensitive or pH-responsive gels can be applied to personalized/
customized medical treatments and to tune the degradation
time of implantable scaffolds or ingestible electronics.'®
MSCs have been used to treat a wide range of diseases
including lung injury, kidney disease, myocardial infarction,

by decreasing inflammation, promoting angiogenesis, and
decreasing scarring.”*™® New research in wound healing
comes from material science involving innovative material
design. Therapy with the injectable natural biomaterials is
attractive due to their biodegradability, biocompatibility, and
minimally invasive implantation, such as chitosan’~'" and type
1 collagen."”"® However, conventional thermogels usually
suffer from poor physical properties and low cell-binding
affinity, limiting their practical applications.'”'” Materials
fabricated with chitosan have received considerable attention
for pharmaceutical and medical applications due to their
promising properties,”'”'*'* such as antimicrobial activity,
good biocompatibility, biodegradability, and good physical
stability. Collagen is a major component of the extracellular
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peripheral vascular disease, and diabetic wound.”*°~** The
effects of two-dimensional (2D) MSC transplantation or
chitosan hydrogels on wound healing showed good therapeutic
efficacy.”'”** Nevertheless, previous studies revealed that
MSCs from conventional 2D culture condition have lots of
disadvantages, including increased cell size, increased cellular

Received: June 1, 2020
Accepted: August 3, 2020
Published: August 12, 2020

https://dx.doi.org/10.1021/acsomega.0c02580
ACS Omega 2020, 5, 21015-21023


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ming+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shuohai+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ziyue+Su"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zihang+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xinxin+Liang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yingzhu+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.0c02580&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02580?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02580?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02580?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02580?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/5/33?ref=pdf
https://pubs.acs.org/toc/acsodf/5/33?ref=pdf
https://pubs.acs.org/toc/acsodf/5/33?ref=pdf
https://pubs.acs.org/toc/acsodf/5/33?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c02580?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html

ACS Omega

http://pubs.acs.org/journal/acsodf

senescence, decreased pluripotent gene expression such as
Nanog, Sox2, and Oct4, reduced production of paracrine
factors, and reduced capacity of engraftment and homing to
injured tissues.”*”” In comparison with 2D monolayer MSCs,
three-dimensional (3D) MSC spheroids display superior
therapeutic potential in the treatment of various diseases due
to their enhanced capacity of multilineage differentiation,
angiogenesis, anti-inflammatory effects, paracrine effects,
prolonged in vivo retention, and higher expression of
pluripotency markers.”°”>° However, the effects of the
combination of 3D MSCs and natural biomaterials on
wound healing are still not completely clear.

In the present study, we developed a novel therapeutic
strategy based on an injectable chitosan/collagen/f-glycer-
ophosphate hydrogel with a 3D MSC spheroid for improving
MSC engraftment and directing cell function modification to
accelerate wound healing in diabetic mouse models. 3D MSC
aggregates/spheroids were formed at the bottom of the drop in
short-term hanging-drop culture due to gravity. MSC
spheroids were encapsulated by chitosan/collagen/f-GP
solution; the mixtures were injected into the wound bed and
changed from a liquid at room temperature to a gel at body
temperature. Finally, the benefits of thermosensitive injectable
chitosan/collagen/$-GP hydrogels embedded with 3D MSC
spheroids to wound healing were evaluated and compared to
the benefits of monolayer-cultured single cells directly dropped
into the wound bed and of monolayer-cultured single cells
encapsulated in the same carrier. The combination of a
chitosan/collagen/$-GP hydrogel and 3D MSC spheroids on
wound healing was reported for the first time, and the results
indicated that the novel therapeutic strategy would be very
promising in the treatment of chronic wounds caused by
diabetic or venous diseases.

2. RESULTS

2.1. Formation and Characterization of 3D MSC
Spheroids. The hanging-drop culture technique is a well-
established method to establish spheroids from various types of
cells. As shown in Figure la, 3D MSC spheroids were
generated by pipetting a single-cell suspension onto the inner
surface of a Petri dish lid. The cells were aggregated at the
bottom of the droplet by gravity and surface tension, thereby
forming the spheroids. 3D MSC spheroids cultured in such a
way had a controlled cell number and spheroid size. As shown
in Figure 1b,cf, the 3D MSC spheroids showed size
homogeneity during culture. Moreover, 3D MSC spheroids
cultured for 36 and 60 h had no significant difference, with an
average diameter of approximately 100 ym (Figure le). Then,
the viability of the formed 3D MSC spheroids was assessed by
staining with calcein-AM/ethidium homodimer-1 to visualize
living (green) and dead (red) cells (Figure 1d). The result
showed that 3D MSC spheroids exhibited great viability
(>98%) using the presented hanging-drop method.

2.2, Superior Property of a Chitosan/Collagen/§-GP
Hydrogel in the MSC Culture. The preparation of a
chitosan/collagen/B-GP hydrogel was performed as described
previously.17 As shown in Figure 2a, chitosan/collagen/f-GP
solution was liquid at room temperature but transformed to a
solid gel after incubation at 37 °C. This thermal responsive
property makes it easier for the cells to be mixed in the
hydrogel at room temperature and then injected into the
wound sites before gel formation in situ. Then, the

biocompatibility of the chitosan/collagen/f-GP hydrogel was
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Figure 1. Formation of 3D MSC spheroids and cell viability. (a)
Hanging-drop method. Hanging drops, each containing approximately
5000 cells, are deposited and grown under a 10 cm dish lid. (b, c)
Morphology of 3D MSC spheroids with size homogeneity. (d)
Representative live/dead image showing cell viability of a 3D MSC
spheroid. 3D MSC spheroids were stained with calcein-AM/ethidium
homodimer-1 to visualize living (green) and dead (red) cells (d). (e)
MSC spheroid diameters after culture for 36 and 60 h were measured
with a particle analyzer using Image J software (measurement of 200
spheroids each). (f) Size distribution of MSC spheroids cultured for
60 h is shown. Scale bar in (b) was 200 um, scale bars in (c, d) were
S0 pym.

determined in the MSC culture (Figure 2b,c). Minimal
cytotoxicity, increased spreading, and proliferation were seen
in MSC cultures with the chitosan/collagen/$-GP hydrogel.
Most MSC grew well in the chitosan/collagen/f-GP hydrogel
and rare dead cells were observed by live/dead kit staining
assay. 2D monolayer MSC showed enhanced spreading in the
chitosan/collagen/f-GP hydrogel (Figure 2b). 3D MSC
exhibited increased cell numbers, and the cells from the
periphery of 3D spheroids also spread and interacted with the
hydrogel (Figure 2c). The cell proliferation rate was confirmed
by DNA contents quantification, as shown in Figure 2d. The
DNA content increased more evidently in 3D MSC spheroids
than in 2D monolayer MSC when grown in the chitosan/
collagen/p-GP hydrogel.

2.3. Effects of a 3D MSC Spheroid-Encapsulated
Chitosan/Collagen/f-GP Hydrogel on Wound Healing
in db/db Mice. An in vivo study was conducted on db/db
diabetic mice on which two 6 mm full-thickness excisional skin
wounds were created (Figure 3a). Murine excisional wound
splintin§ was performed as described previously to delay the
healing™ and thus to allow a better evaluation of the healing
effects of the novel therapeutic strategy. The wounds were
treated, respectively, by an injection of 2D monolayer MSC
without the hydrogel as a control, a 2D monolayer MSC-
encapsulated chitosan/collagen/f-GP hydrogel and a 3D MSC
spheroid-encapsulated chitosan/collagen/f-GP hydrogel and
the results showed that the 3D MSC spheroid-encapsulated
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Figure 2. Thermosensitive property and cell proliferation in a 3D
MSC spheroid-encapsulated chitosan/collagen/-GP hydrogel. (a)
Representative images of a chitosan/collagen/f-GP hydrogel showing
thermosensitive property. The hydrogel changed from a liquid at
room temperature (RT) to a gel at 37 °C. (b, c) Fluorescence
microscopic images of calcein-AM staining of 2D MSC (b) and 3D
MSC spheroids (c) encapsulated in a chitosan/collagen/fS-GP
hydrogel after 1 week of culture. Representative images are shown.
Scale bar was 200 ym. (d) MSC proliferation in the hydrogel was
determined by DNA content quantification at days 1, 3, 7, and 10.
Experiments were performed in triplicate wells. Data are representa-
tive of three independent experiments (n = 3; *, P < 0.05; **, P <
0.01).

chitosan/collagen/3-GP hydrogel accelerated wound closure
in db/db mice compared with the control group and the 2D
monolayer MSC-encapsulated chitosan/collagen/f-GP hydro-
gel-treated group (Figure 3a). The enhancement appeared at 1
week after implantation and became more evident at week 2.
At week 3, 10 of 14 wounds in 3D MSC spheroid-encapsulated
chitosan/collagen/f-GP hydrogel-treated db/db mice (n = 7)

achieved almost complete wound closure compared with the
control group(n = 6) and the 2D monolayer MSC-
encapsulated chitosan/collagen/B-GP hydrogel-treated group
(n=S5). The areas of wound healing were measured on wound
tissue samples from all tested mice at different time points and
the variation of wound healing percentage was considered
statistically significant among different treatments (p < 0.01).
The results revealed that the total area of the wounds from the
group treated with the 3D MSC spheroid-encapsulated
chitosan/collagen/B-GP hydrogel decreased significantly with
time compared with other two groups (Figure 3b).

The 3D MSC spheroid-encapsulated chitosan/collagen/f-
GP hydrogel appeared to promote re-epithelialization of
wounds in db/db diabetic mice (Figure 4a,b). The histological
examination of wounds in db/db mice at 1 and 2 weeks
revealed that the rates of re-epithelialization increased in 3D
MSC spheroid-encapsulated chitosan/collagen/f-GP hydro-
gel-treated wounds (complete epithelialization in 13 of 14
wounds, n = 7) compared with the control group (complete
epithelialization in S of 12 wounds, n = 6) or the 2D
monolayer MSC-encapsulated chitosan/collagen/f-GP hydro-
gel-treated group (complete epithelialization in 6 of 10
wounds, n = 5). In accordance with the results from H&E
staining (Figure 4a), the microphotographs of the wound bed
(original magnification X 100) from the 3D MSC spheroid-
encapsulated chitosan/collagen/$-GP hydrogel-treated group
exhibited the increased re-epithelization velocity at 3 weeks
and almost complete closure, but no completely re-epithelized
and closed wounds were seen in other two groups (Figure 4b).

2.4. 3D MSC Spheroid-Encapsulated Chitosan/Colla-
gen/f-GP Hydrogel Accelerated Wound Healing
through Enhanced Vascularization and Paracrine
Effects in Wounds. To confirm the effect of the 3D MSC
spheroid-encapsulated chitosan/collagen/f$-GP hydrogel on
the vascularization of the wound bed in db/db mice,
immunofluorescent staining of wound tissue at 2 weeks was
performed. Immunofluorescent staining of wound samples for
vascular endothelial antibody CD31 indicated increased
microvessels in 3D MSC spheroid-encapsulated chitosan/
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Figure 3. Wound-healing acceleration in 3D MSC spheroid-encapsulated chitosan/collagen/f-GP hydrogel-treated diabetic mice. (a)
Representative images of the wound in db/db mice at week(s) 0, 1, 2, and 3. Murine excisional wound splintings (top panel) were created on
the dorsal skin of db/db mice and the wound received implantation of 2D monolayer MSC without the hydrogel as a control, a 2D monolayer
MSC-encapsulated chitosan/collagen/f-GP hydrogel, and a 3D MSC spheroid-encapsulated chitosan/collagen/f-GP hydrogel. The photographs
of the first three panels were taken with transparent Tegaderm dressing, and those from the last panel were taken after removal of the dressing. (b)
Wound closure areas were measured at week(s) 1, 2, and 3 in the control group (n = 12), the 2D MSC + hydrogel group (n = 10), and the 3D
MSC + hydrogel group (n = 14). Analysis of variance (ANOVA): versus control, *, P < 0.0S; **, P < 0.01; and versus 2D MSC + hydrogel group,
##, P < 0.01. Abbreviation: 2D, two-dimensional; 3D, three-dimensional; MSC, mesenchymal stem cells; wk, week(s).
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Figure 4. Histological examination of the wound tissue in diabetic mice at week(s) 1 and 3 after implantation. (a) Representative 1 week-wound or
3 week-wound tissue samples stained with hematoxylin and eosin (H&E). Black arrows show arterioles containing erythrocytes. Scale bar was S00
um. (b) Microphotographs of the wound bed from different transplantation groups at week 3 show the rate of re-epithelization and closure in the
wound. Scale bar was 2 mm. Abbreviations: Ep, epidermis, wk, week.
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Figure S. Effects of the 3D MSC spheroid-encapsulated chitosan/collagen/f-GP hydrogel on the vascularization in the wound. (a) Representative
confocal images of wound tissue sections immunostained with a vascular endothelial antibody CD31 2 weeks after transplantation. Nuclei (blue)
were stained with 4,6-diamidino-2-phenylindole (DAPI). Scale bar = S0 ym. (b) Micrograph of microvessels in the 2-week-old wound area. The
microvessel density within the wound area (X200) is higher in the 3D MSC spheroid-encapsulated chitosan/collagen/f-GP hydrogel-treated group
compared with other two groups. (c) Densities of microvessels in wounds were assessed morphometrically after immunostaining for CD31 (n = 8).
Analysis of variance (ANOVA); versus control, *, P < 0.05; **, P < 0.01; and versus 2D MSC + hydrogel group, #, P < 0.01.
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Figure 6. Expression of paracrine cytokines in wound tissues. The differential expression of VEGFa, Angl, CXCR4, and SDF1 protein in 2D
monolayer MSC-treated (control), 2D monolayer MSC-encapsulated chitosan/collagen/f-GP hydrogel-treated, and 3D MSC spheroid-
encapsulated chitosan/collagen/f}-GP hydrogel-treated wounds were detected by western blot assay (a) and quantified (b) after the first week of
treatment. The experiment was repeated three times, and one representative result is shown. Analysis of variance (ANOVA), versus control, *, P <
0.0S; and versus 2D MSC + hydrogel group, #, P < 0.01. Abbreviations: Ang, angiopoietin; VEGF, vascular endothelial growth factor.

collagen/f-GP hydrogel-treated wounds compared with other
two treatment wounds (Figure Sa), which was consistent with
the analysis of H&E staining (arterioles indicated with black
arrows in Figure 4a). As shown in Figure 5b, numerous mature
vessels were observed clearly around the wound bed, especially
increased blood vessels and their branches presented in the 3D
MSC spheroid-encapsulated chitosan/collagen/p-GP hydro-
gel-treated wounds. The microvessel densities in wounds at 2
weeks were analyzed morphometrically after immunofluor-
escent staining for CD31. The microvessel number per
microphotograph (X100) in wound tissues was determined
(n = 7) and microvessel densities within the wound area after 2
weeks of implantation were assessed, as shown in Figure Sc.
The results showed that there was a moderate increase in the
number of microvessels in wounds treated with the 2D MSC-
encapsulated hydrogel compared to local 2D MSC alone
injection (57 + 9.11 vs 80 + 8.13/mm? p < 0.05), but
neovascularization was further augmented in wounds treated
with the 3D MSC-encapsulated hydrogel compared to the 2D
MSC-encapsulated hydrogel (150 + 12.78/mm” vs 80 + 8.13/
mm?, p < 0.01). Our results demonstrated that the 3D MSC
spheroid-encapsulated chitosan/collagen/f-GP hydrogel con-
tributed to wound closure by accelerating angiogenesis under
the local wound environment.

To determine whether the 3D MSC spheroid-encapsulated
chitosan/collagen/f-GP hydrogel could enhance wound
healing through a paracrine effect, we performed western
blot analysis of wound tissue samples at 1 week after
implantation. Our data showed that angiogenesis factors
VEGFa and Ang-1 were expressed much higher in the wounds
treated with the 3D MSC spheroid-encapsulated chitosan/
collagen/f-GP hydrogel, which were almost 3-fold or 1.5-fold
greater than those in the control group or the 2D monolayer
MSC-encapsulated chitosan/collagen/f-GP hydrogel-treated
group, respectively (Figure 6ab). CXCR4 and SDF-1 were
demonstrated to be more important in the enhanced
therapeutic effects in many diseases due to their enhanced
migration capacity.”’ So, they had also been detected in this
study and the results showed that CXCR4 and SDF1 protein
expression levels significantly increased in 3D MSC spheroid-
encapsulated chitosan/collagen/f-GP hydrogel-treated
wounds; CXCR4 and SDF1 protein presented 2.7-, and 2.3-

fold change, respectively, compared with 2D MSC-encapsu-
lated chitosan/collagen/-GP hydrogel-treated wounds (Fig-
ure 6a,b).

3. DISCUSSION

In recent years, great attention has been focused on the
development of injectable therapeutic hydrogel biomaterials
for skin wounds and tissue engineering.'>'”*"** In this study,
we applied injectable thermosensitive chitosan/collagen/}-GP
hydrogel, which are easy to use, especially for irregularly
surfaced wounds due to in situ gel-forming ability at
physiological temperature. In cell-based therapies, chitosan/
collagen-based hydrogels provide an ECM like microenviron-
ment and have good biocompatibility as well as biodegrad-
ability and are good cell carriers. The presence of collagen in
the hydrogel has been proved to play an important role in
mediating cell adhesion, migration, survival, and proliferation,
as well as promoted gel remodeling due to its favorable
chemical, physical, and biological characteristics.">'*'® Nowa-
days, chitosan scaffolds combined with collagen have received
considerable attention in wound healing and skin engineering,
partly owing to its low immunogenicity, specific recognition
and interaction with cells, proper porous structure, and robust
mechanical properties.”'®™"® Herein, we combined the
chitosan/collagen/B-GP hydrogel with 3D MSC spheroids
and found that the chitosan/collagen/}-GP hydrogel exerted
an enhanced effect on the proliferation and paracrine factor
secretion of 3D MSC spheroids, which then contribute to its
therapeutic effectiveness in full-thickness cutaneous wound
healing through enhanced angiogenesis and re-epithelization.
The treatment of local wounds with MSC applications has
gained popularity in recent years as a promising agproach for
the enhancement of tissue 1'egeneration.20_2 > However,
because of the harsh environment of the wound, the topical
transplantation of MSCs alone onto the wound site exhibited
poor postimplant cell survival, low engraftment efficiency, and
limited cell retention.”™*> A cell-encapsulated hydrogel was
thought to be an effective means for improving stem cell
therapeutic efficiency on wound regeneration, possibly by
retaining injected cells at the site of administration for longer
without a runoff.">'” In this study, we encapsulated 2D MSCs
in the chitosan/collagen/B-GP hydrogel and found that the
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transplantation of 2D MSCs encapsulated in the chitosan/
collagen/p-GP hydrogel significantly promoted wound healing
as compared to transplantation of 2D MSC alone. Our results
suggested that the chitosan/collagen/f-GP hydrogel could
provide an appropriate environment for living cells while
preventing their migration away from the targeted admin-
istration site due to its physiological pH and in situ gel-forming
ability at physiological temperature.'>'” Consistent with our
findings, biomaterials consisting of chitosan exhibited great
superiority in open wound healing in multiple animal models
by enhancing the angiogenic activity of implanted MSCs,
promoting granulation tissue formation and re-epithelializa-
tion.

To further determine whether a 3D MSC spheroid-hydrogel
combination wound increase healing efficacy, mice treated with
a 2D MSC-loaded hydrogel or 3D MSC spheroid-loaded
hydrogel were implemented in our study. Our data show that
the administration of the 3D MSC-loaded chitosan/collagen/
PB-GP hydrogel displayed enhanced wound healing compared
with that treated with the 2D MSC-loaded chitosan/collagen/
P-GP hydrogel, suggesting that 3D MSC spheroids exert
enhanced cellular activities and desirable wound repair
microenvironment under the same housing conditions as
compared with 2D MSC. In previous studies, it was found that
the formation of MSC spheroids displayed enhanced
proliferation, differentiation, migration potential, and increased
cytokine release,”*****® which was important for MSCs on
wound healing. Consistent with our study, the combination of
bone marrow-derived MSCs with the pullulan—collagen
hydrogel showed significant promotion of wound closure by
localization of cells within wounds, enhanced cell viability, and
neovascularization, as well as enhanced stemness and
regeneration.3'7 In addition, the combination of the Pluronic
F-127 hydrogel and Wharton’s jelly mesenchymal stem cells
has been shown to have enhanced wound healing potential
through potential M2 macrophage formation and enhanced
angiogenesis.”® Murphy et al. demonstrated that the MSC
spheroid-encapsulated fibrin hydrogel accelerated wound
healing by enhanced secretion of bioactive factors to promote
neovascularization and modulate the inflammatory milieu.*”
These results and ours suggested that combination therapy can
provide a potential way for chronic wound treatment with high
quality.

In our findings, 3D MSC exhibited increased cell numbers,
and the cells from the periphery of 3D spheroids also spread
and interacted with the hydrogel when embedded in the
chitosan/collagen/f3-GP hydrogel after being cultured for one
week, which probably attributed to the fact that 3D culture can
maintain the stemness, decrease cellular senescence, and
enhance the self-renewal capacity of MSC.>**”*° In addition,
the hydrogel provided a suitable microenvironment, like ECM,
for transplanted stem cell adhesion and survival.'>*” Therefore,
3D MSC spheroids displayed rapid cell proliferation and
stimulated tissue remodeling via physical or chemical cues
when embedded in the chitosan/collagen/#-GP hydrogel.

Paracrine signaling from MSCs is considered the primary
mechanism through which these cells reduce inflammation,
promote angiogenesis, and tissue remodeling in the wound.>*!
In previous literature, it was found that the paracrine effects
were enhanced when MSCs were cultured as sphe-
roids.”****** Qur current study demonstrated that the
transplantation of 3D MSC spheroids encapsulated in the
chitosan/collagen/$-GP hydrogel promotes more paracrine

cytokine secretion in the wounds compared with that treated
with the 2D MSC-loaded chitosan/collagen/3-GP hydrogel or
2D monolayer MSC alone. Angiogenesis factors VEGFa, Ang-1
were significantly increased at the protein expression level in
the wounds treated with the 3D MSC-chitosan/collagen/$-GP
hydrogel. VEGFa and Ang-1 were reported to stimulate
endothelial cell proliferation and promote endothelial tube
formation in vitro and in vivo.””' CXCR4 and SDF-1 were
demonstrated to be more important in the enhanced
therapeutic effects in many diseases due to their enhanced
migration capacity and recruiting endothelial cells into injury
sites.”’® CXCR4 is the receptor of SDF1, which was
chemotactic and released postinjury to recruit cells for
neovascularization.’® Therefore, the increased expression of
SDF1 and CXCR4 in wounds treated with the 3D MSC-
chitosan/collagen/f-GP hydrogel found in this study may
implicate enhanced migration and homing of MSCs, leading to
accelerated re-epithelialization and angiogenesis. The forma-
tion of microvessels plays a very important role in sustaining
the newly formed granulation tissues in the wound and
supporting keratinocyte survival”*' BM-MSC was demon-
strated to promote wound healing in diabetic mice through
enhanced neovascularization.””*** In this study, a significant
increase of blood vessel density at the wound area at 2 weeks
after transplantation of the 3D MSC-chitosan/collagen/S-GP
hydrogel indicated remarkable neovascularization by the
increased release of paracrine factors. Our data suggested
that the chitosan/collagen/f$-GP hydrogel may act as a
desirable carrier for enhancing 3D MSC functions and the
cellular processes of healing. More interesting, biomaterials
consisted of chitosan have been shown to have antimicrobial
activity, wound-healin§ properties coupled with enhanced
paracrine secretion.”” ' The topical application of chitosan has
been reported to promote the various phases of wound repair
and then trigger the wound healing by inducing the
extracellular matrix to facilitate cellular activities.'”"*"*

Taken together, the combined efficiency suggested the
chitosan/collagen/}-GP hydrogel as an efficient structural
support to assist 3D MSC adhesion, survival, and proliferation
in the wound, contributing to enhanced paracrine factor
secretion, which results in accelerated re-epithelialization and
angiogenesis.

4. CONCLUSIONS

In conclusion, these results illuminated the positive effect of an
injectable thermosensitive chitosan/collagen/f-GP hydrogel in
combination with 3D MSC spheroids on wound healing in
diabetic mice. The hydrogel-3D MSCs combination therapy
exhibited a markedly therapeutic effect than the hydrogel-
loaded 2D MSCs or 2D MSCs alone. The hydrogel could
provide an environment conductive to the attachment and
proliferation of encapsulated MSCs, especially accelerating the
proliferation and paracrine factor secretion of 3D MSC
spheroids. The combined treatment accelerated the wound
closure in diabetic mice by enhanced vascularization and
paracrine effects. These results supplied a novel alternative
approach to treat chronic wounds caused by diabetic or venous
diseases. However, this work has limitations; the mechanisms
of enhanced efficiency of 3D MSC hydrogel-combined
treatment for chronic wound has not been fully investigated,
the mechanotransduction, interactions of 3D MSC spheroids
with the hydrogel, and detailed signaling pathway need to be
clarified in future work.
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5. EXPERIMENTAL SECTION

5.1. Isolation and Culture of Human Placental MSCs.
Human placenta-derived MSCs were isolated and cultivated as
described previously.*” Briefly, term (38—40 weeks gestation)
placentas from three healthy donors were collected after
acquiring written informed consent. All procedures were
approved by the Ethics Committee of Xili Hospital. The
placental tissues were washed several times with precooled
saline solutions and then minced and trypsinized at 37 °C for
30 min in a water bath. The samples were subsequently
prepared in both single-cell suspensions and small digested
residues by filtering, pelleting, and resuspending procedures.
Finally, they were encapsulated on uncoated polystyrene dishes
and cultured with a growth medium consisting of Dulbecco’s-
modified Eagle’s medium (DMEM, Gibco-Invitrogen, Carls-
bad, CA), 10% fetal bovine serum (FBS; Gibco-Invitrogen),
100 U/mL penicillin, and 100 pg/mL streptomycin (In-
vitrogen, Paisley, U.K.). All cultures were maintained at 37 °C
in a humidified atmosphere supplied with 5% CO,. The culture
medium was replaced every 2 days and cells were subcultured
after trypsinization when they reached 80% confluence.

5.2. 3D MSC Spheroid Culture. hMSCs of passages 5—7
were used to create 3D spheroids by a hanging drop method.™
Briefly, placental hMSCs grown as a monolayer were
dissociated with 0.25% trypsin-ethylenediaminetetraacetic
acid (EDTA) solution, collected by centrifugation, and then
resuspended in a free-serum medium. These cells were
encapsulated onto the lid of a Petri dish with 5000 cells/25
uL each droplet. The bottom of the dish was supplemented
with 10 mL of phosphate-buffered saline (PBS) to avoid
complete drying during culture. After 36 h of hanging up, they
were transferred to a new noncoated culture plate and
incubated in a fresh free-serum medium supplemented with
20 ng/mL bFGF, 20 ng/mL EGF, 25 ng/mL PDGEF-BB, and
B27 supplement (2%, Invitrogen) for 24 h. The spheroids were
rotated gently every 6 h during suspension culture. These
samples were used in the subsequent experiments.

5.3. Confocal Imaging of 3D Spheroids and Spheroid
Viability Analysis. For confocal imaging, 3D MSC spheroids
were stained with fluorescent markers.”* Briefly, 3D MSC
spheroids were washed gently two to three times with
phosphate-buffered saline (PBS). Then, they were incubated
in PBS containing 2 yM calcein-AM and 4 uM ethidium
homodimer-1(LIVE/DEAD Kit, Life Technologies) for 2 h at
4 °C followed by 30 min at 37 °C to ensure enhanced staining
of the interior of the spheroid. Following staining, the
spheroids were washed with PBS and then used for confocal
imaging with a Leica TCS SP2 confocal microscope. Spheroid
images were constructed by creating a maximum projection of
multiple z-plane sections spaced 3—7 um apart. The
proportion of living cells within a spheroid was evaluated by
counting the number of live (green) and dead (red) cells in
five different, equally spaced z-planes throughout the spheroid.
Image] (V1.51t, National Institutes of Health, Bethesda, MD)
was used for spheroid viability analyses.

5.4. Preparation of Chitosan/Collagen/f-Glycero-
phosphate Composite Hydrogel-Encapsulated MSC
Spheroids. The fabrication of a composite hydrogel consisted
of chitosan, collagen, and f-glycerophosphate (8-GP) was
performed according to a method previously described.'®
Briefly, 1.7 wt % completely dissolved chitosan stock solutions
were prepared by stirring autoclaved chitosan powder in 0.1 M

hydrochloric acid for 18 h and stored at 4 °C. A sterile 5-GP
stock solution (56 wt %) was obtained after dissolution in
deionized water and passed through a 022 um filter
membrane. Before use, the chitosan and collagen (Sigma, 4
mg/ mL) solutions were mixed and stirred on the ice at a mass
ratio of 2:1. Then, the precooled -GP was added dropwise to
the chitosan/collagen mixture with stirring on ice and its pH
was adjusted to 7.0—7.2.

5.5. Cell Viability Analysis in the Hydrogel. Monolayer
MSCs or MSC spheroids were encapsulated at a density of 1.0
X 10° cells/mL in the prepared chitosan/collagen/f-GP liquid
solutions. The mixed solution was then transferred to a 24-well
plate in a 37 °C incubator for gelation. After 8 min, each well
was supplemented with 1 mL of the complete medium and
continued to culture. The medium was changed every 2 days.
Cell viability at day 1 and 7 was assessed using 2 uM calcein-
AM and 4 uM ethidium homodimer-1(LIVE/DEAD Kit, Life
Technologies). The cellular growth in the hydrogel was imaged
by a Leica TCS SP2 confocal microscope.

5.6. DNA Content Quantification Assay in the
Hydrogel. The cell number in the chitosan/collagen/hydrogel
was assessed at 1, 3, 7, and 10 days through fluorometric
quantification of the amount of cellular DNA following the
manufacturer’s instructions (PicoGreen dsDNA Quantitation
kit, Invitrogen). Briefly, a cell-encapsulated hydrogel was
suspended in Na citrate buffer solution containing 50 mM Na
citrate and 100 mM NaCl and stored at —80 °C until use. After
thawing, the cells were lysed to release DNA. The samples
were centrifuged at 10 000g for 10 min to remove debris, and
the extract was used for the PicoGreen assay according to the
manufacturer’s protocol. Ten microliters of cell lysates or DNA
standards were mixed with 100 yL of 1X PicoGreen reagents
and then used for fluorescence measurements at 560/590 nm
(excitation/emission). The fluorescence of negative, cell-free
controls was subtracted from the fluorescence values of the
experimental groups to account for the background fluo-
rescence. A standard curve based on the known DNA
concentration was applied to determine the total cell DNA
contents of the samples.

5.7. In Vivo MSC Transplantation Experiment. DB/DB
mice (13 weeks old; female; body weight, 43.1 + 2.6 g) were
purchased from Jackson Laboratory. The animals were
randomly divided into three groups. The excisional wound-
splinting model was established as described previously.® First,
two 6 mm full-thickness excisional skin wounds were created
on each side of the midline of the dorsal skin after hair removal
and anesthesia. Each wound received 1.0 X 10° cells from the
monolayer or 3D spheroids encapsulated in 80 uL of the
hydrogel. As the control group, the equal numbers of single
cells were dropped into the wound bed directly without being
embedded in the hydrogel. Then, the donut-shaped silicone
splint was placed and fixed on the skin by the adhesive and
interrupted sutures. Finally, Tegaderm (3M, London, ON,
Canada) was placed over the wound to avoid contamination.
The animals were housed individually and observed at week(s)
0, 1, 2, and 3.

5.8. Histologic Examination. Tissue samples were
washed with precooled PBS and then were fixed with 3%
paraformaldehyde at 4 °C for at least 24 h. The frozen tissues
embedded in optimal cutting temperature (OCT) compounds
were cut serially with a thickness of 10 g and then stained with
hematoxylin and eosin for light microscopy.
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5.9. Western Blotting. Western blotting was performed as
described previously.’ In brief, tissue protein samples were
extracted in a lysis buffer consisted of 1% Triton X-100 and
proteinase inhibitors (Sigma-Aldrich). Equal amounts of total
protein (30 ug) were separated by 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to nitrocellulose membranes. Membranes were
blocked with 5% milk and then incubated overnight at 4 °C
with a monoclonal antibody against Ang-1, Ang-2 (Chemicon,
Temecula, CA), or VEGF-a (R&D Systems).

5.10. Immunofluorescence. For the analysis of the
vascular density, tissue sections were permeabilized with
0.1% Triton X-100 for 10 min at room temperature. After
being blocked with 5% bovine serum albumin (BSA), the
sections were incubated with a primary antibody against
endothelial cell markers CD31 (Sigma-Aldrich) overnight at 4
°C, followed by fluorescence-conjugated secondary antibodies.
Nuclei were stained with 4,6-diamidino-2-phenylindole
(DAPI). After mounting, the samples were visualized under a
confocal microscope (FV1000; Olympus, Tokyo, Japan).
Image J was used to binarize immunofluorescent images
taken with the same excitation, gain, and exposure settings.
Intensity threshold values were set automatically and the
quantification of CD31 staining was determined by a pixel-
positive area normalized to a dermal area.

5.11. Statistical Analysis. All data are expressed as mean
+ standard deviation (SD). Student’s paired t test was
performed for the comparison of data of paired samples, and
one-way ANOVA was used to analyze statistical differences
between individual groups. A probability (p) value of <0.05
was considered statistically significant.
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