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A B S T R A C T

Diabetic wound complications are financially costly and difficult to heal in worldwide. Whereas the therapies of
diabetic wound, such as wound dressing, endocrine therapy or flap-transplantations, were not satisfied. Based on
our previous study of exosome secreted by adipose-derived stem cell (ADSC-exo), we loaded ADSC-exo into the
matrix metalloproteinase degradable polyethylene glycol (MMP-PEG) smart hydrogel. Physical and chemical
properties of ADSC-exo@MMP-PEG smart hydrogel were tested by scanning electron microscope (SEM), Fourier
transform infrared spectroscopy (FTIR), weight loss examination, etc. As the hydrogel degraded in response to
MMP, ADSC-exo was released and subsequently enhanced cell function via Akt signaling. Moreover, treatment
with ADSC-exo@MMP-PEG smart hydrogel significantly relieved the H2O2-induced oxidative stress, which was
widely recognized as a major cause of diabetic wound nonhealing. Similar results were achieved in mice diabetic
wound models, in which the ADSC-exo@MMP-PEG treatment group displayed a significantly accelerated wound
healing. To summarize, the present smart hydrogel with enzyme-response and exosome-release was proved to be
benefit for diabetic wounds healing, which provides a reliable theoretical basis for application of ADSC-exo in
treatment of diabetic wounds.
1. Introduction

Diabetic wound is a chronic complication of diabetes mellitus. Pa-
tients with diabetic wounds mainly complain about pain, numbness, skin
infection, spontaneous ulcer, gangrene, etc [1,2]. With a sharp rise of
patients in diabetes mellitus, more and more chronic diabetic wounds
need to be managed in clinical treatment [3]. It has been claimed that a
lower limb is amputated every 30 s due to diabetes, and nearly 40% of
total expenditure on diabetes is attributable to complications related to
the diabetic wounds according to the international diabetes atlas [4]. The
treatment of diabetic wounds majors in endocrine therapy, wound
dressing and transplantation of flaps or skin [1,5,6]. However, these
therapies are unsatisfied and limited in clinic.
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Exosome, a kind of extracellular nanoparticles, was in size of 30–150
nm [7,8]. By releasing internal nucleic acids or proteins, exosome can
mediate intercellular communication and activate signal pathway, then
the physiological processes work normally [9,10]. Studies showed that
exosomes secreted by mesenchymal stem cells, fibroblasts or immune
cells had abilities of promoting wound healing [11,12]. There are variety
of exosome sources, like adipose-derived stem cell (ADSC), bone marrow
stem cell, progenitor cell. Compared with other exosome resources,
ADSCs are separated from fat tissue, which is abundant in body. Its seems
that ADSC-exo is a better choice for exosome-therapy in wound repairing.

The therapeutical effect of exosomes on wound healing was proved,
while there are some problems in exosome delivering [13–16]. Tradi-
tional exosome-related treatments were performed by injection,
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single-pass in large-dose or multiple injections in low-dose [17]. How-
ever, numbers of exosomes would be wasted due to excessive
exosome-concentration when injecting in large-dose. And the operation
would be complicated when exosomes were injected multiple times in
low-dose [18]. To address these issues above, some biomaterials, such as
hydrogels, were applied to load exosomes, which could treat diseases
[19–21]. In most studies, exosomes were combined with hydrogels by
electrostatic force [22–25]. Whereas the releasing of exosomes wasn't
controlled by time, temperature, or other stimuli. Smart hydrogel, with
the identities of traditional hydrogel, could react to certain stimulus, e. g.
temperature, enzyme or reactive oxygen species (ROS) [26–29]. Some
researches indicated that smart hydrogel could heal the wound better
due to its stimuli-responsive ability and drug delivery capacity [29–33].
These characteristics make smart hydrogel suitable for loading exosome.

AKT pathway, a signaling related to cell proliferation, differentiation,
migration and proteins synthesis, has been proved to be critical in wound
repairing [34–36]. In previous study, we found that exosomes from
adipose-derived stem cells (ADSC-exo) could promote wound healing by
optimizing cellular functions via AKT signaling pathway [37]. In the
meantime, it was proved that diabetes altered the activation of AKT
pathway negatively, leading to decreased proliferation and delayed
wound healing [38]. There also be some evidence that exosome could
regulate AKT pathway for adjusting cell functions [39]. Based on these,
the healing effect of ADSC-exo on diabetic wounds might be regulated by
AKT pathway.

In this research, we designed a smart hydrogel loaded with ADSC-exo,
ADSC-exo@MMP-PEG smart hydrogel, which could release exosome by
reacting to MMP stimulating, and detected its characterization. With
good biocompatibility, the ADSC-exo@MMP-PEG smart hydrogel could
accelerate diabetic wound healing by promoting cellular proliferation
and migration via AKT signaling pathway.

2. Methods & materials

2.1. ADSC-exo extraction and its identification

Adipose-derived stem cells (ADSC) were separated from operation-
gained adipose tissues and were cultured in medium for ADSC (Cya-
gen, USA) with 10% exosome-free fetal bovine serum (FBS). Then ADSCs
Fig. 1. A) image of ADSC under phase contrast microscope; B) TEM image of A
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were starved in DMEM without FBS for 48 h and the supernatant was
collected and stored at �80 �C. After removing the cellular debris by
centrifugation (8000 g � 30min), ultracentrifugation was then per-
formed to extract exosome (120000 g � 90min, twice). ADSC-exo was
separated in PBS and stored at �80 �C. ADSC-exo was identified by
transmission electron microscope (TEM) and Western blot analysis.
2.2. Preparation and characterization of ADSC-exo@MMP-PEG smart
hydrogel

The raw materials, four-armed polyethylene glycol (PEG) function-
alized with maleimide group (4-arm-PEG-MAL), the substrate peptides of
matrix metalloproteinase (MMP(W)x), PEG chains functionalized with
sulfhydryl group (PEG-SH), and ADSC-exo were mixed in room temper-
ature to gelled into ADSC-exo@MMP-PEG. In brief, 11.05 mg 4-arm-PEG-
MAL, 1.75 mg MMP(W)x, 2.21 mg PEG-SH and 50 μg ADSC-exosome
were mixed in total 200 μL PBS solutions to form a ADSC-exo@MMP-
PEG hydrogel. The MMP(W)x (Mn ¼ 1605 Da) was purchased from GL
Biochem (Shanghai) Ltd. The synthesis of PEG-SH and 4-arm-PEG-MAL
were shown in previous study [40]. Fourier transform infrared spec-
troscopy (FTIR), scanning electron microscope (SEM), rheometer and
other equipment were used to test the physical and chemical properties
and structure. The degradation of smart hydrogel was tested by enzy-
matic approach (200 ng/mL MMP-2). The degradative ability was
assessed by weight loss of the hydrogel (degradative ratio ¼ (Wi–Wx)/Wi
� 100%, Wi is the initial weight of dry samples and Wx means the weight
of dry samples degraded at day x. The biocompatibility of raw materials
and smart hydrogels were confirmed by CCK-8 assay and LIVE/DEAD
staining.
2.3. ADSC-exo releasing and uptaking

The exosome releasing property of ADSC-exo@MMP-PEG was tested
by protein quantitation via microBCA assay. With the hydrogel with or
without 50 μg ADSC-exo dipped in the solutions (1 mL PBS with or
without MMP-2), the concentration of protein of the liquid supernatant
was tested. Exosome releasing(%) ¼ (Ce– Ch) * 1 mL/50 μg � 100%, Ce
is the protein concentration of supernatant of ADSC-exo@MMP-PEG, and
Ch is the protein concentration of supernatant of MMP-PEG hydrogel
DSC secreted exosome; C) Western blot analysis of markers of ADSC-exo.



Fig. 2. Preparation and characterization of ADSC-exo@MMP-PEG smart hydrogel. A) The schematic of hydrogel synthesis; B) Visualized gelling photos of smart
hydrogel (stained by Rhodamine B); C&D) Plan and 3D construction image of ADSC-exo@MMP-PEG hydrogel, scar bar 100 μm (exosome was labeled by DiI); E) SEM
image of hydrogel; F) FTIR spectra of MMP(W)x, PEG dithiol, 4-arm-PEG-MAL and ADSC-exo@MMP-PEG smart hydrogel; G) degradation rate of smart hydrogel with
or without MMP-2.
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without ADSC-exo. After marked by DiI, a fluorescence probe that can
combined with the membrane of exosome [41], DiI-ADSC-exo were used
to prepare smart hydrogel, and the degradations of
DiI-ADSC-exo@MMP-PEG smart hydrogels were co-cultured with cells.
Laser confocal microscopy was adopted for observation of exosome
uptaking.
2.4. Proliferation and migration assay in vitro

The proliferation of human dermal fibroblast (HDF), human immortal
keratinocyte (HaCaT) and human umbilical vein endothelial cells
(HUVEC) were tested by CCK-8 assay and EdU staining. The migration
function of HDF, HaCaT and HUVEC were tested by scratch assay or
Transwell assay. H2O2 were used to stimulate the condition of high-ROS
3

level caused by diabete mellitus in vitro. The intracellular level of ROS
was analyzed by FITC probe.
2.5. Wound healing in vivo

After adaption, C57/BJ6 mice were treated with streptozotocin (STZ)
to get diabetic mice. After 2months of STZ treatment, fasting blood
glucose of mice was tested to diagnose that whether the mice were in
diabetic mellitus. A full-thickness skin wound was operated on the
middle-line of back on diabetic mice, the diameter of wounds was 1 cm.
And sterile silicone ring was fixed on the wound edge to prevent wound
shrinkage automatically. Then the diabetic wounds were dressed with
traditional gauze, MMP-PEG hydrogel or ADSC-exo@MMP-PEG hydro-
gel. The operations were performed aseptically. The wound areas were



Fig. 3. A) Representative image of biocompatibility of smart hydrogel by live/dead staining assay, live cells were labeled with calcein-AM (green) and dead cells were
labeled with propidium iodide (red); B) Representative image of biocompatibility of hydrogel degradations by live/dead staining assay; C&D) Survival rate of cells
cultured with hydrogel and its degradation in CCK-8 assay; E&F) Statistical analysis of death cells in each field of Fig. 3A&B.
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Fig. 4. A) Exosome releasing; B) Confocal images of HaCaT and HUVEC incubated with DiI-labeled ADSC-exo released from smart hydrogel, cytoskeleton was labeled
with phalloidin in green and nucleus was labeled with DAPI in blue, scar bar 100 μm.
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record with a camera per 7 days. After 2 weeks, tissues around the wound
were dissected to further experiments. The re-epithelization and collagen
deposition were confirmed by H&E and Masson staining. To analyze the
cell proliferation and angiogenesis in wound area, Immunofluorescent
staining and Immunochemical staining were performed. Animal experi-
ments were followed the guidelines of Laboratory Animal Center,
Huazhong University of Science and Technology.
2.6. Statistical analysis

The experimental data were analyzed by Graph Pad Prism (Version
8.0) and were shown in type of mean � SE. The differences between two
groups were analyzed by Student's T-test, while the differences among 3
or more groups were analyzed by ANOVA analysis.

3. Results & discussion

3.1. Extraction and identification of ADSC-exo

With the above methods, adipose-derived stem cells (ADSC) were
separated from fat tissue and were cultured (Fig. 1A). In previous study,
we successfully obtained ADSC in high purity with the typical biomarkers
(CD73, CD90 and CD44) and pluripotent differentiation [37]. Then the
ADSCs were starved in DMEM without fetal bovine serum (FBS) to
release exosomes. ADSC-exo were extracted from cellular supernatant by
gradient centrifugation and ultracentrifugation. ADSC-exo was then
resuspended in PBS in concentration of 1–3 μg/mL. The identification of
ADSC-exo was proved by TEM and Western Blot (Fig. 1B&C). Trans-
mission electron microscope (TEM) revealed that ADSC-exo were double
5

membrane and approximately circular. Western blot analysis indicated
that markers of exosome, such as CD9, CD63 and CD81, were expressed
while GAPDH and GM130 were not expressed in ADSC-exo.
3.2. Preparation and characterization of ADSC-exo@MMP-PEG smart
hydrogel

The ADSC-exo@MMP-PEG smart hydrogel was synthesized at room
temperature (Fig. 2A). The cross-linking process of PEG hydrogel occurs
immediately after the cross-linkers and the cross-linking monomer were
in contact and reached the maximum cross-linking in about 5 min
(Figure S1). The storage modulus of smart hydrogel is nearly 7400Pa.
Michael addition reaction was happened between maleimide group (4-
arm-PEG-MAL) and thiol group (PEG-dithiol, MMP degradable peptide
and exosome). To visualized the hydrogel, rhodamine was mixed in
(Fig. 2B). In order to test the exosome distribution in hydrogel, DiI was
applied to label the exosome. As shown in Fig. 2C and D, the ADSC-exo
was separated uniformly in the hydrogel. Fig. 2E shows the porous
structure of ADSC-exo@MMP-PEG smart hydrogel and pore size was in
the range of 10–30 μm. Fig. 2F shows the FTIR spectra of ADSC-
exo@MMP-PEG hydrogel. There was a major peak at 2400 cm�1 attrib-
uted to –SH group in PEG-dithiol and MMP(W)x. In 4-arm-PEG-MAL, the
FTIR spectra exhibited a peak at 1730 cm�1 characteristic of C––O, while
the absorption peak approach 1600 cm�1 was attributed to C

–

–C of
maleimide group. After gelation, the peak observed at nearly 1100 cm�1

was related to C–O–C group as a result of Michael addition reaction be-
tween thiol groups and maleimide groups. The degradation of smart
hydrogel was tested as well (Fig. 2G). The hydrogel was degraded a little
in non-enzyme environment (<10%), and was degraded due to the



Fig. 5. A) EdU staining of cells treated with PBS or smart hydrogel, the proliferating and dividing cells were stained in green, scar bar 100 μm; B-D) scratch assay of
HDF, HaCaT and HUVECs, cells were stained with crystal violet, the original scratch was labeled by yellow dotted lines, scar bar 200 μm; E-H) Statistical analysis of A-
D, ****p < 0.001 vs. control group. I) Western blot analysis of phosphorylation of AKT in cells treated with smart hydrogel; J) Statistical analysis of Fig. 5I, *p < 0.05
vs. control, **p < 0.01 vs. control.
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Fig. 6. A) Level of ROS in HDF, HaCaT and HUVECs, ROS was imaging in green by FITC probe; B) Statistical analysis of A, ****p < 0.001 vs. control, ####p < 0.001
vs. H2O2 group; C&D) Scratch assay of HDF, HaCaT and HUVECs and statistical analysis, scar bar 200 μm, *p < 0.05 vs. control, ####p < 0.001 vs. control, ####p
< 0.001 vs. H2O2 group.
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presence of MMP-2. Together, these results confirmed that a smart
hydrogel loaded with ADSC-exo and responsive to MMP-2 was synthesis
successfully.
3.3. Biocompatibility of ADSC-exo@MMP-PEG smart hydrogel

By incubating the cells with smart hydrogel, there was no cytotoxicity
in HDF, HaCaT and HUVEC (Fig. 3A&C). The live cells were stained with
calcein-AM (green) and dead cells were stained with propidium iodide
(red). In order to eliminate the cytotoxic effects during the period of
hydrogel-degrading, biocompatibility of degradative products from
smart hydrogel was also tested. As shown in Fig. 3B&D, the degradation
of smart hydrogel was non-toxic and promoted the proliferation of HDF,
HaCaT and HUVEC. It was worth noting that the degradation of smart
hydrogel improved the survival rate of both HDF, HaCaT and HUVECs
whether in CCK-8 assay or live/dead staining assay. The inflammation
and the foreign body response of smart hydrogels were also been per-
formed, which there was no obviously inflammation triggered by the
7

smart hydrogel (Figure S2). We believed that the smart hydrogel was
degraded by MMP-2 and released the loaded ADSC-exo in hydrogel,
which could promote the proliferation of cells.
3.4. Exosome releasing and uptaking

In our previous study, ADSC-exo could promote migration and pro-
liferation of HaCaT and HUVEC by being uptaking into cells. In order to
confirm that the exosome could discharge from the hydrogel and the
released exosome could be took into cells, some tests were performed.
The smart hydrogel was incubated in PBS with or without MMP-2, and
the exosome releasing was evaluated by microBCA Protein Assay. Nearly
90% exosome loaded in the smart hydrogel was released in 20 days
(Fig. 4A). By labeled with DiI, the exosome could be visualized under
laser scanning confocal microscope. After co-cultured with the degra-
dation of ADSC-exo@MMP-PEG smart hydrogel, the red fluorescence was
observed in the cytoplasm of cells, meaning that HaCaT and HUVEC
could uptake the exosome discharging from smart hydrogel (Fig. 4B).



Fig. 7. Effect of smart hydrogel on diabetic wounds. A) Gross view of diabetic wound treated with gauze, MMP-PEG hydrogel or ADSC-exo@MMP-PEG smart
hydrogel; B) Measurement shown in A, *p < 0.05 vs. control, **p < 0.01 vs. control, ****p < 0.001 vs. control, #p < 0.05 vs. MMP-PEG hydrogel group, ####p <

0.001 vs. MMP-PEG hydrogel group; C&D) H&E and Masson staining of wound sections at 14 days post wounding.
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3.5. Promoting proliferation and migration by ADSC-exo@MMP-PEG
smart hydrogel via AKT pathway

When cultured with products of smart hydrogel and MMP-2, the
proliferation of HDF, HaCaT and HUVEC was examined by EdU Staining.
Same to the CCK-8 Assay in Fig. 3A–C, the proliferation of HDF, HaCaT
and HUVEC were promoted by smart hydrogel (Fig. 5A). Scratch healing
8

assay revealed that the migration of cells was increased with the effect of
ADSC-exo@MMP-PEG hydrogel (Fig. 5B–D). Additionally, Western Blot
analysis proved that smart hydrogel could improve the phosphorylation
of AKT, a well-known proliferation-associated protein (Fig. 5I). On the
basis of these data, ADSC-exo@MMP-PEG smart hydrogel could be
degraded by MMP-2 and release exosome, so that the proliferation and
migration of cells could be improved via AKT pathway.



Fig. 8. A) Immunohistochemical staining of Ki67 (scar bar 50 μm) and PCNA (scar bar 100 μm); B) Immunofluorescence staining of CD31 (green) and α-SMA (red),
nucleus was stained blue with DAPI, scar bar 40 μm; C) Relative fluorescence of A&B; D) Western blot analysis of tissue from wound area; E) Relative phosphorylation
of AKT, *p < 0.05 vs. control, **p < 0.01 vs. control, ***p < 0.005 vs. control.
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3.6. Reducing ROS in cells and reversing damaged cell migration by smart
hydrogel

It is confirmed that oxidative stress plays an important role in non-
9

healing wounds of diabetes. Endothelial cells in diabetic wounds may
be damaged due to the over-loaded reactive oxygen species (ROS).
Dermal fibroblast and keratinocyte could be impaired by ROS as well,
which prolong the period of wound healing. The ROS-level of cells was
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elevated caused by H2O2, and it was lower significantly within the effect
of ADSC-exo@MMP-PEG smart hydrogel (Fig. 6A&B). Fig. 6C&D reveals
that the migration of HDF, HaCaT and HUVEC could be damaged by
H2O2 and this weakened migration of cells was rescued by smart
hydrogel. This anti-ROS property may contribute to the pro-healing
ability of smart hydrogel in diabetic wounds.
3.7. ADSC-exo@MMP-PEG accelerates wound repairing

Streptozocin-induced diabetic mice were used to assess the wound
healing ability of smart hydrogel. The healing areas of wounds were
recorded at 0, 7 and 14 days after the full-thickness skin damages were
made. Compared to the control group, both MMP-PEG hydrogel and
ADSC-exo@MMP-PEG smart hydrogel could accelerate diabetic wound
repairing (Fig. 7A&B). The healing efficiency of ADSC-exo@MMP-PEG
smart hydrogel was much higher than MMP-PEG hydrogel. Apart from
evaluating wound healing efficiency under direct vision, some biopsy
was performed to observe the regeneration of wound area. In Fig. 7C&D,
smart hydrogel promoted the re-epithelialization and collagen deposi-
tion. It is notable that some cutaneous appendages were regrew in the
healing area of wounds treated with ADSC-exo@MMP-PEG smart
hydrogel.

In the previous study of our research group, ADSC-exo could promote
proliferation in wound area. To test whether the cells in diabetic wounds
treated with smart hydrogel were proliferated, immunohistochemical
analysis of Ki67 and PCNA were performed. It is obvious that cells in
mitosis (Ki67 stained) and proliferation (PCNA stained) in wounds
covered with smart hydrogel were much more than the wound treated
with gauze (Fig. 8A). In addition, immunofluorescence staining of CD31
and α-SMA revealed that the smart hydrogel could promote angiogenesis
in diabetic wounds (Fig. 8B). Western blot analysis of tissue protein ob-
tained from wound area was performed as well. The phosphorylation of
AKT in wound tissue was enhanced same as the results in vitro
(Fig. 8D&E).

4. Discussion

In past decades, stem cells therapies have been widely studied in
tissue regeneration and repair. While limited success has been achieved
in clinical application apert from stem cell therapies on hematological
diseases, because lack of efficacy and safety [42]. Recently, several
studies showed that exosomes can be employed as small molecules for
treatment [43]. And our previous study showed that the ADSC-exo could
accelerate the wound repairing via by optimizing cellular functions via
AKT and ERK pathways [37]. However, the application of exosome is
limited by injection with multi-time and exosome storage and releasing
[44]. In this study, we improved the delivery of ADSC-exo by loading the
exosome into a smart hydrogel.

Among the biomaterials, PEG and its deviants were widely applied in
tissue engineering due to its great biocompatibility, which could be
degraded and manufacture a scaffold for cell migration in wound
repairing [45,46]. While the traditional PEG hydrogel could not delivery
small molecules according to the specific stimuli. As the biomaterial
develops, there is an urgent need for smart wound-healing hydrogels that
can response to the stimuli (such as temperature, pH, glucose, enzyme,
etc.) [26,47]. MMPs are peptidase family which degrades extracellular
matrix that involved in tissue remolding [48]. And it's reported that the
over-expressed MMPmay be a reason of delayed wound healing [49,50].
In this research, we also introduced a smart hydrogel which could release
ADSC-exo with the stimulus of MMP in wound area.

The main process of wound healing includes hemostasis, inflamma-
tion, tissue formation and remodeling [51]. And the cell proliferation,
migration and angiogenesis of keratinocytes, fibroblast and endothelial
cells are happened in this period. In diabetic wound, the impaired wound
10
healing is often associated with overloaded ROS level due to diabetes
mellitus, which could damage the cell functions and trigger
wound-healing deficiency. Several studies have showed that by regu-
lating the ROS level in the lesion location may be a solution for disease
treatments [52,53]. Therefore, in this research we tested the effects of
ADSC-exo@MMP-PEG smart hydrogel on ROS eliminating as well as the
effects on cell proliferation, migration and angiogenesis both in vivo and
in vitro. Consistently with other studies of exosome-treating wounds, the
smart hydrogel could reduce ROS level and promote the both prolifera-
tion and migration of HDF, HaCaT and HUVECs.

Finally, it is clearly that the smart hydrogel accelerated wound
healing in the diabetic wound mice model. The phases of wound healing
in this study focused on new tissue regeneration rather than remodeling
phase, because that the tissue remodeling happens 3–6 weeks after
injury, while the life of ADSC-exo in mice only last for 15 days [37].
However, it is important to carry on research in longer observation for
further study of long-term implication of the smart hydrogel on diabetic
wound remodeling.

5. Conclusion

In this study, we synthesis a smart hydrogel loaded with ADSC-exo.
The loaded exosome could be released from hydrogel and be took up
into cells for further use. Then the enzymatical degradation of ADSC-
exo@MMP-PEG smart hydrogel could promote proliferation and migra-
tion of HDF, HaCaT and HUVECs via enhancing the phosphorylation of
AKT. The smart hydrogel could decrease the ROS in cells, as well as
eliminate the adverse impact on cell migration caused by oxidative stress.
In vivo study showed that ADSC-exo@MMP-PEG could accelerate dia-
betic wound healing by promoting re-epithelialization, collagen deposi-
tion, cell proliferation and neovascularization. This study suggests that
ADSC-exo@MMP-PEG smart hydrogel set a new strategy for enhancing
cell functions and promoting diabetic wound repairing.
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